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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 artificial light sources. Thus, these routines can still be used in case
of dysfunctional flasher LEDs. The PMT gain calibration is based on single photoelectron
(SPE) charge spectra generated by dark noise in the PMT. Two different fit approaches
are evaluated. The obtained calibration results are reproducible and typically deviate less
than 5% from the target gain. Thus, they fulfill the precision requirement defined in
this thesis. Smaller systematic deviations between the fit 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 artificial 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 different 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 different 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 final acceptance testing [5]. This requires fully functioning calibration LEDs. To
ensure that an mDOM can still be calibrated in the case of a flasher LED dysfunction,
alternative calibration routines that do not rely on artificial 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 first study of such calibration routines and long-term
variations using a fully integrated mDOM.
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2 Basic Concepts
In this chapter, the theoretical basics for this thesis are explained. This includes neutrino
physics and astronomy, the Cherenkov effect 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 first postulated by Wolfgang Pauli in 1930 [6]. At this time,
it was assumed that in β 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 justified. To ensure energy conservation, Pauli introduced an
additional particle, the neutrino, changing the overall functional form of the β− decay:

n −→ p+ e− + ν̄e. (2.1)

This is still valid as of today.

Due to this decay scheme, the neutrino has to have certain specific 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
briefly in Section 2.1.3. In such an oscillation the neutrino can change its type, or flavor. In
total, there are three different neutrino flavors: the electron, muon and tau neutrinos (νe,
νµ, ντ ). In addition, each neutrino has a corresponding anti-particle: (ν̄e, ν̄µ, ν̄τ ).

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.
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2 Basic Concepts

Neutrinos Sources and Production

There are different 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 different origins. In Figure 2.1, the expected neutrino fluxes of different sources
are shown.
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Figure 2.1: Overview of expected neutrino fluxes in different energy regimes of different
sources. Figure taken from [7].

Energies, from 100MeV 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]:

π± −→ µ± +
(−)
ν µ (2.2)

K± −→ µ± +
(−)
ν µ (2.3)

The muons themselves then can decay again into neutrinos:

µ± −→ e± +
(−)
ν e +

(−)
ν µ. (2.4)

A neutrino flux that mainly consists of (anti-) νµ and sub-dominantly of (anti-) νe is expected
from the atmosphere [10]. The ratio of the neutrino flavors is energy dependent. At low

energies, i.e., at the GeV scale, a flavor ratio of
(−)
ν µ :

(−)
ν e ≈ 2 : 1 is expected. However,

the contribution of (anti-) νe 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-) ντ is suppressed for low energies (GeV) due to the mass of the
charmed mesons and the τ -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) field, 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 different types of interactions in matter are shown
in Figure 2.2.

(a) CC interaction (b) NC interaction

Figure 2.2: Diagrams of different 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 flavor as the neutrino and a hadronic cascade [7]. In
an NC interaction, both the incoming and the outgoing particles are neutrinos of the same
flavor and a hadronic cascade is created.
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2 Basic Concepts

2.1.2 Neutrino Astronomy

As described above, neutrinos can be produced in different 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 deflected
by magnetic fields 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 γ rays are absorbed. Thus, neutrinos enable the
investigation of regions where γ rays cannot be used as messenger particles.

Furthermore, neutrinos are valuable particles for multi messenger astronomy [12]. For
example, γ rays can be produced by a decay of a neutral pion (π0 −→ γ + γ). 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 γ 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 flux
was discovered by IceCube [15]. Additionally, IceCube observed neutrinos from the galactic
plane with a significance of 4.5σ (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 β decay on
chlorine atoms:

37Cl + νe −→ 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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2.1 Neutrinos

flavor and will therefore not be detected by inverse β decay and can explain the observed
deficit. Later on, experiments such as Kamiokande confirmed the solar neutrino deficit
making hypothesis number one unlikely. By detecting neutral current interactions of all
flavors, the Sudbury Neutrino Observatory (SNO) experiment demonstrated that the results
were indeed compatible with neutrino oscillations [18]. The observation of an atmospheric
muon neutrino deficit helped to confirm the neutrino oscillation theory using an additional
source and neutrino flavor [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 flavor eigenstate, i.e. it
is observed either as a νe, νµ or ντ . On the other hand it propagates in its mass eigenstates
ν1, ν2 or ν3 that are different from the flavor eigenstates. The flavor eigenstates can be
expressed as linear combinations of the mass eigenstates. In matrix notation, the linear
combination is given by a matrix vector product:

 νe
νµ
ντ

 =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ν1
ν2
ν3

 (2.6)

Here, Uαi are the matrix elements describing the mixing between flavor state α 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
flavors 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 θ12, θ13 and
θ23. In a common parametrization of the PMNS matrix, these angles are defined by 3 Euler
angles of a rotation in 3D [20]. The last free parameter is a CP violating phase δCP. This
can be written as:

U =

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
s12s23 − c12c23s13e

iδCP −c12s23 − s12c23s13e
iδCP c23c13

 (2.7)

Here, cij = cos θij , respectively sij = sin θij [20].

The oscillation probability in vacuum P (να → νβ) at a certain distance L from the initial
starting point can be calculated [20]. This uses the inner product of the required final state
⟨νβ| and the time evolved state at position L |ψ(L)⟩. The result depends on the entries
of the PMNS matrix, i.e. on the respective mixing angles. Furthermore, this probability
also depends on the distance L, the energy E and the squared mass difference ∆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 different sources, i.e. with different initial flavors and
energies are of great interest in the field of neutrino physics [20]. Experiments specializing

7



2 Basic Concepts

in the detection of neutrinos of different origins are sensitive to different mixing angles and
mass splittings. Therefore, the mixing angles can be named after the respective neutrino
origin. The angle θ12 is also referred to as ’solar mixing angle’, θ23 is the ’atmospheric
mixing angle’ and θ13 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 β decay [22]. However, in
certain cases, e.g. when matter effects come into play, it is possible to determine the sign
of the mass differences. Using the Mikheyev–Smirnov–Wolfenstein (MSW) effect 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 flavor 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 flavor composition
is shown as color scheme. Figure from [24].

2.2 Cherenkov Effect

As described in Section 2.1, neutrinos cannot be detected directly but by secondary particles
produced in their interactions. The Cherenkov effect 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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Wavefront

Particle trajectory

Cherenkov cone (B)

Spherical Wavelets

Cone of constructive interference (A)

θc

Charged particle at different times

Dielectric medium

Figure 2.4: Schematic of the Cherenkov effect. 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 effect known as Cherenkov radiation can be observed. A schematic of this effect 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 θc, can be derived geometrically
and is given by:

cos θc =
1

β · n
. (2.8)

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

and speed of light c [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 quantified 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 different 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 amplified. 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 effect [28]. This emitted electron is then called a
photoelectron. Due to the applied voltage, the electron is accelerated to the first 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 amplification factor g, also referred to as gain, of a photomultiplier tube with N dynodes
can be described mathematically using two different coefficients [30]:

g(V ) =
N∏
i=1

dici. (2.9)

The mean number of electrons released at dynode stage i is given by the secondary emission
coefficient di. This number depends on the energy of the incident electron and therefore
depends on the applied high voltage V 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 efficiency 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 specific 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 different effects. 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 effect 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 infinite 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, defined according to the rising and falling edge, and the total length of the signal.
Rise and fall times are defined 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 efficiency is
called quantum efficiency (QE). The quantum efficiency of the PMTs used in this thesis is
given by QE375 =(27.5± 1.1)% at a wavelength of 375 nm and QE505 =(18.1± 1.3)% at
a wavelength of 505 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 effect 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 field emission [28]. That means that electrons are released from the dynode material by
the applied strong electric field. 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, are 40K as well
as elements from the decay chains of 238U, 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 of 40K is shown in Figure 2.6.
The dominant decay channel is the β− decay, transforming the unstable 40K into stable
40Ca [39]. The electron created in this decay has enough energy to generate photons via
the Cherenkov effect 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 β
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 filled by electrons from the shells above, the released energy is emitted as X-rays.

Figure 2.6: Decay scheme of 40K. 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 effectively 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 efficiency, 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 amplification process, and therefore, the resolution of a single
photoelectron. The gain g can be derived directly from the SPE peak position µSPE:

g =
µSPE
e

(2.10)

with elementary charge e.

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 response Sideal(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 probability P , to create a certain number of photoelectrons at
the photocathode, n, is again described by a Poisson distribution considering the quantum
efficiency 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 δ(q) and the SPE peak of
the spectrum can be described by a Gaussian distribution G1:

G1 =
1

σ1
√
2π

exp

(
−(q −Q1)

2

2σ21

)
. (2.12)

Here, Q1 is the position of the SPE peak and σ1 is the width, i.e. the standard deviation of
the SPE peak.

A higher nPE contribution Gn can then be expressed as convolution of n single-photoelectron
Gaussian distributions assuming that the n photoelectrons and their subsequent amplification
is independent:

Gn =
1

σ1
√
2πn

exp

(
−(q −Q1n)

2

2nσ21

)
. (2.13)

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

Sideal(q) = P (n,m ·QE) ∗G(q) =

= δ(q) +
∞∑
n=1

(m ·QE)ne−m·QE)

n!

1

σ1
√
2πn

exp

(
−(q − nQ1)

2

2nσ21

)
.

(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 fluctuations. Additionally, some electrons might be poorly amplified
within the PMT, for example when they miss the first dynode. Following [42], the poorly
amplified 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 profits from
further simplifications when used for fitting. 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 refine
and monitor the calibration of PMTs specifically 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 effect (cf. Section 2.2) to detect neutrinos indirectly.
Thus, it is an optical neutrino detector. The construction of this detector was finished 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 100m 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 flasher 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 1 km3 [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
17m, making the setup sensitive to neutrinos with energies above 100GeV. However, the
inner part of the detector consisting of 8 strings is more densely instrumented with only 7m
of vertical spacing and approximately 70m 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.

50 m

1450 m

2500 m 

Eiffel
Tower
324 m

Bedrock

IceCube
DeepCore

Upgrade

Top View

100 m

mDOM

D-Egg

350 mDeepCore
IceCube

Array

IceCube
Upgrade

IceCube Laboratory

Dust layer

3 m

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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3 Optical Detection of Neutrinos

devices [3]. A sketch of the new IceCube footprint including the Upgrade strings is shown in
Figure 3.3. The most abundant optical sensors will be Multi-PMT Digital Optical Modules
(mDOMs) with 402 modules and Dual optical sensors in an Ellipsoid Glass for Gen2 (D-eggs)
with 277 modules. Further types of new optical modules will be included in the setup to
pave the way for the future IceCube Gen2 detector. The mDOM is especially important for
this thesis and is therefore described in Section 3.3 in more detail.

Modules will be deployed in depths between approximately 1400 and 2600m [3]. Most
modules will be located between 2150 to 2425m in the “physics region” with the best ice
quality. Here, modules will have a vertical separation of 3m. The modules deployed above
and below this will mainly be used to investigate the optical and acoustic properties of ice
across the entire depth range of interest for the existing IceCube detector.

3.2.2 Scientific Goals

The IceCube Upgrade will improve the knowledge about the antarctic ice using new calibra-
tion devices [3]. This will reduce systematic uncertainties in IceCube analyses. Additionally,
due to the dense instrumentation with highly efficient optical modules, the sensitivity to
neutrinos with energies down to 1GeV is increased. This allows to investigate neutrino
oscillations in more detail, including high-precision tau neutrino appearance and the study
of PMNS matrix unitarity [3].

Figure 3.4: Sensitivity contours (90% confidence level) for the current IceCube configuration
and the future configuration including the Upgrade strings. A livetime of 3 years is considered
for the Upgrade strings. Figure from [51].

An example for the capability of the IceCube Upgrade determining the mass difference
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3.3 The IceCube Upgrade Multi-PMT Digital Optical Module

∆m23 and the mixing angle θ23 is shown in Figure 3.4. This includes the 90% confidence
level contours for the current IceCube configuration with a livetime of 15 years and the
configuration including the IceCube Upgrade for 3 years. An improvement in sensitivity
by 20-30% can be expected for these oscillation parameters [51]. However, to achieve
this improvement, a good energy and direction reconstruction is required. This is only
possible if the optical modules are calibrated properly. Therefore, this thesis focuses on the
development of in-situ calibration routines and long-term monitoring of crucial parameters
for the mDOM described in Section 3.3.

3.3 The IceCube Upgrade Multi-PMT Digital Optical Module

Most relevant for this thesis is the multi-PMT digital optical module (mDOM). An “exploded”
view of an mDOM as well as a picture of an mDOM are shown in Figure 3.5.

Figure 3.5: Schematic view of mDOM components (left) and picture of an actual mDOM
(bottom right). Figure from [52].

This module contains 24 3-inch PMTs with their own active bases explained in Section 3.3.1
[52]. These PMTs are referred to as channels, where odd channel numbers are located in the
lower hemisphere and channels with even numbers are positioned in the upper hemisphere.
A total of 10 flasher LEDs are included in the mDOM for calibration purposes. Additionally,
3 cameras are included to study the ice in direct proximity to the mDOMs. Furthermore,
several sensors such as temperature and pressure sensors are incorporated to monitor the
operational environment inside the module. The arrangement and the relative positions of
the channels, LEDs and Cameras are shown in Figure 3.6. The mainboard of the mDOM
is located between the hemispheres and all electronics are surrounded by a Vitrovex glass
pressure vessel [52].
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Figure 3.6: 2D projected schematic of the mDOM channel and LED arrangement. Figure
adapted from [53].

3.3.1 PMT Base

The PMT base supplies the PMT with the required high voltage (HV). Due to a low-power
budget per module at the South Pole, the mDOM PMTs use an active voltage divider
approach [54]. More specifically, they use a Cockcroft-Walton (CW) circuit. A schematic of
a CW circuit is shown in Figure 3.7. In this multiplier, a single stage consists of two diodes
with opposite biases and two capacitors. The amplitude of the input alternating current
(AC) peak-to-peak voltage Vpp is doubled at each stage. For a multiplier with N stages, the
output voltage is given by Voutput = 2 ·N · Vpp. Thus, the potential can only be increased
in increments of the input voltage amplitude [31].

Figure 3.7: Schematic of a Cockcroft-Walton circuit used as PMT base. Figure adapted
from [28].
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In the mDOM, a microcontroller is used to control a rectangular signal generated by a
rectangle wave driver [55]. This signal is transformed into a sine wave using LC res-
onators. This wave is then fed into a 13-stage Cockcroft-Walton multiplier with ratios of
1:1:1:1:1:1:1:1:1:1:3 starting at the anode. The generated direct current (DC) voltage is
filtered by an RC filter before it is applied to the dynodes. The voltage is monitored at the
first stage of the voltage divider, i.e. at dynode stage 10. A corresponding block diagram is
shown in Figure 3.8.

Figure 3.8: Schematic of the mDOM PMT base. Main parts are the microcontroller
controlling the input power and the 13-stage Cockcroft-Walton multiplier. Figure from [54].

3.3.2 Analog Front-end

The raw PMT signals are directly digitized and processed within an mDOM via the analog
front-end (AFE) circuit [52]. A block diagram of the AFE for one channel is shown in
Figure 3.9.

The raw PMT signal follows two signal paths. On one path the signal is fed into a discrimi-
nator. In Figure 3.9, this discriminator is denoted by “Comp.” as it is a simple comparator1.
This comparator, as the name suggests, compares the incoming signal to a set reference
voltage. This reference voltage is set using a Digital-to-Analog Converter (DAC). The
discriminator signal in the mDOM is sampled with a sampling rate of 960MHz.

At the second signal path, the raw PMT signal is introduced into a pulse shaping circuit.
First, the signal is amplified by a preamplifier. Then, signals with a high frequency are
attenuated by a low pass filter. The resulting signal is then again amplified before it is
readout by a 120MHz 12-bit Analog-to-Digital Converter (ADC). Its baseline is set by
another DAC.

1Data Sheet. Accessed: 04.11.2025.
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Figure 3.9: Schematic of an AFE of an individual channel. The raw PMT signal follows two
distinct signal paths to the FPGA. The signal is processed and readout in the upper signal
path, while it is compared to a reference voltage on the lower signal path. Figure from [52].

Additionally, each channel includes a front-end test pulser which is not depicted in Figure 3.9
[56]. The idea of the pulser is to verify the overall functionality of the front-end circuit
[57]. The pulser is a capacitor with capacity of 2.2 pF. It can be charged by a front end
pulser DAC allowing to set different pulse heights. The Field Programmable Gate Array
(FPGA) can then give the signal to discharge the capacitor over the front-end impedance
of approximately 75Ω. This signal bypasses the PMT signal and is processed as described
above.

3.3.3 Final Acceptance Testing

Each mDOM that will be deployed in the IceCube Upgrade had to undergo extensive testing,
called final acceptance testing (FAT), to ensure the functionality of all comprised components
[4]. These tests included the calibration of both gain and discriminator threshold as well the
monitoring of such at different temperatures. The methods used for the tests were therefore
designed to investigate the quality of the produced mDOMs more than to achieve an ideal
in-situ calibration of the quantities.

A large part of the testing was done within the Dark Freezer Lab (DFL) over a period of three
weeks [4]. During this time, the temperature of the DFL was changed multiple times between
-40°C and +20°C to model the conditions until the deployment of the modules. These temper-
ature changes allowed for monitoring of the calibrated values for a maximum of 5 to 10 days
[58]. Between the intended temperature changes, temperature variations of several degrees
were observed. For a more precise monitoring, a stable measurement environment is required.

In the framework of this thesis, in-situ calibration and long-term monitoring routines without
artificial light sources were developed based on the general idea of the FAT tests. Thus, a
goal was to improve the precision of the calibration approaches.
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4 Experimental Setup and General Methods
In this section, the experimental setup used in this thesis is described. In addition, general
methods used in almost all calibration routines developed in this thesis are explained.

4.1 Experimental Setup

Within the scope of this thesis, experiments were carried out at two different sites with two
different mDOMs. One site was located in Erlangen at the Erlangen Centre for Astroparticle
Physics (ECAP) whereas the other site was located in Zeuthen at the Deutsches Elektronen-
Synchrotron (DESY).

In Erlangen, experiments were performed at room temperature only. A block diagram
for the experimental setup in Erlangen is shown in Figure 4.1. The mDOM used for
the measurements is mDOM D115 v11 and was housed in its transport box. This is a
cardboard box with a hole that can be used as both a handle for lifting or, in the case
of this setup, as a cable feedthrough. The mDOM was connected to a computer using a
MiniFieldhub. This device enables communication between the connected modules and
a computer via a wire pair [59]. The MiniFieldhub also acts as voltage supply for the mDOM.

The setup was placed in a room that is specifically designed for light sensitive measurements:
there are no windows and the walls, the ceiling, the floor and the door are either black by
production or painted black. The room is equipped with an traffic light interlock system,
to avoid that the door is opened during measurements. All artificial and unwanted light
sources, e.g. the light emitting buttons of the interlock system, were covered with tape.
To ensure that potentially overlooked light sources do not interfere with light sensitive
measurements, the transport box of the mDOM was placed underneath a table and covered
with some black blankets. Additionally, the room was also used for development and testing
of a device designed to perform ice stratigraphy measurements during the deployment of
the IceCube Upgrade. This device is called LOMLogger and uses a laser which was tested in
the same dark room. To ensure that the laser was turned off during light sensitive mDOM
measurements, two chatbots2 were configured to coordinate remote testing with either of
the setups [60]. Pictures of the setup in Erlangen are shown in Figure 4.2.

In Zeuthen, the mDOM was setup inside a freezer allowing for tests at lower temperatures
matching the ones expected in the ice at the depth of deployment. For this thesis, temper-
atures of -10°C, -20°C and -30°C were selected. Additionally, to model the conditions in
the ice in more detail, the mDOM was taped using black adhesive tape. This suppresses
internal photon reflection and impacts the index of refraction at the surface of the module
such that it is more similar to a glass-ice transition than a glass-air one [37]. A picture of a
taped mDOM, in this case mDOM D049 v1 is shown in Figure 4.4.

1This mDOM is also known as ’Back to Life’.
2These bots were called “Herbert” and “Papp-Martin”, translating to “Cardboard-Martin”. For more

information on this interlock system and the characters see Appendix B.
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mDOM

LOMLogger

MiniFieldhub

Lab Computer

Dark Room

Figure 4.1: Block diagram of experimental setup in Erlangen.

(a) (b)

Figure 4.2: Experimental setup at ECAP site. Left: mDOM inside of its transport box.
Right: Transport box covered by some blankets improving the light-tightness. In both
pictures, the miniFieldhub is placed on top of a table. The control lights are covered by
black tape. A part of the LOMLogger test setup is visible in the upper right corner.
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mDOM

MiniFieldhub

Lab Computer

Freezer

Figure 4.3: Block-diagram of experimental setup in Zeuthen.

Figure 4.4: Taped mDOM used for measurements in Zeuthen.
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(a) (b)

Figure 4.5: Experimental setup at DESY site for mDOM D049 v1. Left: Freezer in which
the mDOM was placed. Right: mDOM inside the freezer, covered by a black plastic bag.

(a) (b)

Figure 4.6: Experimental setup at DESY site for mDOM D115 v1. Left: Freezer in which
the mDOM was placed, covered by blankets. Picture by S. Blot. Right: taped mDOM
inside the freezer. Picture by T. Karg.

The first measurements in Zeuthen were performed using mDOM D049 v1 in the freezer.
As this setup itself is not sufficiently light-tight, due to the cable feedthrough at the lid of
the freezer, the mDOM was placed in a black plastic bag. Pictures of this setup are shown
in Figure 4.5.

As mDOM D049 v1 was shipped to the South pole during this thesis, it was then replaced
by mDOM D115 v1 from the Erlangen site. For this, mDOM D115 v1 was taped as well.
However, it was not placed in a plastic bag, leading to some issues explained in Chapter 7
in more detail. To improve the light-tightness of the setup, blankets were put on top of the
freezer instead. Pictures of this are shown in Figure 4.6.
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4.2 Waveform Characterization

4.2 Waveform Characterization

The calibration routines developed in this thesis use ADC waveforms, i.e. time series of
ADC counts, and the corresponding contained charges. In this section, methods for the
waveform characterization and charge integration are explained. The method used for charge
extraction is adapted from the charge integration method implemented in the framework of
the mDOM Final Acceptance Test (FAT) [61]. Several improvements have been developed
in this thesis to more accurately characterize the signal charge. Finally, the used data
acquisition modes and different triggers used in this thesis are described.

4.2.1 Pulse Identification and Baseline Calculation

In this thesis, two different types of waveforms are used, PMT and test pulser waveforms
(cf. Section 3.3.2). Due to an additional feature in the test pulser waveform, the calculation
of the baseline differs slightly. Therefore, the two types of waveforms are discussed separately.

PMT Waveforms

A typical PMT waveform is shown in Figure 4.7. The waveform bins correspond to the
time. The signal contained in the waveform is a down-going peak. In this thesis, the peak
position is defined as the waveform bin containing the lowest ADC count. This bin will be
referred to as reference bin bref in the following.
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Figure 4.7: Example PMT waveform including one reasonable signal.

The baseline of the waveform only consists of electronic noise of the PMT and AFE. In
the mDOM, the baseline offset can be set to a certain ADC value. In this example and
throughout this thesis, the PMT baseline is set to 3600ADC counts. This is referred to as
nominal baseline in the following. For a proper charge integration, it is crucial to accurately
determine the baseline value from the waveform itself. This is given by the average ADC
value in a certain waveform interval. For a more robust determination of the baseline value,
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a different measure such as the median could be considered instead.

For FAT, a fixed interval starting 13 bins after bref with a length of 20 bins is used for the
baseline calculation. This interval was used for the measurements in Chapter 5. However,
this can lead to a bias in the case a second signal, i.e. dark noise, is contained in this interval.
Therefore, the selection of this interval was improved in this thesis. The baseline calculation
procedure is shown in Figure 4.8. Waveforms are excluded from further processing in case
the distance between peaks is too small or the calculated value deviates more than 2ADC
counts from the nominal baseline of 3600ADC counts. Such a deviation indicates either
an unwanted baseline shift or a poorly chosen interval for the baseline calculation. It was
observed that less than 1% of all waveforms are affected. In one example measurement
including 24 PMTs, the average contribution of waveforms with deviating baselines was
0.13± 0.06%.

The improved baseline calculation method was used for the measurements presented in
Chapter 6 and Chapter 7.
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Figure 4.8: Sketch of interval selection procedure for baseline calculation. Peaks that are
larger than 4ADC counts are considered as signals in this procedure.

Test Pulser Waveforms

As described in Section 3.3.2, a test pulser is included in the AFE for each mDOM channel.
This pulser is a capacitor that is charged by the FPGA and discharged over the front-end
impedance. The discharge curve of the capacitor forms a down-going peak in the ADC
waveform shown in Figure 4.9. This is similar to the PMT waveforms described above.
However, for the test pulser, the charge curve of the capacitor is also included in the
waveform as up-going peak. In this case, the interval for baseline calculation of the test
pulser waveforms is fixed and is located between the charge and the discharge curve of the
test pulser.
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Figure 4.9: Example test pulser waveform. Down-going peak corresponding to discharge
curve of the test pulser capacitor. Up-going peak corresponding to charge curve of the
capacitor.

4.2.2 Charge Integration

All described calibration routines rely on the charges that are contained in the individual
waveforms. For this, the area of the peak must be integrated and the unit must be converted
to either pC or photoelectrons (P.E.) in this work. In IceCube, a more sophisticated approach
called “WaveDeform” is used [62], [43]. The calibration routines presented here would profit
from such an approach, however, implementing this for the mDOM was beyond the scope
of this thesis.

The first step of the charge calculation in this thesis is to determine a suitable integration
window around the signal peak. The position of the peak, bref is determined as described in
Section 4.2.1. The integration window is then defined relative to this position:[bref−5,bref+8].
This interval is shown as a blue shaded region around the peak in Figure 4.10. The asym-
metry of this interval is justified by the steep rising edge and shallower falling edge of the
initial PMT signal (cf. Section 2.3.1). The values were taken from FAT [63].

In this thesis, this default integration interval is used for the measurements presented in
Chapter 5. For the other measurements, the predefined integration interval was used unless
the peak was located close to the edges of the waveform. In this case, the waveform was
discarded. Additionally, the probability of acquiring such waveforms was reduced during
this thesis. For later measurements such as described in Chapter 7, a variable waveform
readout is used. In this case, a waveform includes 10 waveform bins before the initial trigger
occurred and 40 bins after the end of the trigger.
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Figure 4.10: Example waveform processed by charge integration function. The shaded
region around the peak itself is the integration window. The region right to it is the default
choice for the required baseline calculation.

The baseline of the waveform is calculated as described in Section 4.2.1. The default
baseline window is shown in Figure 4.10 as pink shaded region right to the signal peak. The
baseline value is then subtracted from the waveform. This baseline corrected signal is then
integrated using the trapezoidal rule implemented in np.trapz()3. The integrated charge
value is first of all given in arbitrary units, as waveform bins and ADC counts are used for
the integration. To extract the charge from the PMT output in pC, properties of individual
mDOM components need to be considered. The conversion factor Qcf can be calculated
using the relations Q = I · t, I = U/R and t = 1/f with charge Q, current I, voltage U ,
resistance R, time t and frequency f . Based on this, the general charge conversion factor is
given by:

Qcf =
Ucf/Rfront-end

fADC
(4.1)

In this sense, Rfront-end is the front-end impedance of the mDOM and fADC is the ADC
sampling rate. The conversion factor between ADC counts and mDOM voltage Ucf is given
by Ucf = Ucf,ADC/gainfront-end with Ucf,ADC defined by the voltage range and total counts of
the ADC in use. This factor accounts for the fact that the PMT signal is amplified before
the ADC readout.

3Documentation of np.trapz(). Accessed: 13.10.2025.
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4.2 Waveform Characterization

Combining this with Equation 4.1, the charge conversion factor of an mDOM results in [61]:

Qcf = 1 · 1012 Ucf,ADC

gainfront-end ·Rfront-end · fADC
≈ 0.00488 pC/a.u. (4.2)

The integrated peak area in arbitrary units must be multiplied by this factor to obtain the
charge in pC. The value is calculated using the mDOM properties displayed in Table 4.1.
This charge qpC in pC can be converted into the charge qP.E. in P.E.:

qP.E. =
qpC

e · gPMT · 1012
P.E. (4.3)

with elementary charge e and PMT gain gPMT.

Table 4.1: mDOM properties required to calculate charge conversion factor [61].

mDOM Property Value

Ucf,ADC
2

4096
V

counts
gainfront-end 11.12
Rfront-end 75Ω
fADC 120MHz

4.2.3 Characterization of Pulse Shape

The signal pulses can not only be characterized by their charge but also by their width and
height. This will be especially relevant for the discriminator threshold calibration routine
using the test pulser described in Appendix E. For this routine, not only the corresponding
charge but also the overall shape of the pulses must be comparable to the reference PMT
pulse.

The pulse height is therefore defined as difference between the baseline calculated as de-
scribed in Section 4.2.1 and the minimum value of the pulse.

To determine the pulse width, i.e. the full width at half maximum (FWHM), a Gaussian
function is fitted to the pulse. An example is shown in Figure 4.11. From this fit, the
FWHM can be calculated [64]:

FWHM = 2
√
2 ln 2σ. (4.4)

As described in Section 2.3.1, a PMT signal approaches a Gaussian for an infinite number
of dynodes. Therefore, this is just an approximation for the real pulse shape.
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Figure 4.11: Example of flasher induced PMT pulse with corresponding Gaussian fit.

4.3 Data Acquisition

The mDOM features different options to readout ADC waveforms [56]. Here, only the
triggers used in this thesis are described in detail.

A readout can be triggered by the discriminator [56]. In this case, a waveform is read
out when a PMT signal exceeds the set reference voltage also referred to as discriminator
threshold. This is the trigger mode that is expected to be used in-situ for the IceCube
Upgrade modules [58]. In this thesis, this trigger is used for the PMT gain calibration using
dark noise described in Chapter 5.

Additionally, a calibration trigger is implemented [56]. For this, the FPGA sends periodic
trigger signals. In combination with an enabled flasher chain, the PMT readout can be
made synchronous to a light flash from the LEDs. This is therefore also referred to as
LED or flasher trigger. This trigger is relevant for the calibration routines used in the final
acceptance testing (FAT) of the mDOMs. In Chapter 5 and Chapter 6, these routines are
used as comparison for the procedures developed in the scope of this thesis.

Furthermore, a trigger is implemented that initiates a readout if the ADC value is equal
to or smaller than a selected reference, which is referred to as “ADC trigger” [56]. The
discriminator threshold calibration based on dark noise presented in Chapter 6 utilizes this
trigger. In addition, waveforms can be acquired in coincidence with the front-end test pulser
fired by the FPGA [56]. This is relevant for the calibration routine described in Appendix E.

32



In addition to the raw waveforms, the information if the discriminator was triggered or not
can be recorded [56]. This information is stored in the “discWords” array. It includes the
same number of bins as the corresponding waveform. As the discriminator is sampled 8
times faster than the ADC, each bin contains an 8-bit binary of which the least significant
bit stores the earliest information. In this thesis, the discriminator response is required for
the discriminator threshold calibration routine described in Chapter 6.

5 PMT Gain Calibration using Dark Noise
Before a PMT can be used in an experiment, it needs to be calibrated properly. The
correct setting of the amplification factor is for example crucial for a reasonable energy
reconstruction. An example how a deviation in gain impacts the determination of the number
of photoelectrons is displayed in Figure 5.1. This uses the relation given in Equation 4.3
with a fixed observed charge in pC. For example, a gain that is 6% higher than the target
gain will lead to a 5.7% bias in the observed charge in P.E, i.e. the charge in terms of
photoelectrons.
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Figure 5.1: Photoelectron charge deviation in dependence of the gain deviation from the
target gain. The observed charge in pC is the same for all data points.

In general, the interpretation of the expected gain deviation depends on the goal of the
respective analysis. It is known that the gain calibration and estimation is sensitive to
even small changes in the fit routine [33]. The primary goal of this part of the thesis is
to investigate the feasibility and performance of a high voltage - gain calibration routine
using dark noise. Such a routine has the advantage that no artificial light is required.
Therefore, this will be possible in case of a flasher LED dysfunction. In addition, a similar ap-
proach could be used to monitor the gain settings of the mDOMs during the detector up-time.
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5 PMT Gain Calibration using Dark Noise

The calibration routine using dark noise was first developed and tested within this thesis.
Consequently, deviations of up to 5% from the target gain will be considered acceptable in
the following. This is consistent with the engineering requirements of the mDOM PMTs [65].

5.1 Methods and Procedure

In this section, the overall calibration procedure is explained. In addition, the methods used
for the evaluation of the calibration are presented. This includes two fit approaches for the
SPE charge spectra and the binnings that were tested in this thesis.

5.1.1 General Calibration Approach

The goal of this calibration routine is to find the high voltage (HV) required to reach the
target gain of 5 · 106 for the mDOM PMTs. The general calibration procedure was adapted
from the LED based approach used in mDOM FAT [61] and was transformed into a dark
noise based approach within this thesis.

In FAT, this calibration is done by sweeping through a range of applied HV. This high
voltage is both applied to and monitored at dynode stage 10 (DY10) (cf. Section 3.3.1).
At each HV, an SPE charge spectrum is recorded using the flasher LEDs. A PMT response
function is fitted to the SPE charge spectra and the corresponding gain is extracted from
the SPE peak position as given by Equation 2.10. An example is shown in Figure 5.2 (a).
Finally, the target high voltage setting for the target gain is extracted from a power law fit
to the gain data in dependence of the corresponding high voltage setting. An example can
be seen in Figure 5.2 (b).

Figure 5.2: Example for key steps in PMT gain calibration from FAT for different tempera-
tures. Left: SPE charge spectrum with corresponding PMT response fit. Right: Power law
fit to gain data in dependence of the HV setting. Figures from [63].

For the dark noise based calibration routine developed in this thesis, the same HV settings
as in FAT are used, i.e. settings of 78V, 82V, 88V, 94V and 102V. This interval is based
on the target HV values observed for all PMTs during the initial PMT testing [35]. In the
dark noise based routine, the discriminator trigger is used to record an SPE charge spectrum
at each HV setting. The threshold is set 1.25mV above the noise level. Thus, the charge
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5.1 Methods and Procedure

spectrum does not contain a pedestal as shown in Figure 5.3 for two HV settings. In this
thesis, two fit models for the PMT response are developed and tested to accommodate for
the missing pedestal. These fit approaches are described in Section 5.1.2. The target HV is
extracted from a power law fit as done for the flasher based FAT routine.
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Figure 5.3: Example for dark noise SPE spectra. Left: Low HV setting (78V). The pedestal
and the poorly amplified electrons are cut off by the discriminator on the left of the SPE
peak. Right: High HV setting (102V). The spectrum contains a contribution of poorly
amplified electrons that is cut off by the discriminator towards low charges.

As shown in Figure 5.3, the shape of the SPE spectra varies with the set HV value. Therefore,
the SPE response fit must be flexible enough to account for the observed differences. To
improve the performance of the calibration, a narrower HV scan range would be preferred.
The approximate target HV value for each individual PMT from FAT and the initial PMT
testing is known [5], [35]. This could be used as starting point for a narrower, customized
HV scan range of each individual PMT in the future [58].

In general, the data used for the HV - gain calibration based on dark noise was acquired chan-
nel by channel, resulting in an overall measurement time between 90minutes and 100minutes
for all 24 channels. This time can be significantly reduced when a parallel approach is
chosen for the data acquisition. In this case, all 24 channels can be calibrated simultaneously.

Longer measurement times would increase the statistics in the individual SPE spectra. It is
expected that the precision of the fits is increased. However, normal detector operations are
not possible during the calibration. Thus, a compromise between short detector down-times
and sufficient statistics in the SPE spectra is required for the gain calibration.

5.1.2 SPE Fit Approaches

In this section, two different fit methods for the dark noise generated SPE charge spectra
are presented.

35



5 PMT Gain Calibration using Dark Noise

5.1.2.1 Maximum Likelihood Approach

In FAT, the SPE spectra are fitted using the software pmt taco1, initially developed for
PMT testing at the mDOM PMT-base-assembly facilities [66]. In this software, the SPE
spectrum is described by three Gaussians, one for the pedestal, one for the SPE component
and one for the 2PE contribution. The poorly amplified electrons are represented by a
combination of an error function with a cutoff at 0 charge and an exponential function.
This leads to the following overall functional form:

F (q) = Aped
1√

2πσ2ped

e
−

(q−µped)
2

2σ2
ped +
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1√

2πσ2SPE
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10√
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q

))
e
− q

bcutoff .

(5.1)

In this equation, the first two lines are properly normalized probability density functions
(PDFs). However, the contribution describing the poorly amplified electrons is not a PDF.
A normalization factor should be included in the future.

The position and standard deviation of the Gaussian representing the 2PE contribution is
defined relative to the SPE peak of the distribution. The form of the 2PE contribution can
be derived from a convolution of the SPE peak with itself, resulting again in a Gaussian
function with twice the standard deviation of the SPE peak [67]. In a more evolved fit
model, poorly amplified electrons need to be considered as a contribution to the 2PE peak
as well. In this kind of models, the convolution for the 2PE region also includes the low
charge region of the spectrum [43]. This will be described in Section 5.1.2.2 in more detail.

For the dark noise based measurement, an SPE spectrum is recorded by triggering on the
discriminator as mentioned in Section 5.1.1. The pedestal is located below this value and is
therefore not included in such a spectrum. Thus, the Gaussian representing the pedestal is
removed from the fit function. To account for the cutoff generated by the discriminator
threshold, an additional fit parameter ccutoff describing the position of the error function is
introduced. This cutoff is only applied to the contribution of the poorly-amplified electrons.
In a future fit, this cutoff should be applied to the full model and not only to a single
component. In this thesis, a total of 7 fit parameters is considered for the dark noise based
calibration:
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(5.2)

An example for this model fitted to an SPE spectrum is show in Figure 5.4. The individual

1IceCube internal software.
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components of the model are indicated.
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Figure 5.4: Example for a dark noise SPE spectrum fitted with the PMT response model
adapted from mDOM FAT and the initial PMT testing. This model is given by Equation 5.2.
The individual components contributing to the overall model are visualized.

Instead of using a χ2 fit as done during FAT, a maximum likelihood approach was chosen
for the dark noise based HV-gain calibration. χ2 fits typically rely on Gaussian uncertainties
[68]. The uncertainties in the recorded SPE spectrum however follow a Poisson distribution.
According to the central limit theorem, a Poisson distribution can be described by a Gaussian
distribution for larger statistics [69]. This assumption therefore is not applicable for a small
amount of counts per bin, e.g. for bins with less than 10 counts. In the higher charge tails
of the SPE spectra, the counts per bin fall below this threshold. Thus, their uncertainties
can not be considered Gaussian which might impact the fit result of a χ2 minimization [68].
Using a Poisson maximum likelihood fit avoids this complication.

For this fit implementation, the charges are filtered depending on the applied high voltage.
For high voltages below 83V, charges up to 6 pC are considered. For high voltages above,
charges up to 10 pC were included in the fitted spectrum. This choice is based on the
observation that the contribution above these charges at room temperature is low for the
investigated PMTs but the exact values were chosen arbitrarily based on measurements using
mDOM D115 v1 at room temperature. During integration, the PMTs for each mDOM were
selected based on their target high voltage at nominal gain to achieve similar settings for each
of the PMTs in one mDOM [58]. Thus, the high voltage ranges for charge filtering defined
here are not generally applicable and might impact the overall fit result. Therefore, in a
high precision gain measurement, such an arbitrary choice of charge cutoff should be avoided.

A Poisson likelihood fit of Equation 5.2 is used with additional penalty terms. An overview
of the used conditions is shown in Table 5.1. The constraints on the SPE peak position
correspond to gains of 12.5 · 105 and 5 · 107 which are not expected to be reached at the
investigated high voltage settings.
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5 PMT Gain Calibration using Dark Noise

Table 5.1: Summary of penalty term conditions used for the maximum likelihood fit.

Targeted parameter Condition / Preference

Amplitude (Positivity) All amplitudes > 0
Amplitude (Ratio) ASPE > A2PE

SPE peak position < 2 pC for HV < 80V
< 8 pC for HV ≥ 80V

Cutoff exponent bcutoff > 0
Cutoff position ccutoff < µSPE

The fit procedure itself is based on iminuit2. First, initial start parameters are extracted
from the charge histogram itself. An overview on the determination is provided in Table 5.2.
In this table, qhalf-width is the charge at which the spectrum falls below half of ASPE on the
right side of the SPE peak.

Table 5.2: Summary of initial parameter estimates for the maximum likelihood fit model. In
this table, qhalf-width is the charge at which the spectrum falls below half of ASPE to the
right side of the SPE peak.

Parameter Initial value / estimation rule

ASPE Maximum of distribution (excluding first bins)
µSPE Charge at maximum of distribution (excluding first bins)

σSPE σSPE = FWHM
2
√
2 ln 2

with FWHM=(µSPE-qhalf-width) · 2
A2PE 20 counts (arbitrary)
Acutoff Maximum before SPE peak
bcutoff 0.1 · µSPE (empirical, cf. pmt taco [66])
ccutoff 0.4 P.E. (expected discriminator cutoff: 0.1–0.4 P.E.)

The fit was found to yield different results depending on the initial parameters. This is
most likely due to the fit converging to a local minimum in the parameter space. To reduce
the influence of the input parameters, the fit procedure shown in Figure 5.5 was developed.
The fit is repeated 5 times and the best fit with the corresponding fit parameters and
uncertainties is considered. The other fits and parameters are discarded. For the best
fit, the likelihood profile for the SPE peak position is determined to ensure that a global
minimum was found. An example likelihood profile for the SPE peak position is shown in
Figure 5.6. Likelihood profiles for the other fit parameters were not determined as the SPE
peak position is the only relevant parameter for the gain calibration.

This whole procedure can be further optimized by running simplex only once and then
using the perturbation of the fit results as initial parameters for the migrad based fit. Addi-
tionally, as shown in Figure 5.4, the higher PE contribution is described by the exponential
function modeling the poorly amplified electrons on the left side of the spectrum. From a
physical point of view, this is not intended. Thus, the fit would profit from including fur-

2Documentation of iminuit. Accessed: 24.11.2025.
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ther nPE contributions and a penalty term constraining the slope of the exponential function.

Determine initial 

parameters

Draw random numbers from 

Gaussian distributions 

centered around initial 

parameters

Selected numbers as start 

parameters for Simplex

Refine fit using MigradDetermine uncertainties using Hesse

Choose fit with lowest 

log likelihood value

Determine likelihood 

profile for µSPE

Fit successful!Fit failed – exclude from calibration

Negative values in 

likelihood profile?

Fit performed less 

than 5 times?

Procedure repeated 

less than 5 times?

No

Yes

No

Yes

No

Yes

Figure 5.5: Poisson likelihood fit routine for dark noise generated SPE spectra.
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Figure 5.6: Example for a likelihood profile for the SPE peak position. This corresponds to
the fit shown in Figure 5.4.

5.1.2.2 Convolutional Fit Approach

The fit approach described in this section is based on the convolutional fit used for modeling
the charge response of the IceCube PMTs [70]. The fit function and the fit procedure
presented in this section deviate therefore from the method used in Section 5.1.2.1.

The overall function was again adapted by removing the term describing the pedestal of
the spectrum and introducing two variables describing the position and slope of an error
function cutoff towards low charges. Furthermore, the model was extended to consider multi
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PE contributions up to 5 photoelectrons. The original IceCube code only included a 2PE
contamination.

The part of the spectrum consisting of poorly amplified photoelectrons in this model fPA is
described empirically by a Gaussian function with an error function cutoff towards lower
charges:

fPA(q) =
nPA√

π

2
· σPA · erfc

(
qcutoff − µPA√

2σPA

) exp

(
−1

2

(q − µPA)
2

σ2PA

)
· 1
2
erfc

(
qcutoff − q√
2σcutoff

)
.

(5.3)
In this function, nPA is the norm of the error function modified Gaussian function. The
mean and the width of the Gaussian are given by µSPE and σSPE. While qcutoff and σcutoff
describe the position and slope of the error function.

The SPE peak is defined as a normalized Gaussian function:
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(5.4)

Here, nSPE is the norm of the SPE peak which can be expressed as nSPE = 1− nPA.

These two contributions are then combined to describe the complete lower charge region of
the SPE spectrum:

flower-charge = fPA + fSPE. (5.5)

The full model describing the charge spectrum is then given by the weighted sum of the
n-fold convolutions of flower-charge with itself. In this thesis, a 5-fold convolution is used as
cutoff:

Fmodel(q) =
5∑

n=1

An f
(∗n)
lower-charge(q). (5.6)

The overall fit model includes 12 fit parameters and the convolution is calculated using
scipy.signal.fftconvolve3.

It was later noticed that the convolution calculated to describe the higher PE contribution
is not entirely correct. In theory, the nPE distribution is obtained by convolving the entire
low-charge region with itself. This means that contributions from charges below the discrim-
inator threshold must be included. In this thesis, the convolution contains only the observed
part of the lower charge region above the discriminator cutoff and not the full low charge
contribution.

3Documentation of fftconvolve. Accessed: 16.10.2025.
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In the future, charges below the discriminator threshold should be included in the spectrum
to describe the full lower charge region. This can be achieved by an improved pulse selection,
considering smaller signals obtained in the discriminator triggered waveforms as done for
IceCube [70]. It is expected that the impact of this change is small, i.e., below the precision
requirement of 5%, as this change will mainly affect the calculation of the higher charge
region. This means that the SPE peak position and therefore the gain extraction will only
be affected indirectly.

Before the model is fitted to the data, all bin counts are divided by the maximum number
of counts observed in the spectrum. Thus, the data is scaled down such that the max-
imum y-value is 1. The uncertainties in the SPE charge spectrum are calculated using
Poisson statistics of the original spectrum and are then scaled according to the scaling
of the full spectrum. The fit is performed using scipy.optimize.curve fit4., i.e. it is
a χ2 minimization. As discussed in Section 5.1.2.1, this fit requires Gaussian distributed
uncertainties. Thus, at least 10 counts per bin of the unscaled spectrum are necessary to
fulfill this requirement. In this routine, a charge cutoff is introduced to the spectrum when
a bin contains less than 10 counts. This means that only bins with lower charges than
the cutoff bin are considered in the fit. A fixed set of initial parameters and boundaries
ensuring physically realistic values is used. Values such as the initial SPE peak position and
the position of the poorly amplified electron Gaussian with error function modulation are
defined relative to the charge corresponding to the maximum of the spectrum. In addition,
fixed boundaries are defined.
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Figure 5.7: Example for an dark noise SPE spectrum fitted with the convolutional fit
approach. The individual components contributing to the overall model are visualized.

4Documentation of scipy.optimize.curve fit. Accessed: 16.10.2025.
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5 PMT Gain Calibration using Dark Noise

After the fit, the spectrum is re-scaled for final display. An example SPE spectrum with
a corresponding convolutional fit is shown in Figure 5.7. The individual components of
the model are included. The residuals in the lower part are given by the absolute distance
between the data points and the fit. The feature in the residuals where the data points
deviate from the fit in the lower charge region is observed in almost all fits independent
of the channel and the high voltage settings. This might be a result of the mathematical
uncertainties of the SPE model at low charges. Thus, the fit would profit from an improved
description of the low charge region, i.e. the contribution of the under-amplified electrons.

The fit function described in this section could be embedded into a fit procedure similar
to the one presented in Section 5.1.2.1. Using a Poisson likelihood fit would avoid the
requirement to filter the data based on the counts in a bin. In addition, the hard boundaries
used for this approach could be replaced by softer penalty terms. However, this was not
investigated in this thesis.

5.1.3 Binning Options

Before the SPE charge spectra can be fitted using the approaches explained in Section 5.1.2.1
and Section 5.1.2.2, the collected charge data must be binned properly. A fine binning will
reduce the statistics per bin drastically while a coarse binning will mask important features
of the spectrum.

In this thesis, two different types of binnings were tested for the SPE charge spectra used in
the HV - gain calibration. One of the investigated binnings uses a fixed number of bins in a
certain interval. Different values were tested and the corresponding results are presented
in Appendix C. For the second approach, the binning is based on the underlying charge
distribution. The bin width is determined following the Freedman-Diaconis rule using the
interquartile range IQR of the distribution [71]:

bin width = 2 · IQR
3
√
n

= 2 · Q3 −Q1
3
√
n

(5.7)

In this case, Q1 is the lower quartile, corresponding to the 25th percentile and Q2 is the
75th percentile of the distribution. The total number of counts in the distribution is given
by n. However, this rule was derived in the context of normal distributions which might
not be ideal for the considered SPE distributed charges. In general, this binning yields
different numbers of bins depending on the exact structure of the data. Thus, the bin widths
between the different high voltage settings for the same channels will deviate from each other.

It was found that the binning does not influence the gain calibration routine. The observed
deviations in target gain were within the fit uncertainties of the power law function. Therefore,
a fixed number of bins was chosen for both fit approaches. Details of the corresponding
analysis are provided in Appendix C.
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5.2 Analysis and Results

In this section, the analysis and results of the PMT HV - gain calibration routine using
dark noise are presented. Furthermore, the potential impact of the HV scan range on the
calibration and the calibration results are discussed.

5.2.1 Impact of Scan Range on Target HV

An example for the gain data in dependence on the set HV with a corresponding power law
fit is shown in Figure 5.8. This fit is used to extract the target HV setting. A measurement
at -30°C is considered. The gain was determined from the raw data using the maximum
likelihood approach. The target high voltage is extracted from the power law fit correspond-
ing to the target gain. The residuals show that the data point at 102V lies below the fit,
while most of the other data points are located above the fit. Thus, a deviating fit result is
expected in case the data point at 102V is not considered. A fit without the data point at
102V would lead to a change in target HV by 0.02% compared to the result considering
this data point. This difference is small.

Figure 5.8: Example for the gain calibration function. The data points were extracted from
SPE charge spectra using the maximum likelihood fit approach. A power law function fitted
to the gain values in dependence of the set high voltage is included. The target HV is
extracted from this fit.

However, the corresponding deviation in gain is of interest. Therefore, an average power law
function was constructed to estimate the expected gain deviation for a certain HV deviation.
The median of the obtained fit parameters of the power law function was calculated for one
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5 PMT Gain Calibration using Dark Noise

calibration run. This included all 24 channels. These averaged parameters a, and b were
then used to model the gain deviation:

gain deviation =
a · (target HV · (1 + target HV deviation))b

target gain
− 1 (5.8)

The target HV was determined from the average power law function at the target gain of
5 · 106.

Equation 5.8 is modeled in Figure 5.9. A deviation of 0.02% in the target HV leads to
a deviation of approximately 1.4% in target gain. Following Chapter 5, this deviation is
negligible. However, it is expected that a reduced HV scan range will improve the goodness
of the power law fit and with this, the precision of the extracted target HV.
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Figure 5.9: Influence of the target HV setting on the expected gain. Average fit parameters
of the power law function are used.

5.2.2 Calibration and Verification

In this section, the overall calibration results are discussed. This includes a reproducibility
study of the calibration results and a comparison of the different fit approaches explained
in Section 5.1.2. Furthermore, dark noise and LED based calibration results are compared
and the temperature dependence of the target HV values is investigated. Additionally, the
calibration settings are verified by investigating the gain at the target HV for three different
temperatures.

5.2.2.1 Reproducibility of Calibration Results

The calibration using dark noise was performed twice at -30°C to investigate the reproducibil-
ity of the target HV. The results using the Poisson likelihood fit for both runs can be seen in
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Figure 5.10 (left). All target high voltage values satisfy the FAT requirement. This means
that all voltages are in the expected range between 79V and 112V. In addition, a histogram
containing the deviations of the target HV between the runs is shown in Figure 5.10 (right).
Calibration run 1 is used as reference. The mean difference of the target HV values and the
corresponding standard deviation are (0.008 ± 0.140)% with a median of -0.002%. The
calibrations are compatible with each other and are thus reproducible.
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Figure 5.10: Results of two calibration runs at -30°C using Poisson likelihood SPE fits. Left:
Absolute values in dependence of the channels. Right: Histogram of deviations between the
runs in percent. The verification of calibration run 1 is used as reference.

Before this calibration is used in an actual measurement, it must be ensured that the selected
target high voltage does indeed yield a gain of 5 · 106. Thus, a verification of the calibration
must be performed. For this, the HV value obtained in the calibration is set and a dark
noise based SPE charge spectrum is recorded using the discriminator trigger. Then, the
gain is determined from the SPE peak position. In this case, the maximum likelihood fit is
used. The results of the verification for both calibration runs are shown in Figure 5.11.

The deviations from target gain are below 5% in almost all channels and are therefore
consistent with the corresponding calibration (cf. Chapter 5). The mean, median and σ
of the distribution of gain deviations from the target gain are provided in Table 5.3. In
both calibration verification runs, the average gain of the channels is slightly below the
target gain. This might be caused by an insufficient HV stabilization during the verification
measurements which could be investigated in future measurements.

Table 5.3: Statistical measures for deviations from target gain for the verification of two
calibration runs at -30°C.

Verification of calibration run Mean in % Median in % σ in %

1 -1.12 -0.13 3.37
2 -0.93 -0.78 1.61

One outlier is observed during the measurements. This is channel 19 in the verification of
calibration run 1. For this channel, only one data point is displayed in Figure 5.11 (left).
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5 PMT Gain Calibration using Dark Noise

The fit for this channel yields a low gain of approximately 4.2. This corresponds to the
outlier visible in the histogram, i.e. Figure 5.11 (right). The target HVs between the two
calibrations deviate by only 0.01%. It is not expected that this small deviation in target HV
leads to the large observed deviation in gain. In channel 19, low gains were also observed in
further measurements. These measurements and this behavior will be investigated in more
detail in Section 5.2.2.4.

The longer-term stability of the gain with constant HV settings will be discussed in Chapter 7
for mDOM D115 v1.
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Figure 5.11: Verification results for calibrated HVs from two dark noise based calibration
runs at -30°C. Left: Absolute values in dependence of the channels. Right: Histogram of
deviations from the target gain.

5.2.2.2 Comparison of Fit Approaches

The calibration results for the same data sets at -30°C for both fit approaches are shown in
Figure 5.12. All target high voltage values satisfy the FAT requirement. Differences between
the two fit approaches are observed. In almost all channels, the likelihood fit approach yields
higher voltage values than the convolutional fit. This hints to a systematic effect originating
from one of the used fits. This might be due to the inconsistency of the nPE determination
in the convolutional fit explained in Section 5.1.2.2, or the difference in the description of
the lower charge region. For the Poisson likelihood fit, the poorly amplified electrons are
modeled by an exponential function with an error function cutoff (see Section 5.1.2.1). In
contrast, the poorly amplified electrons are modeled using a Gaussian with an error function
cutoff (cf. Section 5.1.2.2).

In general, the mean difference between the fits is 0.35% with a standard deviation of
0.28%. Using the relation described in Equation 5.8 for an average power law function, the
target HV deviation leads to an expected gain deviation of (2.5± 2.0)% between the fits.
This deviation is still in the required calibration precision Chapter 5, but the systematics
should be investigated in more detail in the future.
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Figure 5.12: Results of gain calibration at -30°C for maximum likelihood and convolutional
SPE fits. Left: Absolute values in dependence of the channels. Right: Histogram of
deviations between the different fit methods. The results of the maximum likelihood fit are
used as reference.

5.2.2.3 Temperature Dependence of Target HV

The dark noise calibration was performed for three different freezer temperatures, i.e. -10°C,
-20°C and -30°C. These temperatures are expected to be reached in the ice at different
deployment depths [72]. The warmer temperature corresponds to a deeper deployment
region. This is due to the geothermal heat from below and the isolating effect from the ice
above.

The calibration results at the different temperatures for 5 different channels are shown
in Figure 5.13. The convolutional approach was used to fit the individual SPE spectra.
The observed target HVs depend on the temperature. The higher the freezer temperature,
the higher the target voltage value. This means, that the gain decreases with increasing
temperature and therefore, a higher HV setting is necessary. This is consistent with obser-
vations from other measurements [73]. A hypothesis for this observation is a temperature
dependency of the mean free path of the electrons within the dynode material [73]. When
the temperature increases, the mean free path of the electrons decreases, leading to more
scattering and energy loss of the electrons. Less electrons then have sufficient energy to
escape the material. This reduces the dynode yield and therefore the overall PMT gain.

A linear function is fitted to the individual channel data. Considering all 24 channels, a
minimum slope of (0.03± 0.01) V

°C and a maximum slope of (0.08± 0.008) V
°C is observed

with an average of (0.05± 0.01) V
°C . An overall approximate value, e.g. the average slope

of all channels, can be used to estimate an improved scan range of HV values during
calibration as mentioned in Chapter 5 using test data from FAT and the PMT tests at
different temperatures. Repeating this measurement at additional freezer temperatures will
most likely improve the overall estimation of the HV temperature dependence. It will then
be possible to describe the dependence by an empirically tailored fit function instead of a
default linear fit as used in this analysis.
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Figure 5.13: Temperature dependence of target HV values using convolutional fit for 5
different PMT channels. For each channel, a corresponding linear fit is performed and
included.

5.2.2.4 Calibration Verification at Different Temperatures

At all investigated temperatures, a verification of the calibrations are performed. In this
section, verification data is obtained based on the settings obtained using the maximum
likelihood fit. Therefore, the data is also fitted using the likelihood approach. This allows
to investigate the self-consistency of the calibration method using the likelihood fit. The
verification of the calibration based on the convolutional fit is discussed in Chapter 7 for
mDOM D115 v1 in the frame work of a long-term monitoring.

The verification gain results for freezer temperatures of -10, -20 and -30°C are shown in
Figure 5.14. The corresponding statistical measures for the deviations from the target gain
are displayed in Table 5.4 for all temperatures. On average, the observed gains are slightly
above the target gain for the verification at -10°C, while the gains tend to be below the target
gain for the measurements at -20°C and -30°C. In total, almost all observed gains deviate
less than 5% from the target gain at all temperatures and are therefore acceptable. The
dark noise based calibration routine is considered to be sufficiently precise at all investigated
temperatures.

Table 5.4: Statistical measures for deviations from target gain for the verifications at -10°C,
-20°C and -30°C.

Freezer temperature in °C Mean in % Median in % σ in %

-10 1.70 1.53 2.63
-20 -0.6 -0.50 1.46
-30 -0.93 1.61 -0.78
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Figure 5.14: Verification of calibration results both obtained using the maximum likelihood
fit approach. Left: Absolute values in dependence of the channels. Right: Histogram of
deviations from the target gain at -10°C and -30°C.

The only outlier is again channel 19 observed at -10°C. The SPE charge spectra and
corresponding fits for channel 19 at -10 and -30°C are displayed in Figure 5.15. By eye,
the spectra at both temperatures look similar, especially the falling edges between 1 and
2P.E. are aligned. The second data point however has a higher count at -10°C than
at -30°C. It is possible that this slightly higher count at this charge pulls the Gaussian,
describing the SPE peak, to the left, leading to the observed lower gain in the verifica-
tion. Thus, the lower verification value might not be observed due to an actual much
lower gain at -10°C but due to the fit itself. For this maximum likelihood fit, a descrip-
tion of the higher PE component should be implemented in general. This might minimize
the pull by the lower charge region as more features of the whole spectrum will be considered.
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Figure 5.15: SPE charge spectra for channel 19 at -10 and -30°C. The HV of the PMT is set
to calibrated values using dark noise spectra. The shown fits are maximum likelihood fits.

49



5 PMT Gain Calibration using Dark Noise

5.2.2.5 Comparison of LED and Dark Noise Based Measurements

It is expected that the dark noise based gain calibration is equivalent to the LED based
measurement. Therefore, it is important to also compare the dark noise results to the results
obtained using this light source. Thus, the gain calibration was performed using the flasher
LEDs. In this case, the waveform readout was triggered by the flasher trigger, following
the FAT procedure. A fixed binning for the SPE spectra was used, matching the approach
for the dark noise maximum likelihood fit (cf. Section 5.1.2.1). The SPE spectra were
fitted using the model described in Equation 5.1. Additional penalty terms as described
in Section 5.1.2.1 for the dark noise fit are introduced. Furthermore, the same guess for
the initial fit parameters was used, extended by the position of the pedestal at 0 P.E., its
width of 0.1 P.E. and its amplitude as the maximum value. An example SPE spectrum with
fit and the corresponding likelihood profile for the SPE peak position are shown in Figure 5.16.
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Figure 5.16: Left: LED generated SPE spectrum with Poisson likelihood fit at HV of 78V.
Right: Corresponding likelihood profile for the SPE peak position µ.

The results in comparison with the dark noise measurement are displayed in Figure 5.17.
Both measurements were conducted at a freezer temperature of -20°C. For the dark noise
measurement, the SPE spectra are fitted with both, the maximum likelihood approach as
well as the convolutional fit. The LED fit failed for channel 15. Therefore, only 23 data
points are included in Figure 5.17 for the LED based measurement.

In Figure 5.17, some systematics seem to be present, as the LED based calibration yields
higher voltage values than the dark noise measurement. The statistical measures of the
deviation distributions are displayed in Table 5.5. The observed mean deviation of approx-
imately 1% between the target HV values is expected to lead to a deviation in gain of
approx. 7% (cf. Equation 5.8).

Table 5.5: Statistical measures for deviations of the dark noise results from the LED
measurement. Both fit procedures are applied the dark noise data.

Dark noise fit approach Mean in % Median in % σ in %

Convolutional 0.97 0.95 0.57
Maximum likelihood 0.74 0.76 0.44
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Figure 5.17: Results of gain calibration at -20°C for dark noise and LED based measurements.
Left: Absolute values in dependence of the channels. Right: Histogram of deviations between
different measurement types. The LED measurement is used as reference.

It is suggested that the LED measurement is repeated. It can then be investigated wether
the observed systematic discrepancy between the dark noise and LED measurement is due
to systematics in the fit itself or a more fundamental difference in the SPE spectra. For
this measurement, the flasher trigger should still be used. Additionally, the discriminator
should be set to the same value as for the dark noise-based measurement. Not only should
the waveforms at the ADC be recorded, but also whether or not this waveform triggered
the discriminator. This will result in two spectra: one containing all charges, and the other
consisting only of charges that triggered the discriminator. The calibration analysis should
then be performed using both spectra. Any observed differences in the target HV values
can then be directly attributed to systematics of the fits as the charge spectra are not
independent from each other.

All fit routines used in this thesis contain some minor inconsistencies in the implemented fit
functions. This includes either not properly normalized components taken from pmt taco or
a slightly corrupted calculation of the nPE components as described in Section 5.1.2.1 and
Section 5.1.2.2. Even though the dark noise based calibration routine is sufficiently precise,
it is advised that the inconsistencies of the fit functions are removed and the accuracies
of all measurements and fit procedures are investigated in more detail before used in-situ.
Measurements with higher statistics can contribute to this goal.

6 Discriminator Threshold Calibration using
Dark Noise

The discriminator trigger will be used for the in-situ waveform readout of IceCube Upgrade
modules (cf. Section 4.3). This trigger initiates a readout if the incoming PMT signal is
above a certain set reference value, the discriminator threshold. The target threshold is
chosen such that the acquisition of pure noise waveforms is suppressed without filtering
reasonable signals. For the IceCube Upgrade, a 50% trigger efficiency at a pulse charge
of 0.2 P.E. is defined as target threshold [4]. The corresponding reference voltage is set
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by a DAC. As the baselines and noise levels vary between the PMTs, each discriminator
threshold must be calibrated individually. In this section, method for the in-situ discriminator
threshold calibration using dark noise is presented.

An alternative approach using the front-end test pulser was investigated in the scope of
this masters thesis and is described in Appendix E. The general idea was designed within a
DESY Summer Student project [74] and the procedure was improved and evaluated within
the scope of this thesis. However, investigation of this approach was discontinued after a
better-performing, dark-noise-based calibration routine was developed.

In the framework of the final acceptance testing for the mDOMs, the discriminator threshold
calibration was performed using the flasher LEDs. This routine requires a fully functional
flasher chain. An alternative approach developed within this thesis uses PMT waveforms
induced by dark noise instead of LED light. This has the advantage that the underlying
measurement can also be used for long-term monitoring of the discriminator threshold during
the detector up-time. Thus, this alternative threshold calibration routine serves the same
purpose as the gain calibration using dark noise described in Chapter 5.

6.1 Methods and Procedure

In this section, the general calibration routine is explained. The used trigger method and
the trigger allocation are described. In addition, the calculation of the trigger efficiency
curves required for the calibration are presented as well as the different fit approaches for
the resulting threshold curves.

In this thesis, threshold fluctuations will be observed. The impact of such fluctuations on
the detector performance and event reconstruction must be determined by simulations in
the future. This was beyond the scope of this thesis.

6.1.1 General Calibration Approach

The general steps for the dark noise based threshold calibration are taken from the calibration
routine using flasher LEDs developed for FAT [61]. An overview of the whole procedure
is given in this section. The details of the individual steps are explained in the following
sections. The improvements developed within this work and the differences to the FAT
calibration are emphasized.

Overview of Calibration Routines using PMT Waveforms

For both routines, a certain range of discriminator DAC settings is swept through. The
following procedure is performed at each threshold:

1. A full SPE charge spectrum is recorded using the flasher trigger for the LED based
calibration or the ADC trigger for the dark noise based routine.

2. The information if the discriminator was triggered for a certain waveform is acquired.
With this, a second spectrum containing only discriminator triggered charges is created.
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3. The ratio of these spectra is calculated, determining a trigger efficiency curve.

4. An error function is fitted to the trigger efficiency curve.

5. The threshold in P.E. is defined as 50% trigger efficiency level extracted from the fit.

The results obtained at all DAC counts are combined, creating a threshold curve. This
curve contains the observed thresholds in P.E. in dependence of the DAC setting for the
discriminator threshold. The target threshold setting is then extracted from the curve using
a fit.

6.1.2 Discriminator Threshold Scan Range

In FAT, 10 discriminator thresholds are considered for the calibration routine. The ini-
tial investigated threshold corresponds to a voltage of 1mV above the PMT baseline
T1mV. The respective threshold DAC setting is obtained using an Iceboot1 function called
mDOMSetDiscriminatorThresholds(). This function performs a binary search for the
PMT noise level first, obtaining the corresponding DAC value, before calculating the required
DAC setting of the discriminator [56].

DAC threshold setting =
Threshold in mV above PMT baseline

2.5V
· 65536DAC+

+ PMT baseline in DAC.
(6.1)

In this relation, 2.5V is the dynamic range of the discriminator and the threshold can be
set by a DAC with a resolution of 65536 counts.

The initial DAC threshold setting is then decreased stepwise by 10DAC counts. This results
in the following threshold scan interval [61]:

FAT Threshold Interval = [T1mV, T1mV − 100[. (6.2)

As the threshold in DAC counts is decreased, the observed threshold in P.E. is increased.

In this work, it was observed that the scan range defined in FAT does not necessarily reach
the target threshold of 0.2 P.E. Thus, the threshold interval was adjusted within this thesis.
The improved scan range used in this work is given by:

FAT Threshold Interval = [T1mV + 15, T1mV − 40[. (6.3)

The step size is decreased to 5DAC counts, leading to a total number of 11 investigated
threshold settings.

6.1.3 Trigger Methods and Allocation

For a discriminator threshold calibration using PMT waveforms, a trigger is required that is
distinct and independent from the discriminator trigger. In this section, the trigger methods
used for the threshold calibration routine both using LEDs and dark noise are described in

1Documentation of Iceboot. IceCube internal. Accessed: 27.11.2025.
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6 Discriminator Threshold Calibration using Dark Noise

more detail. Furthermore, it is explained how a trigger is assigned to a signal peak in a
waveform.

Trigger Method

In FAT, the waveform readout is synchronized with the flasher LEDs using the calibration
trigger. This approach will also be used in this thesis to compare the calibration results of
the different routines.

For the dark noise based threshold calibration developed in this thesis, the ADC trigger is
used. For this trigger, a signal must reach or fall below a certain predefined ADC value
to initiate a readout. The goal for this trigger is to generate a charge spectrum that is
equivalent to an SPE spectrum.

Most spectra used in this thesis were generated using a combination of two different ADC
thresholds, corresponding to settings of 2 ADC counts and 3ADC counts below the baseline
of the signals. This reduces the amount of waveforms that do not include a reasonable
signal. However, there is a minority of spectra that include a component generated with an
ADC threshold set at 1ADC count below the baseline.

In Section 6.2.1, it is investigated in detail if such a trigger approach introduces a bias into
the discriminator threshold calibration.

Trigger Allocation

For the discriminator threshold calibration, the information if a certain PMT signal triggered
the discriminator or not is required. In FAT and in this thesis, the “discWords” array
explained in Section 4.3 is used. This array stores the discriminator response.

In FAT, a signal, i.e. the largest peak within a waveform, is considered to be triggered by
the discriminator in case the corresponding “discWords” array contains a non-zero entry.
This is independent of the trigger position within the array. For this approach it is assumed
that the largest pulse in the waveform is the discriminator triggered signal. However, this
assumption might bias the discriminator threshold calibration result.

Therefore, in this thesis, the trigger allocation was based on the actual positions of the
signal peak in the waveform and the discriminator trigger. A signal is only considered to
be discriminator triggered in the case that the trigger occurs in proximity of the integrated
waveform pulse. This means that the trigger must occur in an interval of 10 bins before and
one bin after the minimum of the signal peak. This is an empirical interval which should be
adjusted based on a more systematic investigation of typical distances between discriminator
triggers and signal peaks in the future.

6.1.4 Trigger Efficiency Curves

As mentioned before, the goal for the discriminator threshold calibration of the mDOM
is to reach a 50% discriminator trigger efficiency at a charge of 0.2 P.E. Thus, for each
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set discriminator threshold in DAC during the calibration, the charge at the 50% trigger
efficiency must be obtained.

Determination of the Trigger Efficiency Curve

This trigger efficiency at a certain pulse charge q is defined as:

trigger efficiency(q) =
# discriminator triggered waveforms(q)

# acquired waveforms(q)
. (6.4)

A trigger efficiency curve in dependence of the charge can therefore be determined by
calculating the binned ratio of the histogram containing the discriminator triggered charges
and the SPE charge spectrum containing all ADC-triggered charges. In Figure 6.1, an
example for both histograms as well as the corresponding trigger efficiency curve is shown.
This approach was taken from FAT.
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Figure 6.1: Left: Histograms containing all charges (SPE spectrum) and only discriminator
triggered charges. Right: Corresponding trigger efficiency curve with error function fit.

Fit and Uncertainties of the Trigger Efficiency Curves

In FAT, the uncertainties of the trigger efficiency values are neglected and a sigmoid function
is fitted to the trigger efficiency curve. The charge at the 50% trigger efficiency level is
defined by the center of the function. This value is a fit parameter and therefore directly
returned by the fit. However, this assumes that the trigger efficiency curve covers the full
range from 0% to 100%. Only in this case does the charge at the 50% trigger efficiency
level correspond to the position of the center of the function.

In this thesis, the uncertainties of the trigger efficiencies are considered. The obtained trigger
efficiencies follow a binomial distribution [75]. Therefore, the uncertainties can be represented
by 1σ Jeffreys intervals, which are described in Appendix D in detail. These intervals are
typically asymmetric. However, the used optimizer scipy.optimize.curve fit expects
symmetric uncertainties as error bars. Therefore, Jeffreys intervals must be symmetrized
before they can be used in the fitting process. The most conservative option to estimate
the uncertainties is to choose the limit furthest from the considered data point and to apply
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the difference between the data point and the limit as uncertainty in both directions. A less
conservative approach is to calculate both, the upper and the lower limit of the interval. In
this case, half the difference between these values is considered as symmetric uncertainty.

An error function is then fitted to the trigger efficiency curve. The charge corresponding to
the 50% trigger efficiency level, i.e. the threshold in P.E., is determined by the inverse of the
error function instead of the center of the function. The overall uncertainty of the extracted
charge value is calculated using Gaussian error propagation including the covariance of the
obtained fit parameters.

The definition of the uncertainty of the individual trigger efficiency data points was found to
be negligible in the final extracted threshold in P.E. In this thesis, the considered uncertainties
are calculated using half the width of Jeffreys interval. In case a more precise determination
of the uncertainties is of interest, an optimizer accounting for asymmetric uncertainties
should be chosen.

6.1.5 Threshold Curves and Fit Methods

The collected thresholds in P.E. in dependence of the set DAC values create a curve referred
to as threshold curve. The target DAC setting will be extracted from a fit describing the curve.

In FAT, a linear fit is used [61]. This assumes an ideal system. In an ideal discriminator
that is set by an ideal DAC, the applied reference voltage depends linearly on the set DAC
value. Furthermore, the charges of the pulses show a linear dependence on the size of the
leading edge of the pulse. Thus, a linear dependence of the threshold in P.E. on the set
DAC value is expected.
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Figure 6.2: Threshold curve for dark noise based calibration with non-linear behavior.
Uncertainties are included in but are smaller than the marker.
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6.1 Methods and Procedure

However, as shown in Figure 6.2, the typical threshold curve observed in these measurements
is non-linear. In the future it should be investigated in more detail if the used error function
fit is ideal to describe the trigger efficiency curves. The shape of the underlying SPE
spectrum might affect the shape of the trigger efficiency curve and with this the extracted
50% trigger efficiency level. This hypothesis was however not proven within this thesis.

In this thesis, different empirical fit methods for the threshold curves were investigated
instead. The first approach is the same as in FAT, using a single linear function. The
second approach uses an iterative, multi-linear fit approach describing the lower charge data
points. In this fit, outliers in the lower charge region will lead to an inappropriate fit and
a deviation between the extracted threshold value and the target. To avoid this, a third
option is to fit a third degree polynomial to the data to adapt for the observed non-linearities.
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Figure 6.3: Example threshold calibration curve. Included are three different fit methods.
The residuals are the absolute differences between the data points and the respective fit
function.

An example for all three fits with the corresponding reduced χ2 values are shown in Figure 6.3.
In general, the polynomial fit of third order is preferred for the dark noise based threshold
calibration routine. The goodness of the polynomial fit is always better than the goodness
of the single linear fit. Additionally, the third degree polynomial fit considers all collected
data points and avoids bias induced by outliers in the lower charge region. However, the
multi-linear fit was used for the threshold calibration in earlier measurements conducted
in the framework of this thesis. It was later fully replaced by the polynomial fit approach.
The fit approaches used for the evaluation of the individual calibration runs throughout this
thesis will be mentioned when the corresponding results are discussed.
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6 Discriminator Threshold Calibration using Dark Noise

6.2 Analysis and Results

In this section, the results of the discriminator threshold calibration routine developed within
this thesis are discussed. This includes the investigation of potential bias introduced by
the use of the ADC trigger and the selection of the fit model for the calibration evaluation.
The reproducibility of the calibration results is investigated before the dark noise based
calibration results are compared to the LED based results.

6.2.1 Bias Study for ADC Triggered Dark Noise Waveforms

For a suitable threshold calibration using dark noise, it must be ensured that the used trigger
does not introduce a bias in the measured efficiency curve of the discriminator. In theory,
each data point contributing to the obtained trigger efficiency curve using the ADC trigger is
described by a conditional probability P (disc|ADC) [75]. This means that the information
if the discriminator was triggered is only recorded under the condition that the waveform
was readout using the ADC trigger. This probability can be written as:

P (disc|ADC) = P (disc) · P (ADC|disc)
P (ADC)

(6.5)

In this equation, P (disc) describes the probability that a waveform is triggered by the

discriminator. This is the quantity of interest. The factor P (ADC|disc)
P (ADC) includes the probability

that a waveform is triggered by the ADC under the condition that the discriminator is
triggered (P (ADC|disc)) and the probability that a waveform is triggered by the ADC
(P (ADC)). This factor might introduce an unwanted bias in the observed trigger efficiency
curve if it is unequal to 1. In contrast, the recorded trigger efficiency curve is unbiased if
P (ADC|disc)

P (ADC) = 1 as then P (disc|ADC) = P (disc) holds. This is especially the case when

P (ADC) = 1, meaning that the ADC trigger is fully efficient at a certain pulse charge
independently of the discriminator trigger, implying P (ADC|disc) = 1. Thus, the trigger
efficiency curve is unbiased in case the ADC trigger is fully efficient.

The trigger efficiency of the ADC was investigated using the front-end test pulser. This
pulser is described in Section 3.3 in more detail. The apparent test pulser pulse height was
set to values between 2 and 8ADC counts. According to the measurements described in
Section E.1.2, these pulse heights correspond to observed charges between approximately
0.05 and 0.2 P.E. equivalents. For each of the test pulser settings, the ADC threshold is
set to 3ADC counts below the baseline of the waveform. For each channel, 1000 test
pulser pulses are generated and the ADC scaler rates, counting ADC threshold crossings,
are recorded. The trigger efficiency is then calculated by the ratio of the observed ADC
scaler rate and the total number of generated pulser pulses. This measurement is repeated
5 times per channel.

The average trigger efficiency curve of all channels and repetitions is shown in Figure 6.4.
The uncertainties are the standard error of the mean of the observed trigger efficiency values.
The ADC trigger can be considered fully efficient down to pulse heights of 4.5 ADC counts,
i.e. pulse charges of approximately 0.1 P.E. equivalents.
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Figure 6.4: ADC trigger efficiency curve at ADC threshold 3ADC counts below waveform
baseline. The results are averaged over 5 repetitions and all channels. Uncertainties on
trigger efficiency values are the standard error of the mean.

In Figure 6.5, two typical trigger efficiency curves occurring during the dark noise based
threshold calibration are shown, one close to the target threshold and one at a lower charge.
A vertical line represents a charge of 0.1 P.E. where the ADC trigger is still fully efficient.
This indicates, that all data points in the region of interest fall into the charge regime where
the discriminator trigger efficiency curve is unbiased. A potential bias only affects the data
points at the very low charge region where the discriminator efficiency is close to zero. It is
assumed that the effect of a bias at these low charges can be neglected and the observed
discriminator trigger efficiency curves can be regarded as unbiased in terms of the presented
threshold calibration routine. However, data points in the resulting threshold curves with
thresholds below 0.1 P.E. should not be considered during the calibration routine, as this
might lead to a bias.

To show experimentally that the ADC trigger does indeed not lead to a bias in the observed
threshold curves, the dark noise based threshold calibration was repeated using forced
triggered data for one exemplary channel. For this measurement, the calibration trigger
implemented in the Iceboot software was used. This trigger reads out waveforms with a
fixed frequency and is in principle the same trigger used with the flasher LEDs. However, for
this measurement the flasher chain was not supplied with voltage ensuring that the LEDs
were turned off.

In Figure 6.6, the threshold curves for the routines using the ADC trigger and the calibration
trigger, i.e. the forced trigger, are shown. The observed threshold curves are similar for both
triggers. This confirms the assumption that no bias is present in the ADC triggered data.
The forced trigger based measurement is fundamentally unbiased, but the number of noise
waveforms in the pedestal is increased with respect to SPE spectra triggered by the ADC.
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(a) Discriminator threshold at low charge in dark
noise measurement.

0.0 0.2 0.4 0.6 0.8 1.0
Charge in P.E.

0

20

40

60

80

100

Tr
ig

ge
r e

ffi
cie

nc
y 

in
 %

2/ndof: 0.76
100% ADC trigger efficiency

(b) Discriminator threshold close to target charge
in dark noise measurement.

Figure 6.5: Typical discriminator trigger efficiency curves occurring during dark noise based
threshold calibration. Left: low charge at 50% trigger efficiency. Right: charge close to
calibration target. Vertical lines show charge down to which the ADC trigger is fully efficient.

Thus, more waveforms must be collected until sufficient coverage in the region of interest,
i.e., the region where the trigger efficiency transitions from 0% to 100% efficiency, is reached.
However, since the ADC trigger was sufficiently unbiased, this approach was preferred over
the forced triggered data acquisition in order to minimize the number of collected waveforms.

23660 23670 23680 23690 23700 23710
Threshold in DAC

0.2

0.3

0.4

Th
re

sh
ol

d 
in

 P.
E.

Channel 1
ADC trigger
Forced trigger

Figure 6.6: Example of threshold curves obtained from ADC and forced triggered dark noise
data.
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6.2.2 Discriminator Threshold Resolution

The resolution of the discriminator is estimated using the slope of the multi-linear fit
explained in Section 6.1.5. This fit describes mainly the lower charge region around the
target threshold and is used as a rough approximation of the discriminator threshold
resolution. The mean slope m for all channels of one calibration run at room temperature
is given by mmulti-linear = (−0.010± 0.002) P.E.

DAC . Thus, it is assumed that deviations below
0.01P.E. cannot be resolved using the discriminator DAC.

6.2.3 Dark Noise based Calibration and Verification

In this section, the calibration results for mDOM D115 v1 at room temperature are described.
Additionally, the calibration results are verified by measuring the threshold in P.E. at the
calibrated threshold value.

Calibration Results

The calibration using dark noise was performed twice for mDOM D115 v1 at room temper-
ature. The high voltage was set to the same values throughout both calibration runs. For
each run, the calibration was done channel by channel with a duration of approximately
17min/channel for both calibrations.
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Figure 6.7: Comparison of target threshold values in DAC counts from two different
calibration runs. Calibration run 1 is used as reference and the difference is defined relative
to the corresponding value in each channel.
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6 Discriminator Threshold Calibration using Dark Noise

In Figure 6.7, a comparison between the target threshold DAC values is shown in reference
to the values obtained in run 1. In this analysis, the threshold extraction from a third
degree polynomial fit is used for both runs (cf. Section 6.1.5). The threshold difference is
given in integer values as the discriminator threshold can only be set in integer steps. The
mean difference between the target threshold settings is (−0.08± 0.30)DAC counts and is
therefore interpreted as negligible. The temperature difference between the runs was small
(0.6°C). The gain was not monitored throughout these measurements. An influence on the
observed thresholds can therefore not be excluded.

The threshold calibration using dark noise was repeated at lower temperatures. The results
for mDOM D115 v1 at -20°C will be presented in Chapter 7.

Calibration Verification

It is necessary to verify that the calibrated threshold value leads to the target threshold
of 0.2 P.E. To confirm the calibration, the discriminator threshold is set to the calibrated
DAC value and a charge spectrum is collected using an iterative ADC trigger. This trigger
routine should be the same as for the calibration routine. However, in the measurements
presented here, the ADC thresholds were subsequently set to 2 and 4DAC counts below the
baseline of the signal. This was corrected in later measurements presented in Chapter 7.
The final threshold in P.E. is extracted from the trigger efficiency curve as done for the
threshold calibration.

In this analysis, the tested threshold values were extracted using the multi-linear fit approach.
The used data was the same as in calibration runs 1 and 2 described above. A verification
was performed once per calibration.

The verification results for both calibrations are shown in Figure 6.8. The corresponding
mean, median and standard deviations are displayed in Table 6.1. The absolute deviations
from the target threshold are small on average. Following this analysis at room temperature,
the dark noise based calibration is able to achieve threshold settings close to the target
threshold. As mentioned before, the impact of the observed threshold deviations on the
event selection and reconstruction must be determined by simulations in the future.

Table 6.1: Statistical measures for the verification of two threshold calibration runs.

Calibration run Type of distribution Mean Median σ

1 Absolute values in P.E. 0.20 0.21 0.03
1 Relative deviation in % -0.07 4.3 13.14
2 Absolute values in P.E. 0.21 0.21 0.02
2 Relative deviation in % 6 7 10

A detailed analysis of the verification of the calibration at -20°C is provided in Chapter 7.
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Figure 6.8: Verification for the discriminator threshold values obtained in two different
calibration runs. Absolute values and relative deviations from the target are considered. The
measurements were conducted at room temperature.

6.2.4 Dark Noise - LED Calibration Comparison

In theory, it is expected that the calibration routines based on dark noise and flasher LEDs
are equivalent to each other and therefore lead to the same results. To investigate the
expected equivalence, the calibration is repeated using the flasher LEDs. Only odd channels,
i.e. channels in the lower hemisphere of mDOM D115 v1, could be considered due to a
broken flasher chain in the upper hemisphere.

Initial Calibration Comparison

The flasher based calibration results using all LEDs are compared to the results of calibration
run 2 using dark noise described in Section 6.2.3. In Figure 6.9, the threshold curves of the
dark noise and flasher based calibrations are shown for two channels. For the channel in
Figure 6.9 (left), the observed threshold curves for both methods match, but larger deviations
are observed for the threshold curves displayed in Figure 6.9 (right) starting around 0.3 P.E.
The observed thresholds in P.E. for the LED measurement drop faster than the corresponding
values of the dark noise based calibration in this channel. This means, that the discriminator
seems to trigger on smaller charges compared to the dark noise measurement. Therefore, the
LED based calibration results in an overall lower DAC threshold at the target threshold in P.E.

Additionally, the flasher based calibration was repeated using only one LED at a time. With
this approach only the channels located in proximity of the used LED can be calibrated. For
example when LED 1 is enabled, only channels 3, 5 and 7 register a sufficient amount of
reasonable signals due to the layout of the mDOM (cf. Figure 3.6). Channels 3, 9 and 21
are located close to two LEDs meaning that they are calibrated twice in this approach. In
general, it is expected that the calibration results do not depend on the number of LEDs
used, including the dark noise measurement. The results of the LED calibrations are shown
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6 Discriminator Threshold Calibration using Dark Noise

in Figure 6.10 in reference to the dark noise measurement.
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Figure 6.9: Examples for threshold curves obtained in flasher and dark noise based mea-
surements. Left: Good agreement between calibration methods. Right: Larger deviations
between calibrations.
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Figure 6.10: Calibration results using all bottom hemisphere LEDs, and only one LED at a
time relative to the dark noise based calibration. The histogram for the single LED approach
contains three additional results. Three of the channels are located close to two LEDs and
can therefore be calibrated twice in the single LED approach.

The mean deviation between the calibration measurement considering all LEDs and the dark
noise measurement is (−3.8± 1.4)DAC counts. The deviation between the single LED and
dark noise calibration is (−0.9± 0.8)DAC counts. Thus, the uncertainty is minimized in
the case that only a single LED is used.
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6.2 Analysis and Results

Investigation of Calibration Deviation

In 2020, it was reported internally that the flasher trigger might introduce additional noise
into the recorded waveforms [76]. Such ringing induced at the PMT base could lead to an
additional trigger in the discriminator, and could therefore lead to a bias in the discriminator
threshold calibration.

The discriminator response is studied in more detail to investigate the supposed ringing
induced by the flasher trigger. For waveforms with charges below the expected discriminator
threshold, it was observed that the discriminator response included triggers at the same
position in 23 out of 24 investigated channels. A histogram of the number of triggers in
dependence of the waveform bin observed in the full measurement of one example channel
is shown in Figure 6.11. A total of 3338 waveforms was recorded of which 1016 have
charges below 0.04P.E. Two trigger distributions are visible in the histogram, one starting
at waveform bin 49 and another one starting approximately at waveform bin 54. Almost
all waveforms were triggered by the discriminator regardless of the charge observed at the
ADC readout. Thus, even waveforms with charges below 0.04P.E. were triggered. The
trigger that starts mainly at waveform bin 54 is only present in waveforms that contain
larger charges. Thus, it is assumed that the trigger at waveform bin 54 is induced by the
actual PMT signal.
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Figure 6.11: Histogram of discriminator trigger positions in waveforms of channel 1. The
distribution for all charges is shown as well as a distribution for charges below 0.04P.E.
observed in the ADC readout. The histogram considered a total of 3338 waveforms with
1016 waveforms containing charges below 0.04P.E.

In case that the excess trigger in waveform bin 49 is indeed due to ringing induced by the
flasher trigger, it is expected that the time difference between the triggers corresponds to
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6 Discriminator Threshold Calibration using Dark Noise

the transit time of the PMTs. The potential ringing signal is induced into the PMT base
directly, while the actual PMT pulse is formed within the PMT requiring the corresponding
transit time [58]. The transit time of a PMT model similar to the one used in the mDOM is
specified with 43 ns by Hamamatsu [77]. Assuming waveform bin 49 and 54 as main starting
points for the discriminator triggers, the difference of 5 bins corresponds to approximately
41.7 ns. Thus, the observed distance between the triggers aligns with the transit time of
the PMT. This result supports the hypothesis that the observed excess trigger is caused by
ringing induced by the flasher trigger.

To visualize the ringing on the ADC waveforms, average waveforms were calculated for
charges below 0.04 P.E. These waveforms typically do not contain a reasonable photoelectron
signal. Examples of such average waveforms with all LEDs enabled can be seen in Figure 6.12
for several channels. Artifacts in the waveform at the same position are observed in almost
all channels. This is consistent with the assumption that the flasher trigger introduces
additional noise into the waveform. Before the noisy signal reaches the ADC readout, it
passes through a pulse shaping chain smoothing out short noise pulses as described in
Section 3.3.2. Thus, only smoothed artifacts of the flasher induced noise will be observed
in the ADC. Therefore, it is likely that the pulse shaping chain introduces a discrepancy
between the observed threshold at the ADC readout compared to the actual discriminator
threshold.
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Figure 6.12: Average flasher generated waveforms with charges below 0.04 P.E. for a selection
of channels.

66



6.2 Analysis and Results

Improvement of LED Calibration and Comparison

As the supposed false discriminator trigger induced by ringing is located always at the
same position in the waveform, this can be used to mask the excess trigger. Thus, the
corresponding entries in the discriminator response are replaced by 0. An improvement in
the calibration agreement between dark noise and LED measurements is expected in case the
excess trigger is the reason for the threshold discrepancy. The comparison of the calibration
results using this filtering approach is shown in Figure 6.13. The mean difference between
the calibrations using all LEDs and the dark noise based measurement is (−1.0± 0.6)DAC
counts. The mean deviation of the single LED measurement from the dark noise based
threshold calibration is (0.0± 0.4)DAC counts. Almost all data points are located within
the fluctuation window observed between the dark noise calibration runs. Thus, the dark
noise - flasher agreement is indeed improved for all channels. A larger difference between
the usage of all LEDs and only a single LED is observed in one channel.

One outlier is observed in the threshold calibration using all flasher LEDs. In this channel,
the single LED calibration is in good agreement with the dark noise measurement while
the multi-LED result deviates further. It is not expected that this is an artifact of the false
discriminator trigger. To draw a conclusive statement for this channel, further measurements
are necessary. This could include repeated calibration measurements as a first step to
investigate if the deviations are persistent.
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Figure 6.13: Calibration results with applied masking for suspected false trigger. Results for
all bottom hemisphere LEDs and only one LED at a time relative to the dark noise based
calibration. Additionally, the region in which calibration fluctuations were observed between
dark noise runs is shaded. For channels 3, 9 and 21, two data points are present for the
single LED calibration as these channels are located next to two LEDs.
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In general, this analysis shows that an equivalence of the calibration methods can be
expected when the false trigger observed in the LED based measurement is masked properly.
The differences in the LED calibrations using one and all LEDs in one channel should be
investigated in more detail before the LEDs are used for the threshold calibration in-situ.

Observing a false discriminator trigger induced by the flasher trigger indicates that it should
be handled carefully in the future. Otherwise, a bias could be introduced to measurements
requiring the flasher LEDs in combination with the discriminator response.

7 Long-term Monitoring using Dark Noise
For all physics experiments it is important to be aware of potential changes and drifts in the
calibration of the setup. Additionally, unnecessary re-calibrations should be avoided, espe-
cially if experimental down-times are involved. Therefore, the knowledge of the timescales
on which changes happen is crucial to determine the frequency of required calibration runs.

To investigate such changes in the PMT gain and discriminator threshold of the mDOM, a
long-term monitoring of these properties was setup. For this, mDOM D115 v1 was placed in
a freezer at -20°C as described in Section 4.1. The dark noise based approaches developed
within this thesis were used. The advantage of this dark noise approach is that it can also
be used in-situ during the up-time of the detector.

7.1 Initial Calibration

The gain of the mDOM PMTs and the discriminator threshold were calibrated once using
dark noise. The corresponding procedures are explained in Chapter 5 and Chapter 6. The
convolutional fit described in Section 5.1.2.2 is used for the gain calibration.

The calibrations were performed during the day. It was later discovered that the initial setup
was not fully light-tight. Thus, external light entered the setup and affected the shape of
the SPE charge spectrum. As shown in Figure 7.1, the nPE component is systematically
larger at night than during the day. The external light was dim enough to induce SPE-like
signals, replacing part of the higher PE contribution from radioactive decays, changing the
overall shape of the spectra.

Although an increased amplitude of the SPE peak could in principle improve the gain
calibration, the fit model was optimized for spectra with a large nPE contribution. The
changed spectral composition could therefore reduce the precision of the calibration. Ad-
ditionally, at the time of the calibration, bins with less than 10 counts were still included
in the fit. The corresponding cutoff was introduced only later for the data analysis in
Chapter 5 and the analysis of the long-term monitoring data. Applying the cutoff to the
gain calibration data would lead to failed fits in some channels due to too few considered bins.
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7.2 Monitoring Tests and Schedule

After the change in spectral composition was traced back to light pollution in the setup,
the freezer was covered with blankets to improve the light-tightness during the long-term
monitoring (cf. Section 4.1). All monitoring data collected before the coverage of the
freezer was discarded.
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Figure 7.1: SPE spectra recorded during day and night using dark noise. The nPE
contribution is persistently higher during the night.

7.2 Monitoring Tests and Schedule

The main tests implemented for the long-term monitoring are dark noise based verification
measurements of the PMT gain and the discriminator threshold explained in Section 5.2.2.1
and Section 6.2.3. For each of this tests, environmental parameters such as the mainboard
temperature and the pressure were collected. In addition, the HV monitored at dynode
stage 10 was recorded. A larger change in these properties might have an impact on the
observed gain and discriminator thresholds. For example, the temperature dependence of
the gain was discussed in Section 5.2.2.3.

Furthermore, a third test was implemented, monitoring the dark rates at the calibrated gain
and threshold settings. For each channel, the scaler rates are recorded. These rates are
determined by the number of signals crossing the discriminator threshold in a certain time
interval. A short integration time of 1ms was used and the measurement of the scaler rates
was repeated 5000 times per channel. The number of threshold crossings per integration
period is low. For a future measurement, a longer integration time with less repetitions
should be chosen to improve the statistics per recorded scaler rate. The scaler rates reported
in this thesis are averaged over all 5000 trials in the individual channels. The corresponding
uncertainties are the corresponding standard deviations, neglecting the underlying Poisson
statistics.

For the long-term monitoring, all three tests are run every 12 hours, starting at noon and
midnight.

69



7 Long-term Monitoring using Dark Noise

7.3 Analysis and Results

In this section, the results of the long-term monitoring are presented. This includes the
investigation of the precision of the underlying calibrations as well as the observed stability
of the gain and the discriminator threshold.

7.3.1 Day - Night Differences of Dark Rates

The goal of the long-term monitoring is to investigate the internal changes in gain and
threshold over time in a controlled environment. This means, that the environmental
parameters such as the temperature and the pressure should be as constant as possible. In
addition, the light pollution within the setup is required to be low and at least constant to
ensure comparability between the individual measurements.

The dark rates collected in the measurements during the day and at night after coverage of
the freezer are compared in Figure 7.2. For this, the median dark rate was calculated for
the measurements at night and during the day in each channel. The difference normalized
by the night time measurement is depicted in the histogram. A total of 41 measurements
were considered for each time. A mean difference of (-2.6 ± 0.5)% is observed between the
measurements at different times of the day with a median of -2.16%. As the dark rates are
higher during the day than at night, it is suspected that the setup is not fully light-tight
even after coverage with blankets. The average dark rates for all channels were 519± 7Hz
during the day and 506± 6Hz at night.
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Figure 7.2: Deviations of dark rates collected during the day and at night. The night time
measurement is used as reference.
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7.3 Analysis and Results

To avoid corresponding systematic effects in the long-term monitoring analysis, the data
obtained during the day are discarded. The corresponding measurements might have been
affected by the light pollution within the setup.

In the future, the mDOM should be placed in an additional plastic bag as done for
mDOM D049 v1 (cf. Section 4.1). This is expected to increase the light-tightness of the
setup.

7.3.2 Precision of the Initial Calibrations

The precision of the initial calibrations is evaluated for both the gain and the discriminator
threshold. For this, the median observed gain and threshold values for all channels are
calculated and compared to the corresponding target.

7.3.2.1 Gain

The results for the monitored gain values are shown in Figure 7.3. Both, the absolute values
obtained in the channels and the relative deviations from the target gain of 5 · 106 are
displayed. The corresponding mean, median and standard deviation for both distributions
are provided in Table 7.1. Thus, the precision of the gain calibration using dark noise
and the convolutional fit approach is comparable to the dark noise based calibration using
the maximum likelihood fit described in Section 5.2.2.4. In total, 19 out of 24 channels
are within the requirement for a sufficient calibration routine, i.e., these channels have
a deviation of less than 5% from the target gain (cf. Chapter 5). It is expected that
the observed standard deviation of the observed gains is reduced when the calibration is
performed without light pollution in the setup.
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Figure 7.3: Precision of gain calibration in all investigated channels. The median of the
obtained gain verification measurements is shown as well as the relative deviation from the
target gain. A measurement time of 41 days is considered.
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7 Long-term Monitoring using Dark Noise

Table 7.1: Statistical measures for the precision of the gain calibration used for the long-term
monitoring.

Type of distribution Mean Median σ

Absolute values 4.95 · 106 4.95 · 106 0.20 · 106
Relative deviation in % -1.00 -1.00 4.04

7.3.2.2 Threshold

The results for the threshold calibration verification are shown in Figure 7.4. Both, absolute
observed values and relative deviations from the target threshold are included. The corre-
sponding statistical measures are displayed in Table 7.2 for the absolute values and their
deviation from the target. The observed absolute standard deviation is smaller than the
estimated resolution of the discriminator DAC of 0.01 P.E.

DAC in the charge region of interest
(cf. Section 6.2.2). Thus, it is expected that this calibration can be considered sufficient.
Nonetheless, the impact of the observed deviations from the target threshold must be
investigated in more detail.
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Figure 7.4: Precision of threshold calibration in all investigated channels. The median of
the obtained threshold verification measurements is shown as well as the relative deviation
from the target threshold. A measurement time of 41 days is considered.

Table 7.2: Statistical measures for the precision of the threshold calibration used for the
long-term monitoring.

Type of distribution Mean Median σ

Absolute values in P.E. 0.196 0.197 0.009
Relative deviation in % -1.9 -1.3 4.7
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7.3.3 Time-Series Overview

In Figure 7.5, an overview of all monitored quantities is shown for an example channel. Gain
and threshold values extracted from fits with reduced χ2 values below 0.01 or above 10 are
highlighted using a deviating marker. This is the case for the monitored threshold value on
the 22nd of September in this channel, accompanied by a large uncertainty.

4.5

5.0

5.5
Ga

in
1e6

Mean: 5.21e+06
: 3.41e+04

0.15

0.20

0.25

Th
re

sh
ol

d 
in

 P.
E. Mean: 0.193 P.E.

: 0.011 P.E.

500

1000

Da
rk

 ra
te

 in
 H

z Mean: 511 Hz
Median: 506 Hz
: 22 Hz

3.5

3.0

2.5

Te
m

p.
 in

 °C

416

418

420

Pr
es

su
re

 in
 h

Pa

08-09 00:00

15-09 00:00

22-09 00:00

01-10 00:00

08-10 00:00

15-10 00:00

22-10 00:00

Measurement time in dd-MM HH:mm

79.8

79.9

M
on

ito
re

d 
HV

 in
 V

Figure 7.5: Overview of all quantities collected during long-term monitoring for an average
channel (channel 10). The temperature is the mainboard temperature and therefore higher
than the freezer temperature of -20°C.
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7 Long-term Monitoring using Dark Noise

Communication to the mDOM was lost for two days leading to missing data points for
all properties during this time. In addition, no data files were produced for two other
gain verification measurements. An unknown error has occurred during data acquisition,
prohibiting the storage of the corresponding measurement files.

Over the course of the measurements, small changes below 1°C are observed in the main-
board temperature. The changes in temperature and pressure are correlated to each other
as expected.

When more data is collected, the trends and changes should be investigated using a fit of the
time-series of the individual quantities. In this thesis, the methods for this monitoring were
developed and a test stand was set up in the laboratory. The setup will continue to operate,
enabling the investigation of long-term effects over significantly longer measurement times
in the future.

7.3.4 Stability Studies

In this section, the stability of the gain and the threshold is studied. The stability in terms
of the drift is investigated. Following [32], the drift is defined as:

drift =

∑n
i=1 |p̄− pi|
n p̄

, (7.1)

with the mean of the investigated property, p̄, the values of the property in a single mea-
surement, pi, and the number of considered data points, n. Thus, this quantity corresponds
to the mean absolute deviation normalized by the average of the investigated property [78].

In the future, the drift in dependence of the measurement time should be investigated.
Longer-measurement are preferred for such an investigation.

7.3.4.1 Gain

The drift of the gain over the full measurement period was calculated for each channel indi-
vidually. The result is shown in Figure 7.6. A mean gain drift of (0.88± 0.06)% is obtained.
This value is within one standard deviation from the overall observed gain deviation from
the target gain (cf. Table 7.1). This mean drift in the channels is therefore negligible. How-
ever, longer measurement times are required to investigate longer-term variations of the gain.

The largest drift was observed in channel 17. The corresponding time-series of the gain and
the monitoring values are shown in Figure 7.7. A temporarily increased gain is observed in
a period of approximately 9 days in this channel. The mainboard temperature increases
and decreases slightly within the corresponding time window. However, the temperature
increases after the increase in gain and decreases before the gain returns to the initial
values. Thus, it is unlikely that the change in gain is caused by the change in temperature.
Furthermore, the monitored HV value is stable and does also not explain the observed
change in gain. Therefore, the cause for the change in gain and threshold remains unclear.
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Figure 7.6: Distribution of the gain drift obtained in 24 investigated channels. A measurement
period of 41 days is considered for each channel.
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Figure 7.7: Overview of all quantities collected during long-term monitoring for channel 17
with the largest gain drift.
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8 Summary and Conclusions

7.3.4.2 Threshold

The observed threshold drift for all channels is shown in Figure 7.8. The mean drift of the
threshold is (4.7±0.1)% and is larger than the mean drift of the gain. As mentioned before,
the impact of such a drift on the performance of the experiment must be investigated in
more detail. However, it is expected that the influence is small as the absolute deviations
from the target threshold shown in Figure 7.4 and Table 7.1 are small.

3 4 5 6 7
Threshold drift in %

0

2

4

6

Nu
m

be
r o

f c
ha

nn
el

s

Figure 7.8: Distribution of the threshold drift obtained in 24 investigated channels. A
measurement period of 41 days is considered for each channel.

In the channel with the largest drift, outliers with low statistics in the underlying SPE charge
spectra were observed. It is expected that these outliers lead to the larger threshold drift in
this particular channel. In the future, such spectra with low statistics should be avoided
during data acquisition. A minimum required number of waveforms with charges close to
the expected threshold during data acquisition should be specified. This means that the
measurement in a particular channel is continued until the minimum number of waveforms
is reached.

8 Summary and Conclusions
The goal of this thesis was to investigate if the calibration of an mDOM without artificial
light is possible. Therefore, alternative calibration routines for the PMT gain and the dis-
criminator threshold were developed and tested. In addition, a test stand for the long-term
monitoring of the parameters using PMT dark noise was set up and operated.

For the development of a gain calibration routine, the performances of two different SPE
fits were evaluated for the SPE spectra generated by dark noise. The fit models were
adapted from the final acceptance testing (FAT) and the fit approach currently used in
IceCube. Both models yielded an average deviation from the target gain of less than 5%
in the calibration routine. Therefore, both approaches are consistent with the engineering
requirement of the IceCube Upgrade.
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Systematic deviations of about 2.5% were observed between the fit approaches. The
deviation might be introduced by the differences in the fit function modeling the lower
charge region of the SPE spectrum. In addition, minor inconsistencies were found in both
fit functions and could contribute to the systematic deviation. The presence of systematic
effects was confirmed by an LED based measurement. The observed deviation should be
investigated in more detail in the future before the dark noise based calibration routine is
used in-situ.

The threshold calibration results of the developed routine using dark noise were reproducible.
The observed absolute deviations from the target gain of 0.2 P.E. were small. The impact
of such deviations on the detector performance must be determined by simulations in the
future. However, it is expected that the calibration is sufficient.

The dark noise based approach was found to be compatible with the calibration results
using single flasher LEDs. In the LED measurements, a false trigger due to crosstalk
between the calibration trigger and the discriminator was identified and filtered. Deviations
between a single and a multi-LED approach were obtained in one channel. This should
be investigated in more detail in the future, but it does not affect the dark noise based
calibration. Following this analysis, the discriminator threshold calibration can be used in-situ.

Furthermore, a test stand for the dark noise based long-term monitoring of the calibrated
values was set up and operated for several weeks to verify the stability of the calibrated
values over longer time periods. Drifts in the gain of up to 1.5% were observed, while the
threshold showed drifts up to 6.9%. In the future, time intervals will be considered in this
analysis to investigate the time scales on which changes in gain and threshold are to be
expected. The setup will continue to operate, enabling the investigation of long-term effects
over significantly longer measurement times in the future. In addition, this monitoring can
be used in-situ during normal detector operating conditions. This will furthermore allow to
investigate deviations between the stable laboratory environment and the deployed modules
in the ice.

In this thesis, a solid foundation for the mDOM calibration procedure based on dark noise
has been laid. This dark noise approach ensures that reliable calibration remains possible
even in the event of a flasher LED dysfunction. In addition, the dark noise based long-term
monitoring routine can be applied during regular detector operations. Such continuous
monitoring will contribute to an improved understanding of the IceCube Upgrade detector
and thus the quality of the data it acquires. As of the submission of this thesis, the detector
is nearing deployment and is expected to provide valuable insights into the field of neutrino
physics.
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Appendix

A Energy Threshold for Cherenkov Effect
In the scope of this thesis, for example potassium-40 decays inside of borosilicate glass
are of interest. This type of glass of the manufacturer Vitrovex has a refractive index of
approximately n = 1.47 [79]. Thus, for the Cherenkov effect to take place the emitted
electrons need to overcome an energy threshold such that they move faster than the speed
of light in the glass [25]. Therefore, the total energy that needs to be transferred to the
electron in β decay such that Cherenkov radiation occurs can be calculated using the formula
for the total relativistic energy of a moving particle:

Eth(v) =
m0 · c2√
1− (vc )

2
>

m0 · c2√
1− ( 1n)

2
≈ 697 keV (A.1)

Here, v is the velocity of the electron, m0 is the rest mass of the electron being 511 keV and
c is the speed of light in vacuum. It was used that v > cglass =

c
nglass

. Thus, Cherenkov

radiation is to be expected from 40K decays in borosilicate glass as an energy transfer
of 697 keV in the electronic system out of the total released energy of 1.311MeV is pos-
sible. Such decays are a background source in optical neutrino detectors described below [40].

This formula can also be used to calculate the energy threshold for the Cherenkov effect in
ice with a refractive index of approximately 1.3 [46]. This is therefore also relevant for the
IceCube experiment.

B Laser Interlock System using Chatbots
Two chatbots were used to coordinate laser measurements for the LOMLogger development
and light-sensitive calibration measurements with the mDOM. Both bots announced the
start and the end of the respective measurements. An example conversation is show in
Figure B.1. This chatbot interlock system was fully remotely accessible.

The real-life versions of the chatbots are shown in Figure B.2. Herbert, a key member
of the Erlangen IceCube group, was responsible for the announcements of LOMLogger
measurements and assists with outreach activities. Additionally, his tendency to appear in
unexpected places made daily work in Erlangen much less predictable. Therefore, it was
natural to give him the opportunity to express himself not only by his sheer existence but
also in the form of text messages.

Papp-Martin (Cardboard-Martin) has a long tradition. He was created at the RWTH Aachen
and found his way to ECAP via JGU Mainz. It was definitely (not) a coincidence that he
followed his namesake Martin Rongen. Papp-Martin has now evolved and is able to send
text messages, announcing the mDOM measurements.
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B Laser Interlock System using Chatbots

Figure B.1: Example for a typical chatbot conversation used as interlock system. Light-
sensitive mDOM measurements and LOMLogger laser tests were coordinated.

Figure B.2: Real-life versions of chatbots. Left: Papp-Martin. Right: Herbert.
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C Binning Study and Fit Stability for SPE
Charge Spectra

In this section, the binning used for the different SPE spectra fits are motivated using
measurement data of mDOM D049 v1 at -30°C.

Maximum Likelihood Fit

For the maximum likelihood fit, different binnings were tested. This included binnings that
used a fixed number of bins, either 30 or 40 bins distributed equally over the considered
charge range. As described in Section 5.1.2.1, this charge range was defined in dependence
on the set HV. This corresponds to bin widths of of 0.2 pC (HV below 83V) or 0.33 pC (HV
above 83V) for 30 bins and 0.15 pC (HV below 83V) or 0.25 pC (HV above 83V) for 40
bins. Additionally, bin widths calculated using the Freedman-Diaconis rule were used (cf.
Section 5.1.3).

The gain calibration analysis of the same charge data in one channel was performed 5 times
for each binning. That means that for each of the repetitions, the SPE spectra were fitted
using the Poisson likelihood fit approach. The target HV value was then extracted from a
power law fit to the gain data in dependence of the set HV as described in Section 5.1.1
for each analysis run. Slight deviations in the target HV setting between the 5 repetitions
were observed especially for the Freedman-Diaconis binning and the binning using a fixed
amount of 30 bins. The mean values and the standard deviations of the calibration results
are given in Table C.1. The values are compatible within the standard deviation. However,
a binning with a fixed number of 40 bins is more stable than the other tested binnings and
is therefore favored.

Table C.1: Mean and standard deviation of calibrated target HV values from 5 fit repetitions
for different binnings.

Binning Mean target HV σ target HV

Freedman-Diaconis 81.80 0.07
Fixed 30 bins 81.78 0.08
Fixed 40 bins 81.74 0.000003

An example SPE spectrum with the corresponding maximum likelihood fit with a fixed
number of 40 bins is shown in Figure 5.4 the corresponding likelihood profile is shown in
Figure 5.6. In this fit, the higher PE contribution is described by the exponential function
that models the poorly amplified electrons on the left hand side of the spectrum. From a
physical point of view, this is not intended. Thus, the fit would profit from including further
nPE contributions and an additional penalty term constraining the slope of the exponential
function.
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C Binning Study and Fit Stability for SPE Charge Spectra

Convolutional Fit

The fit stability for the convolutional fit was tested similarly to the stability of the maximum
likelihood approach. Thus, the same data with different binnings was fitted 5 times each
using the convolutional fit. For this approach, 6 different numbers of fixed bins were tested
between 150 and 650 bins. Here, the number of bins is distributed evenly between 0
and 50 pC. Thus, bin widths between approximately 0.08 pC and 0.3 pC were tested. The
tested bin widths therefore overlap between the fit procedures. Unlike the results from
the maximum likelihood fit, the calibration results for each binning were consistent and no
deviations were observed. Thus, the convolutional fit is considered to be stable independent
of the binning.

As the binning does not influence the fit stability, the goodness of fit was determined for
the convolutional fit. Thus, one full data set consisting of 5 SPE spectra at different HV
settings was considered for two channels. The fit was performed for each spectrum using
the binnings described above and the corresponding reduced χ2 value was determined. The
results for this metric for the goodness of fit in dependence of the high voltage setting is
shown in Figure C.1 for channels 0 and 9 which is an arbitrary choice.

For channel 0, a binning with a number of 250 bins leads to the best reduced χ2 values,
closest to an ideal fit for all HV values above 80V. However, for 78V 250 bins perform worst.
For channel 9, the binning of 350 bins performs best for all HV values, even though the
reduced χ2 value is quite large at 78V. Thus, there is not one binning that accommodates
ideally for all channels and HV values. In this thesis, binnings of 250 and 350 bins are
chosen as a compromise.

(a) Channel 0 (b) Channel 9

Figure C.1: Reduced χ2 values at different HV settings of convolutional fit for different bin
numbers in two different channels.

In Figure 5.7, an example SPE spectrum with a bin width of 0.2 pC, i.e. 250 bins up to
50 pC, and the fit result of the convolutional fit is shown. In addition to the overall fit result,
the individual components of the fit are displayed. The residuals in the lower part are given
by the absolute distance between the data points and the fit. The feature in the residuals
where the data points deviate from the fit in the lower charge region is observed in almost
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all fits independent of the channel and the high voltage settings. This might be a result
of the mathematical uncertainties of the SPE model at low charges. Thus, the fit would
profit from an improved description of the low charge region, i.e. the contribution of the
under-amplified electrons.

D Jeffreys Interval
There are several approaches to describe the uncertainties of a binomial distribution. In
[80], it is suggested to use Jeffreys intervals, especially for smaller sample sizes due to its
good coverage properties. The advantage of this credible interval is that it is derived from
Bayesian theory but can also be justified from a frequentist’s point of view [80]. Furthermore,
the resulting interval is equal-tailed, reducing systematic bias.

Jeffreys interval is based on the Jeffreys prior [81]. This prior is closely connected to the
Fisher information. Calculating the Fisher information for a binomial distribution leads to
the functional form of a Beta distribution with parameters 1/2, 1/2, i.e., Beta(1/2, 1/2).
This distribution can then be interpreted as the noninformative Jeffreys prior. Additionally,
this prior is a conjugate prior for the binomial distribution, meaning that the posterior, i.e.,
the product of the binomial distribution and the prior is again a Beta distribution. The
resulting posterior has the form of Beta(X+1/2, n−X+1/2) [80]. Here, X is the number
of successes and n is the sample size, i.e. the number of trials.

The limits of Jeffreys interval are then calculated based on this distribution and it’s respective
α/2 and 1− α/2 quantiles [80]. These quantiles p of the Beta distribution with parameters
a and b will be denoted with B(p; a, b). Thus, the lower limit L of the Jeffreys interval is
given by:

L(X) = B(α/2;X + 1/2, n−X + 1/2) (D.1)

Whereas the upper limit U is calculated as:

U(X) = B(1− α/2;X + 1/2, n−X + 1/2) (D.2)

In edge cases like X = 0 or X = n, the limits are adjusted to be L(0) = 0, respectively
U(n) = 1. Otherwise, the coverage probability would go to zero.

From a frequentist’s point of view, the Jeffreys interval can be interpreted as modification of
the Clopper-Pearson interval that can directly be derived from the binomial distribution [80].
The Clopper-Pearson interval is known for its tendency to overestimate uncertainties. The
Jeffreys interval corrects for this while maintaining sufficient coverage probability important
for the usage in a frequentist’s framework.

E Front-end Pulser Based Threshold Cali-
bration

A further alternative for the discriminator threshold calibration relying on the flasher LEDs
is investigated in this chapter. Instead of PMT signals, the front-end test pulser described
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E Front-end Pulser Based Threshold Calibration

in Section 3.3.2 is used.

E.1 Methods and Procedure

This section provides an overview of the threshold calibration approach using the front-end
test pulser. This includes the descriptions of the individual steps used for this method. The
general idea for this calibration routine was developed during the “DESY Summer School
2024” [74] and was refined and investigated in more detail in the scope of this thesis.

E.1.1 General Calibration Approach

The goal for the calibration is to find the discriminator threshold at which the trigger
efficiency is 50% for PMT pulses with a charge of 0.2 P.E. In this approach, the front-end
test pulser is used to model such PMT pulses. The width of the test pulses is fixed due
to the constant capacity of the underlying capacitor. The pulse height can be adjusted
using the test pulser DAC. Instead of calibrating the threshold to a certain pulse charge,
the threshold calibration is based on the observed pulse height of an average 0.2 P.E. pulse
described in Section E.1.2. The following routine is performed in each channel:

1. Find the test pulser DAC setting to generate pulses with the target ADC pulse height.
This target corresponds to the pulse height obtained for an average 0.2 P.E. PMT
pulse.

2. Use the obtained target to adjust the pulser DAC settings and generate pulses of fixed
height. Then, sweep the discriminator threshold through several discriminator DAC
settings to obtain a trigger efficiency curve.

3. Fit the curve with an error function and extract the discriminator DAC value at 50%
efficiency level.

4. Verify the calibration setting by measuring the trigger efficiency at the target threshold
in DAC.

The details of the individual steps are explained in the following.

E.1.2 Modeling PMT Pulses using the Front-end Test Pulser

As described above, the threshold calibration routine using the test pulser is based on a target
pulse height instead of a target charge. This relies on the linear relation between the PMT
pulse height observed in the ADC and the corresponding charge shown in Figure E.1. The
individual data points are obtained by extracting both the pulse height and the corresponding
charges of recorded PMT waveforms. Following the linear fit, a pulse with a charge of
0.2 P.E. has a pulse height of (8.26± 0.02)ADC counts. This should therefore be the target
pulse height. Due to an issue with the initial charge conversion, the target pulse height used
in this thesis is 10 ADC counts, corresponding to a target charge of approximately 0.24 P.E.

An example for pulses generated by the test pulser and the PMT are shown in Figure E.2.
The charge contained in each pulse is approximately 0.24 P.E.
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Figure E.1: Dependence of pulse charge on the ADC pulse height for flasher pulses with
linear fit.
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Figure E.2: Examples for test pulser and PMT generated pulses with a charge of approxi-
mately 0.25 P.E.
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Figure E.3: Pulse width comparison of PMT and test pulser pulses.

The widths of the PMT and test pulser pulses are investigated in more detail as described in
Section 4.2.3. The pulses were fitted using a Gaussian function and the FWHM was calculated
using Equation 4.4. The average pulse widths for 12 investigated channels are shown in
Figure E.3. The mean pulse width of the test pulser pulses is (3.88± 0.04)waveform bins
and (3.83 ± 0.02)waveform bins. The widths are compatible within the corresponding
standard deviations. However, to avoid a bias in the charge integration, the thresholds are
only investigated in terms of the ADC pulse height in the following.

E.1.3 ADC Pulse Height to Test Pulser DAC Conversion

Before the discriminator threshold can be calibrated, the pulser DAC setting corresponding
to the target pulse height in ADC must be determined. This is done by sweeping through
10 different test pulser DAC settings between 700 and 5200 DAC. At each DAC setting, a
fixed number of test pulser pulses is recorded. The mean observed pulse height is calculated
as described in Section 4.2.3. The target DAC is obtained from a linear fit to the pulse
height values in dependence of the corresponding pulser DAC. A corresponding example is
shown in Figure E.4.

E.1.3.1 Threshold Scan

Test pulses with the target pulse height are generated and a trigger efficiency curve of the
discriminator is recorded. This means that the discriminator threshold is swept through an
interval of 120 DACs around the expected target threshold. For each threshold DAC, the
trigger efficiency is determined by the number of observed threshold crossings and generated
test pulser pulses. This procedure is repeated five times per channel and error functions are
fitted to the curves. An example for such trigger efficiency curves with corresponding fits is
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Figure E.4: Example data set with linear fit used for the conversion of target ADC pulse
height to test pulser DAC value.

shown in Figure E.5. The threshold at the 50% trigger efficiency level is extracted from
each fit and the mean value is used as calibrated threshold in DAC.

E.1.3.2 Calibration Verification Procedure

As described for the gain calibration and the threshold calibration using dark noise, the
calibration must also be verified before it is used in-situ.

In the case of the discriminator threshold calibration using the test pulser, a pulse height
spectrum is recorded at the target threshold. Test pulser generated pulses with different
pulse heights are collected together with the information if the discriminator was triggered
or not. Similar to the verification using dark noise, two spectra are created (cf. Figure E.6
(left)). One spectrum contains all recorded pulse heights and the other one only contains
pulse heights that were triggered by the discriminator. A trigger efficiency curve is obtained
by the ratio of these spectra (cf. Figure E.6 (right)). The uncertainties are described
by Jeffrey’s intervals as explained in Section 6.1.4. The threshold in ADC pulse height is
obtained from an error function fit.

E.2 Analysis and Results

In this section, the results of the test pulser based threshold calibration are presented. The
precision of the calibration is obtained. In addition, the calibration results are verified both
using the test pulser and the flasher LEDs.
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Figure E.5: Threshold scan used for test pulser based calibration. The test pulser is set to a
fixed pulse height and the scan is repeated five times. Error functions are fitted to the data
sets.
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Figure E.6: Verification procedure. Left: Histograms of recorded pulses and discriminator
triggered pulses. Right: Trigger efficiency curve obtained from the ratio of the histograms.
An error function fit is included.
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Figure E.7: Difference of target thresholds in DAC between 3 calibration runs

E.2.1 Test Pulser Calibration Results

The test pulser calibration was repeated three times for mDOM D115 v1 at room temperature
to investigate the reproducibility of the calibration result. The individual repetitions will
be referred to as calibration run 1, 2 and 3. The obtained thresholds in DAC counts for
the repetitions are shown in Figure E.7 in reference to run 1. The mean difference between
the results from run 1 and 2 is (−0.25 ± 0.32)DAC counts. For run 1 and 3, the mean
difference is (0.08 ± 0.37)DAC counts. The calibrations can therefore be interpreted as
consistent and reproducible.

E.2.2 Test Pulser Verification Results

The obtained thresholds from all three calibration runs are verified once using the approach
explained in Section E.1.3.2. The results are shown in Figure E.8. Both, absolute values
and relative deviations from the target are included. The means, standard deviations and
medians of all distributions are provided in Table E.1. On average, the obtained thresholds
are compatible with the target. However, larger deviations between the pulse heights in the
channels are observed.

The verification failed for one channel in all measurements. This means that the 50% trigger
efficiency was not reached in the trigger efficiency curve of this channel. The corresponding
data point is therefore missing in the histograms. The verification of run 1 failed in an
additional channel. Furthermore, this channel lead to the outlier observed in verification
run 3 with a deviation of more than 75% from the target threshold. No irregularities were
observed in the calibration of these channels using a fixed pulse height. In addition, the
channels were well-behaved in the dark noise based threshold calibration and verification
described in Section 6.2.3. Therefore, it is unlikely that the discriminator is causing the
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Table E.1: Statistical measures for the verification of three threshold calibration runs using
the front-end test pulser.

Calibration run Type of distribution Mean Median σ

1 Absolute values in ADC 9.9 9.8 0.6
1 Relative deviation in % -0.8 -2.0 5.6
2 Absolute values in ADC 9.6 9.6 0.6
2 Relative deviation in % -4.3 -3.9 5.6
3 Absolute values in ADC 9.5 9.6 1.9
3 Relative deviation in % -4.9 -3.8 18.9
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Figure E.8: Verification for the discriminator threshold values obtained in three different
calibration runs using the test pulser. Left: Absolute values of the verification in terms of
pulse height. Right: Relative deviations from the target pulse height. The measurements
were conducted at room temperature.

issues observed in the particular channels. Instead, it is expected that this is an artifact of
the raw test pulser signals.

The discriminator triggers on the raw pulser generated signal, while only a smoothed pulse
is observed in the ADC readout (cf. Section 3.3.2). Thus, it is possible that the pulse
shaping chain introduces a discrepancy between the height of the pulse picked up by the
discriminator and the signal height obtained in the ADC readout. In the outlier channels,
the raw pulse might contain a contribution that causes the discriminator to detect a signal
with nearly the same rising edge regardless of the pulser DAC setting. This additional
contribution might then be smoothed out completely before the signal is recorded in the
ADC. Thus, pulses with low apparent heights in the ADC will still be defined as triggered
by the discriminator. This leads to the trigger efficiency not reaching 50%. Since the
mDOM used in these measurements is fully integrated, it was not possible to access the raw
pulser generated signals directly. Therefore, this hypothesis could not be confirmed using
the mDOM. An alternative is to investigate raw pulser pulses using an mDOM mainboard.
However, this was not done within this thesis.
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Figure E.9: Verification comparison of test pulser and flasher measurements at the same
threshold DAC settings.

E.2.3 Test Pulser - LED Threshold Comparison

The compatibility of the test pulser and flasher based methods is investigated. For this,
the target threshold DAC obtained in the pulser based calibration is selected. Then, the
threshold is measured using the flasher LEDs. The discriminator trigger response is filtered
to avoid excess false triggers described in Section 6.2.4. The results for the test pulser
and the LED measurements are shown in Figure E.9. All 24 channels are considered for
the test pulser measurement. The flasher measurement was only performed in the bottom
hemisphere of the mDOM due to a broken flasher chain in the upper hemisphere. Therefore,
only 12 channels are included for the flasher based verification.

The observed mean threshold for the test pulser measurement is (10.4± 0.1)ADC counts.
The flasher based measurement yields a mean threshold of (17.0± 1.0)ADC. These thresh-
olds are therefore not compatible with each other.

In the mDOM, the PMT is DC-coupled while the test pulser is AC-coupled [52], [82]. This
may lead to a baseline deviation between the PMT and the test pulser. Such a deviation
might introduce the observed discrepancy in the thresholds for the test pulser and the PMT
at the same discriminator setting. To investigate this, the noise level of the pulser and
the PMT is obtained using the Iceboot function mDOMSetDiscriminatorThresholds()

and Equation 6.1. The results are shown in Figure E.10. The mean baseline difference is
(1.0± 2.0)DAC for all investigated channels. This deviation is comparable to the deviations
observed between the different calibration runs using the test pulser. Thus, this baseline
deviation might contribute to the discrepancy between the verification methods but is not
sufficient to fully explain the differences.
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Figure E.10: Comparison of baseline values of PMT and test pulser.

It is likely that the deviation in the observed thresholds is again due to the pulse shaping
chain before the ADC readout. Some contributions of the raw pulser signal picked up by
the discriminator might be smoothed out during pulse shaping. Thus, the signal in the ADC
appears to be smaller than the pulse that is fed into the discriminator. In this case, the
ADC-DAC conversion described in Section E.1.3 would not be suitable to select the target
test pulser DAC setting. For this conversion, only ADC signals are considered, neglecting
effects introduced by the pulse shaping.

Thus, in case that the test pulser should be used for the discriminator threshold calibration,
the approach to select a suitable pulser DAC value must be adjusted. The impact of the
pulse shaping chain on the pulser signal must be included. This was not done within this
thesis as the calibration approach using dark noise presented in Chapter 6 showed promising
results.
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