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1 Preface

Astronomy is one of the oldest and most captivating fields of science in
human history. Massive ancient constructions as Stonehenge or the pyra-
mids of Giza are linked, besides cultural and social rituals, to astronomic
functions as well. The mathematical description of astronomical events
gave us laws of gravitation which led us to the knowledge of our place
within the universe, its origin, content and possible development in the
future. Also observations of stars with many different telescopes on Earth
and in space which record the whole range of the electromagnetic spectrum
are possible. To reach deeper insights into galactic and extragalactic objects
there is a need for new messengers.

A milestone for deeper insights was the discovery of the neutron star merger
via gravitational waves and a gamma-ray burst in 2017 [1] which led to the
quote "that the era of multi-messenger astronomy has officially begun". To
support this statement, in October 2018 the evidence for a coincidence
between the flaring of the gamma-ray blazar TXS 0506+056 and a new
member in multi-messenger astronomy - a high-energetic neutrino was
reported [2, 3]. Indeed the neutrino was already well known in multi-
messenger astronomy. In 1987, the electromagnetic radiation of SN1987A
was discovered. It was a type II supernova (SN) meaning the progenitor
star’s core collapsed under its own gravitational pressure. Linked to this
observation there were in total 25 antineutrinos found in the neutrino
detecntors of Kamiokande-II, IMB and Baksan [4, 5, 6].

With this direct observation of SN neutrinos, theoretical SN models
confirmed that neutrinos carry away ∼ 99% of the nascent energy in a core
collapse [7]. Furthermore, the 25 detected neutrinos are consistent with
the estimation of models that predicted a neutrino luminosity of ∼ 1058

neutrinos. The fact that only 25 of these SN1987A neutrinos were detected
shows directly how difficult it is to do neutrino astronomy. Nevertheless
there is still much information yield from a SN neutrino flux as the inner
process during the core collapse, the energy distribution and the ordering
of neutrino masses are still unknown. Therefore, the aim is to collect more
neutrinos and distinguish them with more sensitivity for future supernovae
events.

An extremely high amount of neutrinos from galactic and extragalactic
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1 Preface

sources, as for example 6.5× 1010 cm−2 s−1 neutrinos from the Sun [8], in
a wide energy spectrum reaches the Earth every second and most of them
traverse it without any interaction. On one hand this small interaction rate
makes neutrinos quite mysterious since some of their properties are still
unknown. On the other hand a proper detection of neutrinos would give
direct information about their sources because neutrinos are not absorbed
or deflected in their path. To find out still unknown neutrino properties
as well as the sources of the highest energetic neutrinos in the universe,
detectors in different sizes were developed in various location on Earth.

One large neutrino telescopes is IceCube. It is located at the Amundson-
Scott station at the South Pole and detects neutrinos via Cherenkov
radiation in the ice. Its framework consists of 86 strings with each holding
60 Digital Optical Modules (DOMs) in a volume of 1 km3 ice. IceCube’s
main target is the detection and path reconstruction of high-energetic
neutrinos. Additionally, IceCube is able to identify supernovae by a
collective rise over all DOMs and therefore it is part of the Supernova Early
Warning Systems (SNEWS) [9]. But, apart from supernova identification,
IceCube is not capable of filtering further information as the SN neutrino
energy spectrum.

The future Icecube extensions, IceCube-Upgrade and IceCube-Gen2, will
give the opportunity to employ new optical modules. One of the new
proposed modules is the multi-PMT Optical Module (mDOM) [10]. It
consists of 24 photomultipliers (PMTs) which are spherically located in one
module which allows to measure local coincidences. These coincidences give
the mDOM the potential to be more sensitive towards low energetic events
and motivate the investigation of the mDOM sensitivity to the energy
spectrum of SN neutrinos.
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2 Neutrinos & Supernovae

When we talk about neutrinos (ν) and supernovae (SN), we consider nearly
massless elementary particles [11] and extremely heavy (≥ 8 M�) objects
[12]. One may wonder how these antipodes work together. In this chapter
the properties of both, as well as the mutual influence on each other are
studied.

2.1 Neutrino Properties

The story of the neutrino began in 1930 when Wolfgang Pauli postulated
a new particle1 to explain the continuous β− decay spectrum without
violating the law of energy conservation. This problem had already given
the physics community a lot of headache for more than 20 years [14]. The
first direct detection of such a particle was done more than 20 years later
in 1956 [15], when physicists were able to see the interaction of an electron
antineutrino ν̄e in a cloud chamber experiment. Today three neutrino
families are known; electron, muon (νµ) [16], and tau neutrino (ντ ) [17].
These three particles belong to the lepton family in the standard model of
particle physics. Their counterparts are electron, muon and tau with which
they build up the three families of leptons. All elementary particles in the
standard model have their own antiparticle with same mass but opposite
electric charge. The antineutrinos are denoted by ν̄.
Since neutrinos2 are neutrally charged leptons. They only interact via
weak interaction with other particles as seen in the β− decay. The cross
section of the weak interaction allows them to travel through nearly all
matter without any change of direction because most neutrinos simply do
not interact with this matter. That means detected neutrinos point directly
towards the source if it is managed to identify the neutrinos’ direction which
makes detection and reconstruction a major challenge for experimenters in
the field of neutrino astronomy.
Another unique characteristic of neutrinos is the ability to oscillate

1In his famous letter to the “radioactive ladies and gentlemen” he firstly named it
“neutron” until the neutron itself was discovered two years later [13].

2If not explicitly announced from now on neutrinos and antineutrinos are always
considered when denoting “neutrinos”.
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2 Neutrinos & Supernovae

(including the Mikheyev–Smirnov–Wolfenstein [18] effect) which solved
the more than 40 years lasting solar neutrino problem [19]. Deduced
from that observation, neutrinos hold masses which is not included in
the standard model of particle physics. The mass of one neutrino flavor
is the superposition of mass eigenstates. Since it was merely possible to
measure the squared difference of the mass eigenstates, it is still unknown
if the ordering of these mass eigenstates follows m1 ≤ m2 ≤ m3 (“normal
hierarchy”) or m3 ≤ m1 ≤ m2 (“inverted hierarchy”). Even though
the study of SN neutrinos could help to set new constrains in hierarchy
ordering, oscillation of neutrinos is not considered in these studies.

2.2 Sources of Neutrinos

Figure 2.1: Fluxes from natural and reactor
neutrino sources. Figure taken from [20].

Similar to photons, neu-
trinos can be found over
a large energetic spectrum.
Fig. 2.1 shows a compila-
tion of the fluxes of differ-
ent neutrino sources versus
their energy. On the outer
edges hypothetical neutrino
sources and their fluxes are
predicted. The cosmologi-
cal neutrinos, also known as
relic neutrinos, are the neu-
trino counterpart to the cos-
mological microwave back-
ground (CMB). Those are
assumed to hold an energy ∼ 1.9 K (corresponding to an energy range
from µeV to meV) since they decoupled even earlier than photons in the
early universe (∼ 1 s after the Big Bang) [20]. On the high-energy border
there are the fluxes of cosmogenic neutrinos which are associated with
ultra-high energetic cosmic rays (UHECRs) interacting with the CMB and
decoupling these highest-energetic neutrinos (from PeV up to EeV) [20].
Neutrinos in this energy range were detected for the first time in 2013
by IceCube [21]. From TeV to PeV, neutrinos from active galactic nuclei
(AGN) dominate. Evidence for this assumption is provided by the detection
of a neutrino with a flaring blazar, an AGN with one relativistic jet pointing
towards Earth, in 2018 by IceCube in conjunction with Fermi-LAT and
MAGIC [2]. Neutrinos with lower energy (from ∼ 100 MeV to TeV)
are directly generated in our atmosphere, named atmospheric neutrinos.
Those are byproducts of cosmic ray interactions producing weakly-decaying
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2.3 Neutrino Driven Supernovae

mesons[22]. In the region of ∼ 10 MeV there is an accumulation of different
neutrino sources. The main component in this energy region is a burst of
SN neutrinos such as SN1987A [4]. Those SN neutrinos are of main interest
in this thesis. Besides, slightly less energetic (∼ 1 keV to 1 MeV) neutrinos
from the sun also have a non-negligible flux at the SN neutrino energies.
Especially solar neutrinos from the decay

8B→8 Be∗ + e− + νe (2.1)

can have energies up to 18 MeV [8]. Around that region are also lower
fluxes of neutrinos from nuclear reactors, as well as terrestrial neutrinos
from β-decays in the earth crust[23] which are not considered in this work.
The same holds for background neutrinos from old SN.

2.3 Neutrino Driven Supernovae

Figure 2.2: Binding energy per nucleon versus
mass number for nuclei that lie along the line of
stability. Figure taken from [24].

The life of each star be-
gins as a gas cloud of light
elements, mostly hydrogen.
Due to gravitation the cloud
compresses the temperature
in the star rises until atoms
collide at such high ener-
gies that they overcome the
Coulomb barrier and un-
dergo nuclear fusion. This
fusion of hydrogen to he-
lium releases energy due to
the larger binding energy
per nucleon (see Fig. 2.2)
which stabilizes the new-
born star against the gravi-
tational forces. The longest
stable time period of a star
begins which is called the main-sequence stage. But while the hydrogen
burning of our Sun lasts for ∼ 10× 109 yr, the hydrogen burning phase
of a star > 8 M� lasts only for some tens of millions of years [25]. At
some time the released fusion energy is not sufficient anymore to stabilize
the star, because nearly all hydrogen was used. Due to its compression a
higher temperature arises and a subsequent nuclear burning phase begins.
The burning phases are:

hydrogen→ helium→ carbon→ neon→ oxygen→ silicon→ iron.
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2 Neutrinos & Supernovae

For further reading on the total evolution of a massive star see [26].

As shown in Fig. 2.2 iron possesses one of the greatest binding energy per
nucleon. Any further burning phase cannot gain any more energy which is
necessary to stabilize the star again. Depending on their mass not all stars
reach the phase of silicon burning and cool down becoming a white dwarf.
Stars with masses larger than 8 M� usually reach this last burning phase
and undergo a different type of death depending on their total mass. In
these studies only stars from 8 M� up to 30 M� are considered which die
in a core-collapsing supernova (SN), more detailed type II SN, and where
a neutron star is created [27].

Figure 2.3: Onion-shell structure
of a SN progenitor star before the
stellar core collapse. All different
burning phases are still active in
different layers of the star. The
red box marks the inner core of
the star which a closer look is
taken at during the core collapse.
Figure taken from [12].

Before its death this type of star features
an onion-shell structure which is exemplary
shown in Fig. 2.3. If the iron core of
the star exceeds a critical mass around
the Chandrasekhar limit of ∼ 1.44 M� the
gravitational pressure overwhelms and the
inner core contracts [28].

Through the compression (Fig. 2.4 left) its
temperature and density rise inside the iron
core. When the temperature exceeds ∼
10× 109 K there is blackbody radiation ∼
3 MeV which include photons with enough
energy (∼ 8 MeV) to desintegrate the nuclei
into α particles, neutrons and protons
called photodisintegration.

γ +56 Fe → 13α + 4n (2.2)
γ + α → 2p+ 2n (2.3)

This process drains even more energy from
the core which accelerates the collapse further. Eventually the density of

Figure 2.4: Beginning of the SN by the compression of the progenitor star due to
gravitational instability (left) and core bounce when the inner core reaches the
nuclear saturation density (right). Figure taken from [12].
6



2.3 Neutrino Driven Supernovae

Figure 2.5: Stagnation of the bounce shock due to missing energy (left) and
accretion phase with neutrino heating of infalling matter (right). The mushroom-
like structures around the inner core stand for the entropy distribution. Figure
taken from [12].

the core raises until the electrons behave like a degenerated Fermi gas where
no two fermions can be in the same quantum state. At a density above
∼ 109 g cm−3, electrons reach energies to capture on free protons and heavy
nuclei (above 2.25 MeV) [12].

e− + p → νe + n (2.4)
e− + (A,Z) → νe + (A,Z-1) (2.5)

The degenerated electron gas as main source of pressure in the inner
core decreases by these processes called neutronization since the resulting
particles are neutrinos, neutrons and neutron-rich nuclei. It leads to
another acceleration of the collapse nearly to free fall. The density rises
to more than 1012 g cm−3 which means the diffusion time of neutrinos (due
to coherent scattering on nuclei) becomes larger than the collapse time
[29]. Thus, a huge amount of neutrinos produced by the neutronization is
trapped inside the core. The implosion of the inner core stops suddenly
when the central density reaches the nuclear saturation density (ρ0 ≈
2.7× 1014 g cm−3) where the strongly repulsive part of the strong force
occurs. The collapsing core overshoots this density and the infalling matter
bounces off the most inner core. The expansion of the rebound core creates
a shock wave (Fig. 2.4 right).

The shock wave disintegrate the iron nuclei as in Eq. 2.2 and 2.3 which
destroys all burning phases in the inner core. The proto-neutron star (PNS)
is born. The disintegration decelerates the shock wave. Furthermore,
it decreases the density inside the PNS that neutrinos can escape in a
luminous flash called the neutrino burst. Both processes take away enough
energy from the shock wave until its outward velocity fades to zero (Fig. 2.5
left). The bounce is held up and turns into an accretion shock. The PNS
itself gets stabilized due to the pressure of the degenerate electron gas which
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2 Neutrinos & Supernovae

Figure 2.6: Revival of the shock bounce (left) and outward acceleration of the
neutrino-powered SN shock front (right). Figure taken from [12].

cannot escape from the PNS because the electrons’ free mean path is larger
than the PNS’s radius. Some escaping electron neutrinos and antineutrinos
which are formed at the so-called “neutrinosphere” [29] get absorbed by free
neutrons and protons

νe + n → p+ e−, (2.6)
ν̄e + p → n+ e+, (2.7)

closer to the shock surface (Fig. 2.5 right). This transfers new energy to
the stalled shock, a mechanism called neutrino heating [30], and raises
the postshock pressure in this region. At the same time neutrinos and
antineutrinos of all flavors are produced in the surrounding plasma via

e+ + e− → νe,ν,τ + ν̄e,ν,τ . (2.8)

If the neutrino heating is strong enough the outwards going shock revives
and the SN explosion finally takes place (Fig. 2.6 left). For this the energy
deposition of neutrinos causes a negative entropy gradient through which
different non-radial fluid instabilities can occur in the heated layer [12]. The
high-entropy mushroom-like structures are outlined in the postshock region
of Fig. 2.5 right. The instabilities assist the neutrino heating mechanism
in several ways. Convection fluxes for example can transport hot material
out of the heated layer and replace it by cooler material falling down.
This hydrodynamic process performs the SN explosion in bubbles of matter
which have enough energy to escape. Less and less material obstructs this
process.

Neutrinos not only helped the star to explode but also cool down the new
born neutron star with the so-called neutrino-driven wind [12]. Proton- or
neutron-rich nuclei can be created in this wind and undergo nucleosynthesis
(Fig. 2.6 right). The whole collapse only takes about 10 s but radioactive
nuclei power the electromagnetic radiation of the SN remnant for many
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2.4 Supernova Burst Models & Energy Spectra

years.
In contrast to the electromagnetic radiation which originates from the
outer layers of the SN, the detection of SN neutrinos provide diverse
information from the dense core of the SN explosion. One example is
the measurement of the rotation of a SN and its progenitor star [31]. The
main motivation for the study of the energy spectrum of SN neutrinos are
the unclear thermodynamics and equation of state (EoS) of the inner core
during the SN explosion. Therefore, the character of the energy spectrum
is investigated further in the next section.

2.4 Supernova Burst Models & Energy
Spectra

Since the SN explosion process is not totally well understood yet, different
models are used. In this work two different progenitor stars are used whose
data was kindly provided by H.-T. Janka [32]. The heavy case contributed
by a star of 27.0 M� resulting in a neutron star of 1.77 M� and a light case
from a star of 9.6 M� giving a NS of 1.36 M�. Both cases give a upper and
lower limit since stars with more than ∼ 30 M� collapse into black holes
and stars with less than ∼ 8 M� produce white dwarfs [32]. Furthermore,
one EoS needs to be used which is the LS220 (Lattimer-Swesty’s) EoS
[33] in this work. For these cases from the data of the luminosity of SN
neutrinos and antineutrinos the flux Φ of particles reaching the Earth can
be calculated with the expression

Φ(t) = 1
4πd2 ·

L(t)
〈E〉(t) , (2.9)

where d is the distance of the SN to the observer (if not differently denoted,
usually a SN in a distance of 10 kpc is assumed in these studies). The flux
for different SN neutrinos and antineutrinos for the time after the core
bounce are given in Fig. 2.7.

When different times of the SN explosion are considered (Fig. 2.8), it is clear
that SN neutrinos do not follow a simple blackbody spectrum, because the
neutrinos get partially absorbed (as shown in Eq. 2.6 & 2.7) and scattered
during the transport to the PNS surface. Therefore a modified energy
spectrum is assumed [36, 35] by the form

fα(E) =
(
E

〈E〉

)α
· exp

(
−(α + 1) E

〈E〉

)
(2.10)

where 〈E〉 is the mean energy and α, obtained from
〈E2〉
〈E〉2

= 2 + α

1 + α
, (2.11)
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Figure 2.7: Flux of SN neutrinos as a function of the time after the core bounce.
Solid lines are for electron neutrinos (blueish colors) and electron antineutrinos
(reddish color), while dashed lines are for muon/tau neutrinos and antineutrinos
(x = µ, τ). Two cases (heavy and light progenitor star) are implemented. Data
kindly provided by H.-T. Janka [32].
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Figure 2.8: Energy distributions of SN neutrinos for a 15 M� progenitor star from
[34] at different times after the core bounce. Solid lines are for electron neutrinos
(blueish colors) and electron antineutrinos (reddish color), while dashed lines are
for muon/tau neutrinos (x = µ, τ). Data taken from [35].
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2.4 Supernova Burst Models & Energy Spectra

the spectral pinching parameter, where 〈E2〉 is the mean of the squared
energies.

Eq. 2.11 shows how the mean energy and α are correlated. Since the energy
spectrum of SN neutrinos is parameterized in both, mean energy 〈E〉 and
α, it is necessary to investigate the sensitivity towards the mean energy
〈E〉 as well as towards the α parameter at the same time. Therefore the
development of the mean energy (Fig. 2.9) and the development of the α
parameter (Fig. 2.10) during the SN explosion are shown here.

Particle Progenitor Star 〈E〉 α

νe
27 M� 9.2 MeV 2.8
9.6 M� 8.1 MeV 2.8

νx
27 M� 10.9 MeV 2.3
9.6 M� 9.7 MeV 2.5

ν̄e
27 M� 11.4 MeV 2.4
9.6 M� 10.0 MeV 2.5

ν̄x
27 M� 11.5 MeV 2.2
9.6 M� 10.1 MeV 2.5

Table 2.1: Table of the mean of 〈E〉 and α for neutrino and antineutrino types
from a heavy (27.0 M�) or a light (9.6 M�) progenitor star.

Using Fig. 2.9 and Fig. 2.10 the mean of 〈E〉 and of α can calculated by
integrating over for the 10 s SN burst and dividing by 10 s. The 〈E〉, α
values for the different neutrino types are given in Tab. 2.1.

With the flux Φ(t), the mean energy 〈E〉(t), and the α parameter α(t) there
are all components that are needed to distinguish between different EoS as
well as between different masses of progenitor stars.
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Figure 2.9: Mean energy as a function of the time after the core bounce. Solid
lines are for electron neutrinos (blueish colors) and electron antineutrinos (reddish
color), while dashed lines are for muon/tau neutrinos and antineutrinos (x =
µ, τ). Two cases (heavy and light progenitor star) are implemented. Data kindly
provided by H.-T. Janka [32].
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Figure 2.10: α parameter as a function of the time after the core bounce. Solid
lines are for electron neutrinos (blueish colors) and electron antineutrinos (reddish
color), while dashed lines are for muon/tau neutrinos and antineutrinos (x =
µ, τ). Two cases (heavy and light progenitor star) are implemented. Data kindly
provided by H.-T. Janka [32].
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3 The IceCube Neutrino
Telescope

Since neutrinos cannot be detected directly, the focus lays on the detection
of secondary particles that are created in a neutrino interaction. These
secondary particles can be detected in different ways. In this chapter
the IceCube Neutrino Telescope, which uses Cherenkov radiation to detect
secondary particles from neutrino interactions, is discussed. It is deployed
in the arctic glacier at South Pole. Because only charged particles can
produce Cherenkov radiation, one firstly needs to know how MeV neutrinos
interact in ice to produce such charged secondary particles. In a further
step future IceCube extensions and one proposed new optical module are
introduced.

3.1 Interactions of MeV Neutrinos in Ice
νe νe

Z0

e− e−

νe e−

W

e− νe

Figure 3.1: Feynman diagrams of
electron neutrino scattering on
electron. The upper one shows
the case for a neutral current
interaction, the lower one shows
the case for a charged current
interaction.

As discussed in Sec. 2.1 neutrinos inter-
act via the weak interaction with matter
with the Z0 boson as mediator for neutral
current interactions and the W bosons as
mediators for charged current interactions.
Elastic scattering (ES) is possible for each
particle interacting weakly, including neu-
trinos and antineutrinos of all flavours.
ES of electron neutrinos with electrons
is depicted in Fig. 3.1 once as a neutral
current and once as a charged current
interaction. Same as Fig. 3.1 it is for any
other flavoured neutrino or antineutrino.
The basic interaction is

νe + e− → νe + e−. (3.1)

It is possible with any of the 16 electrons
of one H2O molecule. The total cross
section of ES is different for the neutrino
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3 The IceCube Neutrino Telescope

Process Total cross section σtot

νe + e−
σtot = G2

F s
4π

[
1
3(1 + 2 sin2 ϑW ) + 4 sin4 ϑW

]
' 93× 10−46 cm2 · sMeV−2

νx + e−
σtot = G2

F s
4π

[
(1− 2 sin2 ϑW ) + 4

3 sin4 ϑW
]

' 15× 10−46 cm2 · sMeV−2

ν̄e + e−
σtot = G2

F s
4π

[
1
3(1 + 2 sin2 ϑW ) + 4 sin4 ϑW

]
' 39× 10−46 cm2 · sMeV−2

ν̄x + e−
σtot = G2

F s
4π

[
1
3(1− 2 sin2 ϑW ) + 4 sin4 ϑW

]
' 13× 10−46 cm2 · sMeV−2

Table 3.1: Total neutrino-electron ES cross sections from [37].

and antineutrino flavours. They are derived in [37] and given in Tab. 3.1.
The cross sections in this table are given with h = c = 1, where
GF = 1.166× 10−11 MeV−2 is the Fermi constant, ϑW the weak mixing
Weinberg angle, which will be taken as sin2 ϑW = 0.231, and s the total
squared energy, which is in the laboratory frame s = 2me · Eν .

ν̄e e+

W

p n

Figure 3.2: Feynman diagram of
the Inverse Beta Decay

Another interaction process with which
only electron antineutrinos can interact in
ice is the Inverse Beta Decay (IBD). The
basic interaction is

ν̄e + p→ n+ e+, (3.2)

also depicted as Feynman diagram in
Fig. 3.2. The IBD requires unbound
protons, so the 2 protons of hydrogen in
one H2O molecule are contemplable. Assuming the proton being in rest,
the electron antineutrino gives most of its energy to the positron while the
neutron usually stays in the nucleus. Since the IBD and the common beta
decay are totally symmetric the total cross section of this interaction for
low-energetic antineutrinos is given by [38]:

σtot = 2π2/m5
e

fRp.s.τn
(Eν −∆)

√
(Eν −∆)2 −m2

e (3.3)

with h = c = 1, where me is the positron mass, fRp.s. = 1.7152 the phase
space factor, τn the neutron lifetime, ∆ = mn − mp the difference of the
neutron and proton mass, and Eν the antineutrino energy. This total cross
section is given for the interaction with a free nucleon but is nevertheless
accurate for an interaction with a proton bound into a H2O molecule [39].
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3.1 Interactions of MeV Neutrinos in Ice

The energy transfer between the electron antineutrino and the positron in
the IBD is given in first order by [38]:

E(1)
e = E(0)

e

(
1− Eν

mp
(1− ve cos θ

)
− (∆2 −m2

e)2

4mp
, (3.4)

where E(0)
e = Eν −∆ is the zeroth order energy transfer, ve =

√
E2

e−m2
e

Ee
the

velocity of the positron, and θ the angle between the incoming antineutrino
and the outgoing positron.

To investigate which interaction rate it can be expected, the total cross
sections is plotted σtot against the neutrino energy Eν which is depicted
in Fig. 3.3. The IBD has a much larger cross section than each of the ES
processes, at least two magnitudes higher for the relevant energies than the
ES of electron neutrinos. This affects the interaction rate of SN neutrinos.
For this purpose the flux Φ (Fig. 2.7) is multiplied by the total cross section
σtot for the mean energy 〈E〉 corresponding to the time and the density of
target particles Ntarget which is given by:

Ntarget = ρ ·Na · n
M

,M (3.5)

where ρ is the density of ice, Na the Avogadro constant, M the molar
mass of H2O and n the number of interaction partners per molecule for the
different interactions which is 2 for IBD and 10 for ES. The expected event
rate is depicted in Fig. 3.4.

Although the neutrino burst only consists of electron neutrinos, there is a
higher event rate of electron antineutrinos due to the higher cross section of
the IBD. Thus these studies consider firstly electron antineutrinos emitted
from a SN. The total signal fraction of SN neutrinos for these introduced
interactions and other occuring interactions in IceCube can be found in
[39].
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Figure 3.3: The total cross section σtot vs. the neutrino energy Eν . The cross
section of Electron Scattering (ES) of all flavoured neutrinos and antineutrinos as
well as Inverse Beta Decay (IBD) of electron antineutrinos are depicted.
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3.2 Cherenkov Detectors

3.2 Cherenkov Detectors
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Figure 3.5: Sketch of Cherenkov radia-
tion. The path of the positron (blue) is
depicted creating waves (black). Those
waves produce a shockwave (green). The
radiation is emitted under the angle θC a
Cherenkov cone (orange) is created.

When charged particles such as
the positrons created in the IBD
travel through dielectric medium
such as ice the environment gets
briefly polarized due to disturbance
of the electromagnetic fields in the
medium. These disturbances usu-
ally relax elastically back. If the
charged particles travel with a ve-
locity faster than the speed of light
in that medium the disturbance
cannot relax and the energy is re-
leased in a coherent shock wave of photons [40, 41]. This causes a light
cone under a fixed angle θC as depicted in Fig. 3.5. The angle can directly
be calculated [41]:

cos θC =
c
nt

βct
= 1
nβ

(3.6)

where β = vp

c is the relativistic speed of the particle and n the refractive
index of the surrounding medium. The spectrum of this effect and the
number of emitted photons Nγ per unit length x can be approximated by
the Frank-Tamm formula (derived in [10]):

d2Nγ

dxdλ
= 2πα

λ2 ·
(

1− 1
β2n2

)
(3.7)

with the wavelength λ, the fine structure constant α ≈ 1
137 , β and n as

before.
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Figure 3.6: Amount of photons Nγ emit-
ted by the Cherenkov effect from one
positron in ice vs. the positron energy
Ee. The orange line covers photons in the
visible range (from 300 to 700 nm), the
blue line covers higher energetic photons
(from 300 to 700 nm).

To determine how many Cherenkov
photons of which wavelength can be
expected from a single positron in-
duced by a SN electron antineutrino
interaction in the ice, the Bethe
formula [42] is used to estimate
the length of the positron in which
it creates Cherenkov photons and
multiply it by Eq. 3.7. This is
depicted in Fig. 3.6. Even from
low energetic MeV neutrinos there
is a sufficient number of photons
to be detected. How the collection
of Cherenkov radiation from SN
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3 The IceCube Neutrino Telescope

neutrino interactions is done in the IceCube Neutrino Observatory is part
of the next two subchapters.

3.3 The IceCube Neutrino Observatory

The largest Cherenkov detector today is the IceCube Neutrino Observatory
[43] with 1 km3 antarctic ice as instrumented volume. A schematic layout
of IceCube is given in Fig. 3.7 left. It consists of three parts: the IceCube
Array, DeepCore and IceTop.

Figure 3.7: Schematic layout of the IceCube Neutrino Observatory with the
IceCube Array, DeepCore and IceTop (left) & represantation of a digital optical
module (DOM) with one photomultiplier facing downwards (right). Courtesy of
the IceCube collaboration [44].

Its main part is the IceCube Array which consists of 86 strings equipped
with in total 5160 digital optical modules (DOMs). These strings are drilled
into the ice in between 1450 m and 2450 m below the surface. The DOM,
which is schematically shown in Fig. 3.7 right, is situated in a borehole
with refrozen ice. The main component of a DOM is its ∼ 25 cm diameter
photomultiplier (PMT) [45]. On one string the DOMs are separated by
17 m, while the strings are in a horizontal string distance of 125 m apart
from each other. This configuration was chosen to detect astrophysical
neutrinos in the energy range of TeV to PeV [43].

Eight of these strings with a total number of 480 DOMs belong to a denser
array which is named DeepCore. Horizontally the strings are 72 m apart
from each other, vertically the distance of modules goes down to 7 m. This
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3.4 Supernova Detection in IceCube

configuration allows a lower energy threshold down to 10 GeV for neutrinos
interactions [46].

IceTop which is located at the surface consists of 81 stations close to the
top of the strings. Each station consists of two ice-filled tanks with one
DOM inside of the tank to form a km2 sized array for air shower detection.
Another task of IceTop is to serve as a veto for atmospheric muons entering
the detection volume [47].

With those three components the IceCube Neutrino Observatory is a
multipurpose experiment. Some of the scientific questions for IceCube are
the detection of astrophyscial neutrinos [48] and the identification of their
sources [2] as well as indirect detection of dark matter, studies of neutrino
oscillation and detection of the neutrino burst from core-collapsing SNe [49].
It is discussed the SN detection in current IceCube in the next section.

3.4 Supernova Detection in IceCube

Figure 3.8: Significance of the IceCube Detector for SN versus the distance from
SN simulations. Figure taken from [39].

Although the IceCube Array is optimized for high energetic neutrinos it is
nevertheless possible to detect the outburst of a nearby SN (up to ∼ 50 kpc
distance [39]). Although secondary charged particles from MeV neutrinos
travel 3 to 15 cm through ice before they have lost all their energy more
than 1000 Cherenkov photons in the visible light range with a large fraction
of higher energetic photons in the wavelength range of 300 to 500 nm were
emitted as it was shown in Sec. 3.1 (see also Fig. 3.6). Those more energetic
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3 The IceCube Neutrino Telescope

photons travel more than 50 m and thereby have a higher probability to hit
at least one DOM. This produces a rate of hits in all DOMs in the array
which dominates the background noise [39]. The significance with which
IceCube can identify a SN is depicted in Fig. 3.8.

Figure 3.9: Map to determine the neu-
trino mean energy 〈E〉 and the pinching
parameter α from an O-Ne-Mg 8.8 M�
progenitor star [50] for IceCube using a
χ2 method. The input value (〈E〉 =
12.6 MeV, α = 2.84) is denoted by a
white circle. Figure taken from [51].

Further information about a SN,
like the direction or the energy
spectra of SNe, is not obtainable
with IceCube as a stand-alone neu-
trino detector. Via triangulation
of the arrival time of SN neutri-
nos with other neutrino detectors
the direction can be evaluated [52].
For neutrino spectra the idea is
to measure coincidences of hits at
neighbouring DOMs. After one
DOM in the IceCube array was hit
a time window of 150 ns opens and
if a neighbouring DOM also gets
hit by a photon this is called a
“double coincidence”. The ratio of
double and triple coincident hits
versus single hits gets used in a χ2

fit to extract the 〈E〉 and α simul-
taneously [51]. An example of this
method is depicted in Fig. 3.9.

3.5 The IceCube-Upgrade & IceCube-Gen2

Figure 3.10: Layout of the new strings of
the IceCube-Upgrade (red). Courtesy of
the IceCube collaboration [53].

The IceCube Collaboration has
plans for a larger, improved neu-
trino detector. The next exten-
sion to IceCube is the IceCube-
Upgrade [53]. Its layout is depicted
in Fig. 3.10. It contains 7 new
strings inside of DeepCore, 25 m
apart from each other. The 125
modules per string are proposed to
have a 2.4 m horizontal spacing. In
total IceCube will deploy 875 new
modules in a depth between 2140
to 2440 m. The physics plan with
these new strings is to dramatically
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3.6 The multi-PMT Digital Optical Module (mDOM)

boost IceCube’s sensitivity to lower neutrino energies (< 10 GeV).
Furthermore, the increase of statistics for atmospheric neutrinos which
are important to investigate neutrino oscillation and the enhancement of
the directional sensitivity for astrophysical neutrinos are two further aims.
New implemented calibration devices will also refine the calibration of the
present DOMs and allow a reanalysis of IceCube’s data to increase the
discovery potential of neutrino sources.

Figure 3.11: Layout of a proposed
IceCube-Gen2 layout including the High-
Energy Array (blue). Courtesy of the
IceCube collaboration [44].

Another proposed extension is
IceCube-Gen2 [54]. One of the
conceivable layouts is shown in
Fig. 3.11. The major part is the
expansion of the detector array also
called the high-energy array (HEA)
to ∼ 10 km3. To instrument this
volume ∼ 80 new strings, each with
∼ 125 modules, are planed. This
yields an array size of a total ∼
10000 modules. The optimal spac-
ing between two strings is ∼ 240 to
300 m to maintain high efficiency to
astrophysical neutrinos [54].

The extensions of the current Ice-
Cube detector opens up the possi-
bility to apply new calibration methods and give the opportunity to deploy
new, technologically advanced modules. One candidate module is described
in the next section.

3.6 The multi-PMT Digital Optical Module
(mDOM)

Figure 3.12: Representa-
tion of the multi-PMT
Digital Optical Mod-
ule (mDOM). Courtesy
of IceCube collaboration
[44].

One of modules that will be used for the future Ice-
Cube extensions is the multi-PMT Digital Optical
Module (mDOM) [10]. The concept of the mDOM
is adapted from the KM3NeT DOM [55]. A
representation of the mDOM is shown in Fig. 3.12.
Due to an extension of the middle part to provide
enough space for the electronic components it is
not a perfect spherical as the KM3NeT DOM. The
cylindrical middle part has also the advantage that
the holding structure does not cover any of the
PMTs when the mDOM is deployed into the ice.
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3 The IceCube Neutrino Telescope

The main differenece of the mDOM in comparison to the current IceCube
DOM is the change from one 25 cm PMT looking downwards to 24 PMTs
with 8 cm diameter facing in all directions. Each PMT is surrounded by
a reflector to maximize the photon capture. The 24 PMTs in the mDOM
results in a larger photocathode area than with one bigger PMT in the
DOM. Furthermore, since there are several PMTs in contrary to one large
PMT two incident photons can encounter different PMTs what leads to
less multi-photoelectron waveforms and photon counting is enhanced. The
mDOM covers homogeneously 4π angular distribution due to the spacing of
the PMTs. This results into an improved angular acceptance for incident
photons and the directional sensitivity which is important for the event
reconstruction. A further advantage of the mDOM is the possibility to
detect local coincidences. Local coincidences are photon hits of different
PMTs in the same module in a certain time window. With this feature,
newly-developed algorithms can suppress background by local coincidences
[10]. Furthermore, local coincidences can be used for the module calibration
[56]. In this thesis local coincidences are of high importance as well. They
are used for the reconstruction of MeV neutrino signals, as such from SN
neutrinos. This reconstruction is discussed in the next chapter.

3.7 Supernova Detection in a Detector
Equipped with mDOMs

For detecting SNe with the help of mDOMs the advantage of local
coincidences between several PMTs in one module is utilized. The way
to register a SN signal is described in [57]. Two conditions are used to
determine a signal induced by SN neutrinos; a local and a global condition.
The local condition starts when the first photon hits one PMT. Since 99 %
of the coincident hits in different PMTs occur in 10 ns [57], the amount of
local coincidences is counted in such a time window. To identify a signal
from a SN neutrino, a minimal number of local coincidences in this local
time window is requested. To trigger the global condition, a specific number
of SN neutrino signals in the whole detector during the time of the SN burst
which lasts 10 s (see Sec. 2.3) is required.

Due to a better understanding of background noise of the PMTs, radioactive
sources in the glass vessel, and solar neutrinos the most recent results for SN
detection in the IceCube-Gen2 configuration with 10000 mDOMs contain
a local condition of ≥ 6 local coincidences in a time window of 20 ns and
at least 9 detected SN neutrinos during the SN burst time of 10 s [58].
With these two conditions the probability of SN detection depending on
the distance to Earth is calculated [57] and depicted in Fig. 3.13.
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Figure 3.13: Supernova (SN) detection probability versus the distance in kpc for
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[58].
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4 Supernova Simulation with
mDOMs

Simulations are required to produce SN neutrino spectra with particular
parameters (see Sec. 2.4). The investigation of the mDOM sensitivity to the
SN neutrino spectrum is done by comparing the simulated spectra to each
other. In this chapter a simulation of SN neutrino spectra for mDOMs in
South Pole ice is introduced. This simulation is written in Geant4 which is
a C++ based toolkit to simulate particles passing through matter by using
Monte-Carlo methods. It is widely used in many different fields, such as
medical science, particle physics, and astrophysics [59].

In this work, a simulation of the geometry of the mDOM in a surrounding
ice medium is used. The simulated detection of SN neutrinos uses
this mDOM geometry and detection volume. For the SN neutrino
simulations, trigger conditions using local coincidences in the mDOM will
be introduced in order to distinguish MeV neutrino events to background
events. Therefore, knowledge about the expected background is necessary.
In this work three types of background are taken into consideration:
uncorrelated noise, correlated noise, and solar neutrinos. The simulations
of these get introduced in the following subchapter.

4.1 mDOM Simulation in Geant4

Figure 4.1: Initial geom-
etry of the mDOM in the
Geant4 simulation.

The simulation of the mDOM with Geant4 was
at first written in two PhD theses [10, 60] and
modified to a simulation for SN neutrino detection
with the mDOM in [57]. Fig. 4.1 shows the mDOM
inside the simulated ice volume. Since the mDOM
was firstly planned to have an asymmetry between
the two half-vessels, the simulated mDOM has
this asymmetry as well. During the work of this
thesis the simulation of the mDOM was changed
to a symmetric layout, as was the mDOM (see
Fig. 3.12). This half vessel rotation is not expected
to significantly change any of the results since local
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4 Supernova Simulation with mDOMs

Particle Class Description

Optical
Photon

G4OpAbsorption Absorption of optical photons

G4OpBoundaryProcess Boundary interactions when
photons changes medium

G4OpMieHG Mie scattering of photons

Gamma

G4Livermore
GammaConversionModel

Electron-positron pair
production of gammas

G4Livermore
ComptonModel Compton effect for gammas

G4Livermore
PhotoElectricModel

Photoelectric effect for
gammas

Electron

G4eMultipleScattering Electron scattering in medium
G4Livermore
IonisationModel

Ionisation of the medium
by electrons

G4eBremsstrahlung Bremsstrahlung of electrons

Positron

G4eMultipleScattering Positron scattering in medium

G4eIonisation Ionisation of the medium by
positrons

G4eBremsstrahlung Bremsstrahlung of positrons

G4eplusAnnihilation Annihilation of positrons
with electrons of medium

Table 4.1: The physics list with the used interaction classes of Geant4 in this
simulation for the occurring particles.

coincidences have the same probability because they do not depend on the
PMT directions.

Geant4 is developed to cover interactions of particles in materials within
a certain volume. For that, it provides fundamental components of
a physical simulation such as elementary particles for primary events,
particle interaction processes, the tracking of particles, a selection of diverse
materials, and the visualization of the simulated volume [61]. Particles
and their interactions in the simulation are given by Geant4 in provided
classes. The processes for particle interaction in this simulation are given
in the physics list in Tab. 4.1. Since there is no neutrino physics included in
Geant4 and since the use of neutrinos as primary particles would be highly
inefficient due to their low cross sections, the primary particles used in the
simulation are positrons, which are generated as secondary particles in the
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4.1 mDOM Simulation in Geant4

IBD. In order to do this, the events must be weighted by the detection
probability which will be discussed in detail in Sec. 5.1.2.

The simulation contains the geometry of the mDOM which means all
outside parts of the mDOM are simulated individually: the holding
structure, the PMTs, the reflectors, the optical gel, and the pressure glass
vessel. The holding structure acts simply as an absorber of photons. The
PMTs are modelled as solid glass tubes each containing a photocathode.
When a photon hits a photocathode it is counted as one hit with a certain
probability according to the quantum efficiency of the PMT by using
Monte-Carlo methods. For different usages of the simulation different types
of the other components can be included into the simulation. Since the only
purpose of the simulation in this work is the simulation of SN neutrino
energy spectra, the gel, the reflectors, and the glass are chosen those ones
which will be most likely in the final mDOM. These are Wacker SilGel 612
A/B gel, Alemco V95 reflector cones, and Vitrovex glass.

The medium which surrounds the mDOM in the simulation is ice whose
light propagation is described by two parameters: the absorption and the
scattering length. The Antarctic follows a layer structure in dependence
of depth originated by the deposition of dust particles in the ice over the
year. The ice properties have been therefore parametrized as a function of
the depth [62].

The absorption coefficient a(λ) is parametrized by [63]:

a(λ) = adust(400)
(
λ

400

)−κ
+ A exp (−B/λ) · (1 + 0.01δτ), (4.1)

where λ is the wavelength of the photon given in nm, adust(400) the
absorption caused by dust at 400 nm and δτ = T (d) − T (1730) the
temperature difference relative to the depth of 1730 m [64]. The other
parameters have been evaluated in [62] to A = (6954± 973) m−1, B =
(6618± 71) nm, and κ = 1.08± 0.01. The reciprocal 1/a(λ) is the average
distance before a photon gets absorbed.

The scattering in ice is due to the dust grain size mainly Mie scattering
[65, 62]. The Mie scattering coefficient b(λ) is given by [63]:

b(λ) = be(λ)
1− 〈cos θ〉 = be(400)

(
λ

400

)−α
, (4.2)

where be(λ) is the effective scattering coefficient and θ the deflection angle
of the scattering with 〈cos θ〉 = 0.9 [63]. The exponent of the power law
is α = 0.90 ± 0.03 [62]. The average Mie scattering length is given as
1/be(λ).
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Figure 4.2: Average absorption length 1/a (left) and Mie scattering length 1/be
(right) for photons with different wavelength versus the depth of South Pole ice.

The average adsorption length and Mie scattering length is calculated by
using Eq. 4.1 and 4.2 with data for adust(400) and be(400) taken from [63].
Both are depicted for different wavelengths in the visible range in Fig. 4.2.
The average absorption and Mie scattering length diverge dramatically
from layer to layer.

For simplification, the ice in the simulation is treated as uniform which
means the simulation contains one layer of ice and no drilling hole with
different ice properties around the modules. An ice layer of 2278.2 m depth
was chosen as simulation medium since this layer has one of the largest
length for absorption (1/a(400) = 227.2 m) and Mie scattering (1/be(400) =
76.8 m).

The size of the simulated volume limits the simulation time. On the
other hand the volume must cover every interaction from which Cherenkov
photons get detected. In [57] it is shown that the simulated volume has
to have a radius of ∼ 10 m to fulfill both demands for SN neutrinos of
25 MeV. In order to cover SN neutrinos with higher energies, the radius in
this simulation is 20 m.

4.2 Supernova Simulation

The first step of the SN neutrino detection is the generation of a single
positron inside the ice volume. The positron has a certain energy which
is derived from the neutrino energy via Eq. 3.4 which is chosen from the
neutrino energy distribution given into the simulation. The neutrino energy
distribution follows either Eq. 2.10 or a flat energy distribution which
emphasizes higher energies in contrast to fα(E). The generated positron
then has a certain direction which is chosen from the angular distribution
in [38].

In this work, local coincidences are defined as the detection of Cherenkov
photons of one MeV SN neutrino in several PMTs within one module.
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4.3 Background Simulations

Parameter Function
ν̄e Mean Energy 〈E〉 Input parameter for given Eν̄e distribution
ν̄e Energy Eν̄e Antineutrino energy

cos θ Angle between the generated positron
and antineutrino direction

e+ Energy Ee+ Positron energy

Event Weight Event probability depending on
cross section and size of the volume

Vertex Position (x,y,z) Event position
Primary Direction (px,py,pz) Direction of outgoing positron

Total Hits Total number of photons
reaching all photocathodes

Total Hit PMTs Total number of PMTs get hit
Module Number ID of module in which PMT got hit
PMT Number ID of the PMT in the module
Hits in that PMT Number of photons hitting that PMT
Hit Time Arrival time of photon

Table 4.2: Table of all saved parameters and their function in the simulation.

For that, when at least one photon hits a photocathode different event
parameters are saved. The output parameters are given in Tab. 4.2. When
a second hit is detected in a different photocathode within the time window
∆t, it is called a coincidence hit meaning the two hits are registered
together. Since more than 99 % of all registered hits happen already within
10 ns [57], the time window ∆t for coincidence hits is chosen in this work
to be 20 ns.

4.3 Background Simulations

Among all the background that the modules detect in the IceCube detector,
the most relevant ones that can be confused with SN neutrino signals are
uncorrelated noise from the PMTs, detections from radioactive decays in
the vessel glass, and incoming neutrinos from the sun. Therefore, these
sources will be the ones included in the background expectations in this
work.
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4 Supernova Simulation with mDOMs

Even a PMT which is not illuminated by photons always counts some signal.
The frequency of these signals is called the dark rate of a PMT. Since
these counts are uncorrelated to the hits of other PMTs, it contributes to
uncorrelated noise. The method to estimate local coincidences of the dark
rate fnoise is derived in [66]. It consists of three components:

fnoise = Pnoise · fPMT ·NmDOM, (4.3)

where NmDOM is the total number of mDOMs and fPMT the dark rate for
a single PMT. Pnoise is the probability that at least ncoinc− 1 PMTs detect
photons within the chosen time window ∆t and can be expressed as:

Pnoise = 1−Bcum(ncoin − 2|NPMT, PPMT), (4.4)

where Bcum(m|n, p) = ∑m
k=0

(
n
k

)
pk(1 − p)n−k is the cumulative binomial

probability for up to m successes out of n tries taking into account
a probability p [67] and PPMT = 1 − exp (−fPMT∆tcoin) the Poisson
probability for at least one signal in the PMT [66]. In this work a dark
rate of fPMT = 50 Hz was used which was found experimentally in [68] for
the assumed PMTs.

Radioactive decays in the glass vessel of the mDOM produce scintillation
and Cherenkov photons. These photons can hit different PMTs and thereby
produce a coincident signal. Since coincidence hits from these decays are
from the same event, this background is correlated. The simulation of this
noise was done by [68] using the same Geant4 mDOM simulation as in this
work and therefore its data is used here. To derive the rate of coincidence
hits from the correlated noise, the decay activities of the glass vessel have
to be known. The activities for the radioactive decays from [68] that are
presented in Tab. 4.3 are used in this work.

Radioactive Decay Activities
238U chain (4.61± 0.07) Bq/kg
235U chain (0.59± 0.05) Bq/kg

232Th chain (1.28± 0.06) Bq/kg
40K (61± 1) Bq/kg

Table 4.3: Activities from [69] used for radioactive decays in this work.

Coincidence hits from solar neutrinos mainly originate from neutrinos
produced by 8B→ 8Be+ e+ + νe, because these neutrinos have the highest
energies from solar neutrinos [8]. The spectrum of these neutrinos is

30



4.3 Background Simulations
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Figure 4.3: Counts of coincidence hits in 20 ns for three background sources: solar
neutrinos (blue), uncorrelated noise from the PMTs (orange), and correlated noise
from radioactive decays in the mDOM (green).
given in [70]. The simulation is nearly the same as the one described
for SN neutrinos in Sec. 4.2 with the difference that there are no solar
antineutrinos. This means elastic scattering is the dominant interaction
and not the IBD which leads to a lower interaction rate in ice. The
simulation data of the correlated noise is taken from [69].

The n-fold coincidence hits for the background sources within the time
window ∆t = 20 ns are given in Fig. 4.3. The main contribution of the
background comes from radioactive decays inside the vessel glass. The drop
betwen 6- and 7-fold coincidence hits is due to the lack of radioactive decays
producing such a signal. Due to the facts that there is a finite simulation
time and that such a signal occurs very rarely per decay, no decay giving
such a signal was found. However, it is to be expected that increasing the
simulation time the the histogram would continue steadily as it does for
lower than 6-fold coincidence hits. Since the random noise is uncorrelated,
the probability vanishes for higher coincidences. The reason for the small
rate is the low cross section (see. Sec. 3.1) of electron scattering in ice.
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5 Neutrino Energy Spectra with
Intra-Module Coincidences

The main purpose of this work is to investigate the SN neutrino energy
spectrum sensitivity of the IceCube-Gen2 configuration (see Sec. 3.5) which
is done with the simulations described in the previous chapter. The results
of these simulations are given in the next subchapter and the method of
how to study the sensitivity to SN neutrino spectrum via sensitivity maps
is derived. The combination of those sensitivity maps will be then studied.
The investigations of the sensitivity maps contain also results for different
SN distances and module configurations.

5.1 Simulations of Intra-Module Coincidences

For investigating coincidences within one module, the simulation described
in Sec. 4.1 is used with one asymmetric mDOM in the center. The input
parameters vary from 8.0 to 18.0 MeV with 0.5 MeV stepsize for the mean
energy 〈E〉 and α from 1.5 to 5.0 with a step size of 0.5. This gives in
total 168 single simulations. Each of them is done with 1 000 000 generated
particles and a detection volume of 20 m diameter and 40 m height.

The position of each n-fold coincidence event is investigated in the next
subchapter. The formalism to reach n-fold coincidence histograms is shown
in a further subchapter. Afterwards the effect of systematic uncertainties
is discussed.

5.1.1 Positions of Coincidence Events

Neutrino can interact anywhere in the ice, but events which lead to n-fold
coincidences likely occur only in the vicinity of the mDOM. In this section
it is checked whether the simulated volume covers all event positions for
different n-fold coincidences. Up to 50 randomly chosen event positions
are displayed in the simulated volume in Fig. 5.1. The gray dotted volume
shows the area of the most distant event. The events of 1- and 2-fold
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Figure 5.1: Event positions for n-fold coincidence in the simulated volume (black).
The volume of the most distant event is depicted in gray.
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5.1 Simulations of Intra-Module Coincidences

coincidence hits are distributed in the whole simulated volume. From 3-
fold coincidence hits on, the interaction volume lays completely inside the
simulated volume.
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Figure 5.2: The average (blue), minimum (orange) and maximum (green) event
distance for the different n-fold coincidence hits.

The average event distance for n-fold coincidence events is depicted in
Fig. 5.2. In this figure the maximum and minimum distance are also
shown. The maximum event distance for 1- and 2-fold coincidence hits
are at the most outer point of the simulated volume which is 28.3 m from
the center away. Although the event volume of 3- and 4-fold coincidence
hits are covered by the simulated volume, the maximum distance of these
coincidence hits is more distant than the 20 m radius of the simulated
volume. Nevertheless, the average event distance for all-fold coincidence
hits is shorter than 20 m which means that most of the events are covered
by the simulated volume. The minimum event distance shows a different
effect. For higher n-fold coincidence hits it gets more distant which can be
explained by the angle of the Cherenkov cone. Since the Cherenkov light
has a defined angle under which it is emitted, photons from events which
take place at short distance from the mDOM can reach fewer PMTs than
photons from further events.

5.1.2 Event Weighting

Because the simulation of SN energy spectra starts directly with secondary
particles, each event needs to be weighted. The weights will be divided
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5 Neutrino Energy Spectra with Intra-Module Coincidences

into three parts: the general weight, the event weight, and the distributed
weight.

The general weight WT scales the detected events according to the flux of
the SN neutrinos across the simulated and the number of generated events.
It is given as:

WT = NmDOM

Ngenerated
· 4πr2 ·

∫ t=10 s

t=0 s
Φ(t)dt. (5.1)

The simulation sets the radius of the simulated volume r, the amount of
mDOMs NmDOM and generated events Ngenerated. Φ is the flux from the
SN model. As shown in Eq. 2.9 it depends on the distance d of the SN.
This means the distance of the assumed SN can be directly changed by
recalculating the general weight with a different distance.

The event weight ωe stands for the probability of each interaction to take
place in the ice:

ωe(E) = σtot(E) ·Ntarget · rpath. (5.2)

It consists of the interaction cross section σtot which depends on the
neutrino energy Eν given in Eq. 3.3 for IBD events. The number of possible
targets Ntarget is given in Eq. 3.5. The parameter rpath represents the length
of the neutrino’s path through the simulated ice. The neutrino energy Eν
and the event position is different for each event, thus the event weight
needs to be calculated for each event separately.

0 10 20 30 40 50
Energy Eν̄ in MeV

0.00

0.02

0.04
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f α
(E

)

〈E〉 = 10.0 MeV,
α = 2.5

〈E〉 = 11.4 MeV,
α = 2.4

Figure 5.3: Example for the distributed weight
wdist. Out of a simulated SN spectra (orange) an
unknown SN spectra (red) gets calculated. Black
arrows indicate wdist for several energies.

The distributed weight ωdist
allows to scale the detected
signal from a particular
(〈E〉, α) to any other com-
bination. In Fig. 5.3 one
example of the basic mech-
anism is outlined. Each
detected event is therefore
weighted with a factor cor-
responding to its energy.

ωdist(E) = fcalc(E)
fsim(E) (5.3)
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5.1 Simulations of Intra-Module Coincidences
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Figure 5.4: Example of a n-fold coincidence histogram for 〈E〉 = 11.4 MeV and
α = 2.4.

Applying these three different weights on the raw data gives n-fold
coincidence histograms for each SN spectrum with a defined (〈E〉, α)
combination. One example of such histograms is depicted in Fig. 5.4. For
studying the sensitivity towards the SN neutrino spectrum, the different
spectra have to be compared. The method for comparing these histograms
to each other is outlined from Sec. 5.2 on.

5.1.3 Systematic Uncertainties

The entries of the generated histograms are treated as a representative
data set which assumes infinite data simulation. Since this is not
possible, this could lead to biases in the data [71]. These biases are
systematic uncertainties of such simulations. To estimate these systematic
uncertainties each entry could be investigated as done in [71], but this goes
beyond the scope of this work.

Instead the effect of statistic uncertainties is estimated in this work. The
comparison of the uncertainties arising from the weighting process

σweights =
√∑

i

ω2
e,iW

2
T,i ω

2
dist,i (5.4)

to the statistic uncertainties

σstat =
√∑

i

ωe,iWT,iωdist,i. (5.5)
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5 Neutrino Energy Spectra with Intra-Module Coincidences

The requirement is that the statistic uncertainties are much larger:

√∑
i ω

2
e,iW

2
T,iω

2
dist,i√∑

i ωe,iWT,iωdist,i
� 1. (5.6)

For both uncertainties, σweights and σstat, the general weight WT =
9.22× 1012 is the same. To simplify the division further, only a single
distributed weight ωdist and a single event weight ωe for a specific energy E
are taken into account. Then the minimum number of generated particles
can be calculated by

Ngenerated � ωe · ωdist ·NmDOM · 4πr2 ·
∫ t=10 s

t=0 s
Φ(t)dt. (5.7)

The minimum number of Ngenerated is depicted for different cases in Fig. 5.5.
Although there are energies for which the condition does not hold true,
a reasonable upper limit of the calculated entries is 〈E〉 = 20 MeV and
α = 10.0, because the maximum of Eq. 2.10 fα,max(Emax) is at

Emax = α

α + 1〈E〉, (5.8)

which means Emax ≤ 〈E〉.
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Figure 5.5: Comparison of the energy and the minimum amount ofNgenerated events
to keep the effect of the systematic uncertainty small. Ngenerated is calculated by
Eq. 5.7.
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5.2 Single χ2 Method of Energy Extraction

5.2 Single χ2 Method of Energy Extraction

From the simulations and through the weighting process, a histogram for
several parameter combination is created. To investigate the sensitivity
from these histograms, in a first step a ratio map is created (Sec. 5.2.1).
In in this ratio map each point corresponds to one parameter combination.
To compare these points to a reference point, a χ2 method is implemented
which will be explained in Sec. 5.2.3. Therefore, it is necessary to know
the number of degrees of freedom of each point which is investigated in
Sec. 5.2.2.

5.2.1 Ratio Map from Parameter Histograms

Histograms of different 〈E〉 and α combinations differ in the counts of
the n-fold coincidence hits. Ratios of different n-fold coincidence hits can
therefore be used to compare different histograms to each other. The
histograms of the extreme values of 〈E〉 and α are shown in Fig. 5.6 and
compared to the background coincidence hits and the 1σ fluctuation of
this background. The counts for histograms of larger 〈E〉 and lower α are
higher. Since the different count rates of 〈E〉 = 20 MeV and 〈E〉 = 5 MeV
of the same α are much more similar other than the different count rates
of same 〈E〉 with α = 10 and α = 0, the α parameter seems to have a
larger influence on the count rate than the 〈E〉 parameter. This effect
stems from neutrinos with higher energies which are favored for lower α
(see Eq. 2.10).

In a first approach, the ratios of 3-fold coincidence hits versus 4 and more-
fold coincidence hits

R3,≥4 = N3

N≥4
(5.9)

are calculated for all 〈E〉 and α combinations and plotted into a ratio map
because all events of these coincidences are covered by the simulations as
shown in Sec. 5.1.1. The uncertainty of each point in this map is given
by

σ(R3,≥4) =

√√√√(σ(N3)
N≥4

)2
+R2

(
σ(N≥4)
N≥4

)2
, (5.10)

where the uncertainty of j-fold coincidence hits is calculated by

σ(Nj) =
√

(
√
Nj)2 + σ2(BGj). (5.11)

This means the ratios are calculated out of the signal while the uncertainty
of each ratio contains the statistical uncertainty of the signal and the the
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Figure 5.6: Comparison of the histograms at the corner points of the ratio map
(orange, green, red, purple) with the background (black). The 1σ fluctuation of
the background is shown in gray.

1σ fluctuation of the background. For the real measurement of a SN signal
the mean background is assumed to be totally known and that it can be
subtracted from the incoming SN signal whereas the uncertainty of the
signal will still have the uncertainty of the background variation.
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Figure 5.7: Map of the ratio R3,≥4. A pattern of same color can be identified which
gets steeper for higher α.
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5.2 Single χ2 Method of Energy Extraction

The ratio map for R3,≥4 is shown in Fig. 5.7. The color pattern shows that
points of different 〈E〉, α combination have the same value. This color
pattern gets steeper as α is larger.

5.2.2 Degrees of Freedom of Ratio Points

To check the degrees of freedom n for each point in the ratio map whose
probability density function P (χ2;n) is given by [67]

P (χ2;n) = 2−n/2
Γ(n/2)χ

n−2 exp (−χ2/2), (5.12)

each n-fold coincidence rate r is newly generated using the Poisson
distribution [67]

P (r;λ) = λr exp (−λ)
r! (5.13)

with the actual rate as expectation value λ. This generation is done 10000
times. Each Poisson generated histogram gets compared with the actual
value by

χ2 = (RPoisson −Rref)2

σ2(Rref)
. (5.14)

The distribution of the χ2 gives the Poisson distribution with k degrees
of freedom. In this case the distribution is compared with k = 1 and
k = 2. This is shown in Fig. 5.8. In Fig. 5.9 the cumulative χ2 distribution
is compared to the cumulative distribution function of k = 1 and k = 2
degrees of freedom.

Although the ratio for each point depends on two parameter (〈E〉, α),
its χ2 distribution of Poisson generated histograms follows, with small
fluctuations, a χ2 distribution of 1 degree of freedom. The reason for this
behaviour is the dependence of α on 〈E〉 (see Eq. 2.11).

5.2.3 Sensitivity Maps

The sensitivity of the mDOM towards the SN neutrino spectrum depends
on how well the mDOM can distinguish between the SN spectra of different
〈E〉, α combinations. Therefore, the ratio points in the map are compared
with a reference point by the χ2 analysis as done in [72, 51]

χ2
i = (Ri −Rref)2

σ2(Rref)
. (5.15)

The reference point was chosen to be the mean of the 〈E〉 distribution
(Fig. 2.9) and the mean of the α distribution (Fig. 2.10) of antineutrinos
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Figure 5.8: Upper: χ2 distribution from the ratio of Poisson generated histograms
compared with the probability density function of k = 1 (green) and k = 2 (red)
degrees of freedom. Lower: Residuals of the χ2 distribution with the theoretical
curve of k = 1 (green) and k = 2 (red) degrees of freedom.
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Figure 5.9: Upper: Cumulative χ2 distribution from the ratio of Poisson generated
histograms compared with the cumulative distribution function of k = 1 (green)
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distribution with the theoretical curve of k = 1 (green) and k = 2 (red) degrees of
freedom. The values where the cumulative χ2 distribution exceeds 68 % (yellow),
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42



5.2 Single χ2 Method of Energy Extraction

from a SN of a 27.0 M� progenitor star (see Tab. 2.1). The parameter
combination of the reference point is 〈E〉 = 11.4 MeV and α = 2.4.
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Figure 5.10: χ2 map of the comparison between ratios R3,≥4 of different parameter
combinations with a reference point via a χ2 method. The reference point (〈E〉 =
11.4 MeV, α = 2.4) is denoted with a white point. The 68 % confidence area is
marked by a yellow line, the 99 % confidence area by a cyan line.

The resulting χ2 map is shown in Fig. 5.10. The white point marks the
reference point. It is encircled by yellow and cyan lines which show the
confidence level at 68 % and 99 %. The color pattern of the ratio map
(Fig. 5.7) shows a degeneracy of the values. There is no unique salient point
which would be the reference point, but a “valley” of low χ2 values. This
means that the method would not have sensitivity to distinguish different
SNe within the degeneracy area.

To verify the calculations in this section, a cross-check is done. Therefore,
10000 Poisson generated histograms as described in Sec. 5.2.2 are used.
One example for this analysis with a generated histogram is shown in
Fig. 5.11 left. In Fig. 5.11 right, the comparison between the amount that
the reference point is located in the area of 68 %, 90 %, 95 %, and 99 % and
the expectation is shown.

The χ2 analysis for the ratio R3,≥4 can be used to find a valley including the
reference point. Reversely, when the parameter combination is unknown
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Figure 5.11: Left: χ2 map of the comparison between ratios of different parameter
combinations with a reference point via a χ2 method. The reference point is a
Poisson generated histogram with the rates of (〈E〉 = 11.4 MeV, α = 2.4) as
expectation values which is denoted with a white point. The 68 % confidence area
is marked by a yellow line, the 99 % confidence area by a cyan line. Right: Check
of the coverage of the reference point with 10000 Poisson generated histograms
with its rates as expectation values.

the degeneracy of the valley does not allow to find the reference point
directly. The assumption of one parameter is required to find the other
one. In a next step (Sec. 5.3) this problem gets investigated further.

5.3 Combined χ2 Method

This subchapter shows an attempt to avoid the problem of the degeneracy
of a single χ2 map by using a combination of several χ2 maps. In a further
step the combination of the χ2 maps is optimized. The performance of
this method is investigated including the distance of SN and the amount
of mDOMs in the detector.

5.3.1 Combination of Sensitivity Maps

To break the degeneracy of the smallest χ2 values, different cases or the
combination of different sensitivity maps are required, thus the ratios of
Sec. 5.2) are modified. For this approach, firstly the columns from 3-
fold coincidence hits to 12-fold coincidence hits, which contains all higher
coincidence hits as well, are used. Each single column is normalized by the
total number of counts of all used columns. This means the new ratios Rj
are given by:

Rj = Nj∑12
i=3Ni

, j = 3, . . . , 12. (5.16)
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Figure 5.12: Single ratio maps of Rj for j = 3, . . . , 12. In R4 a transition for lower
ratios takes place from lower right to upper left.
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Figure 5.13: Single χ2
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The uncertainty of the ratios is given by:

σ(Rj) =

√√√√√( σ(Nj)∑12
i=3Ni

)2
+R2

j

(
σ(∑12

i=3Ni)∑12
i=3Ni

)2

+ cov(Nj,
12∑
i=3

Ni), (5.17)

where the covariance cov(Nj,
∑12
i=3Ni)) is

cov(Nj,
12∑
i=3

Ni)) = −2Rj
(
σ(Nj)∑12
i=3Ni

)2
. (5.18)

The different ratio maps are shown in Fig. 5.12. The map of R3 shows a
similar color pattern as Fig. 5.7, because the ratios R3 and the ratios R3,≥4
are simply shifted by the factor N≥4

N3+N≥4
relative to each other. The ratio

map of R4 is a transition phase from low ratio values in the lower right
corner to the upper left corner. The following ratio maps show how the
lower values extend over the map.

As reference point for the comparison was 〈E〉ref = 11.4 MeV, αref = 2.4
chosen as before. The single χ2 maps of the different Rj is shown in
Fig. 5.13. The χ2 map of R3 is identical to the χ2 map of the ratio R3,≥4 (see
Fig. 5.10). This is reasonable since in both χ2 maps the same information
is used. The χ2 map of R4 shows a transition with two valleys. From the
ratio map of R4 one could assume that the valley on the right correspond
to the valley of the χ2 map of R3, while the valley on the left correspond to
the valley of the χ2 maps of R5 and so on. This assumption gets supported
by the fact that the valley at α = 10 moves to higher 〈E〉.

Combination of the single χ2 maps

χ2 =
12∑
j=3

χ2
j (5.19)

means that each points’ number of degrees of freedom is also a combination
of the single number of degrees of freedom. The number of degrees of
freedom for a single point is determined as described in Sec. 5.2.2. The
combined number of degrees of freedom is shown in Fig. 5.14. The number
of degrees of freedom is 10 for the combination of ∼ 10 χ2 maps, therefore
each map brings 1 degree of freedom into the new map.

Accordingly, the combined χ2 map is the sum of the single χ2 maps:

χ2
i =

12∑
j=3

(Rj,i −Rj,ref)2

σ2(Rj,ref)
(5.20)

The χ2 map for the combination of the ratios from 3-fold coincidence hits
to 12 and higher fold coincidence hits is shown in Fig. 5.15. As the area
of 68 % uncertainty region shows, the degeneracy of the single χ2 maps is
broken. The uncertainty regions are distributed around the true value.
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Figure 5.15: Combined χ2 map of the comparison between the ratios from 3-fold
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Figure 5.16: Check of the coverage of
the reference point with 10000 Poisson
generated histograms with its ratios as
expectation values.

As in Sec. 5.2.3, the coverage gets
verified as a cross-check for correct
calculations. The results for 10000
Poisson generated samples the same
way as described in Sec. 5.2.3 is
shown in Fig. 5.16.

A further point of interest is the
behaviour of the uncertainty areas
at different reference points. This
is studied by varying the refer-
ence point between three different
reference mean energies (〈E〉ref =
10.0 MeV, 13.0 MeV, 16.0 MeV) and two different reference α (αref =
2.0, 4.0). The χ2 maps of these six reference combinations is shown in
Fig. 5.17.

A comparison of the different χ2 maps shows that with larger 〈E〉 and
smaller α the confidence areas are smaller, which means there is a better
sensitivity. Hereby, the effect of the α parameter seems to be larger than the
effect of 〈E〉. This phenomena is reasonable, because the larger 〈E〉 and
smaller α lead to higher counts in the n-fold coincidence histogram (see
Fig. 5.6) and furthermore the neutrino distribution fα(E) is thinner for
smaller α which means the differentiation between the spectra is easier.
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Figure 5.17: Combined χ2 maps for different reference points. 〈R〉ref varies between
10.0 MeV (top), 13.0 MeV (center) and 16.0 MeV (bottom). α varies between 2.0
(right) and 4.0 (left). The 68 % confidence area is marked by a yellow line, the
99 % confidence area by a cyan line.

5.3.2 Marginalization for Optimization of Sensitivity
Map

To determine the goodness of the used combination it is necessary to
introduce a reasonable method to characterize the confidence area. For
that the χ2 map is cut along each 〈E〉 and α. From each cut the minimum
is taken individually. The result of this method, which in this work is named
marginalization process, is shown in Fig. 5.18. This marginalization leads
to a curve of minima for both parameters. Both curves have their minimum
at the reference point. The confidence level intervals also hold true for both
curves. The 68 % confidence level interval will be called σ〈E〉, respectively
σα.
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Figure 5.18: Combined χ2 map of the comparison between the ratios from x = 3-
fold coincidence hits to y ≥ 12-fold coincidence hits of different parameter
combinations with a reference point via a χ2 method. The reference point
(〈E〉 = 11.4 MeV, α = 2.4) is denoted with a white point. Above the map the
marginalization of 〈E〉, right to the map the marginalization of α are depicted.
The 68 % confidence area is marked by a yellow line, the 99 % confidence area by
a cyan line.

Different combinations of x- and y-fold coincidence hits, where x is
the lowest and y the highest coincidence hits, can be now classified by
their goodness using this marginalization process. All χ2 maps with
marginalization of different combinations give a value for σ<E> and for
σα which are denoted in Tab. 5.1 and depicted in Fig. 5.19. Since the χ2

map is limited to α = 10.0 the values for σ〈E〉 can be cut off. So σ〈E〉 can
only be treated as lower boundary in these cases.

For all different x-fold coincidences the best combination is with the y ≥ 9-
fold coincidence followed by larger y coincidences up to y ≥ 12-fold
coincidences. The only exception appears for x = 2, y ≥ 7 and x = 2, y ≥ 8
which have lower σ〈E〉 than x = 2, y ≥ 12. For x = 3-fold coincidences it
shows that the y ≥ 7 coincidence has lower σ〈E〉 and σα than y ≥ 8. With
exception of x = 1- and x = 7-fold coincidences, the σ〈E〉 and σα values
of the same y coincidence follow x = 2 smaller than x = 3 smaller than
x = 4 and so on. The best performing combination is x = 2, y ≥ 9, which
is shown in Fig. 5.20. As comparison x = 3, y ≥ 9 is shown in Fig. 5.21.
It shows the same form of the confidence areas. The difference between
the two combinations are the extensions of the confidence areas. They are
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Table 5.1: Table of σ〈E〉 and σα for different x, y combinations. x, y indicate the
lowest and highest coincidence hits taken into account.
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Figure 5.19: Scatter plot of σ〈E〉 and σα for different combinations. The x-fold
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Figure 5.20: Combined χ2 map of the comparison between the ratios from x = 2-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) via a χ2 method. σ〈E〉 and σα are
depicted above and right of the map.
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Figure 5.21: Combined χ2 map of the comparison between the ratios from x = 3-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) via a χ2 method. σ〈E〉 and σα are
depicted above and right of the map.
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Figure 5.22: Combined χ2 map of the comparison between the ratios from x = 7-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) via a χ2 method. σ〈E〉 and σα are
depicted above and right of the map.
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more stretched for x = 3, y ≥ 9 which results into larger σ〈E〉 and larger
σα. The special case x = 7, y ≥ 9, which breaks the rule of larger σα for
the same stop coincidence, is shown in Fig. 5.22 as well. Its confidence
areas have a wider form than the ones from the combinations before, which
results into a larger σ〈E〉. Besides, the σα is cut away at the lower end of
the map and it might therefore be larger.

Since x = 2, y ≥ 9 is the best performing combination, the further studies
were done with this combination.

5.3.3 Performance for Different SN Distances and
Detector Configurations

With the best performing combination the distance of the SN and the
amount of mDOMs in a detector can be varied and the behaviour of the
χ2 maps compared. It is done as in Sec. 5.3.2 using σ〈E〉 and σα. First,
it is checked whether χ2 maps depend on the distance of the ratio maps.
Therefore, the ratio maps and the χ2 maps of 10.0 kpc and 20.0 kpc are
shown in Fig. 5.23, 5.24, 5.25, and 5.26. The ratio maps of the different SN
distances do not differ from each other, but the χ2 maps do. This means
that different distances do not influence the ratios, only the χ2 resolution
since the signal of the reference point differs. The same holds for different
amounts of mDOMs in a detector.

To check the influence of the SN distance to the resolution of this method,
SN distances from 5.0 to 20.0 kpc with a step size of 1.0 kpc and a SN
distance of 50.0 kpc were studied. The scatter plot for σ〈E〉 and σα is shown
in Fig. 5.27.

Up to a SN distance of 14.0 kpc, σ〈E〉 and σα can be determined with the
used method. There is a decrease of σ〈E〉 and σα when the SN is nearer.
Although this decrease looks for SNe between 14.0 kpc and 10.0 kpc quite
steady, it becomes less as closer the SN is. To compare the sensitivity for a
5.0 kpc distant SN, the χ2 map with marginalization is shown in Fig. 5.28.

In order to study the effects of a different amount of mDOMs in the detector
on the sensitivity, σ〈E〉 and σα from the marginalization of χ2 maps from
500 to 15 000 modules were considered while the SN distance is 10 kpc in
all cases. The overview is given in Fig. 5.29. This method results in defined
σ〈E〉 and σα up to a detector configuration with 2000 mDOMs. The χ2 map
with marginalization of a detector where the amount of mDOMs would be
increased by 50 % of the original 10 000 modules is shown in Fig. 5.30. Its
σ〈E〉, σα would not be smaller than for a detector with 10 000 modules
where the SN has been 9.0 kpc distant (see Fig. 5.27).
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Figure 5.23: Single ratio maps of Rj for j = 2, . . . , 9 for a SN distance of 10.0 kpc.
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Figure 5.24: Single χ2 maps of Rj for j = 2, . . . , 9 for a SN distance of 10.0 kpc.
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Figure 5.25: Single ratio maps of Rj for j = 2, . . . , 9 for a SN distance of 20.0 kpc.
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Figure 5.26: Single χ2 maps of Rj for j = 2, . . . , 9 for a SN distance of 20.0 kpc.
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Figure 5.27: Scatter plot of σ〈E〉 and σα for SN distances between 5.0 kpc and
20.0 kpc with step size of 1.0 kpc, and a SN distance of 50.0 kpc. The SN distances
of 5.0 kpc, 10.0 kpc, and 50.0 kpc are marked.
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Figure 5.28: Combined χ2 map of the comparison between the ratios from x = 2-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) of a SN in 5.0 kpc distance via a χ2

method. σ〈E〉 and σα are depicted above and right of the map.
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Figure 5.29: Scatter plot of σ〈E〉 and σα for detectors with 1000 to 15 000 modules
with step size of 1000 modules, and a detector with 500 modules. Detectors with
15 000, 10 000, and 500 modules are marked.
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Figure 5.30: Combined χ2 map of the comparison between the ratios from x = 2-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) for a detector with 15 000 mDOMs
via a χ2 method. σ〈E〉 and σα are depicted above and right of the map.
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Figure 5.31: Combined χ2 map of the comparison between the ratios from x = 2-
fold coincidence hits to y ≥ 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) for a detector with 500 mDOMs and
a SN in 10 kpc distance via a χ2 method.
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Figure 5.32: Combined χ2 map of the comparison between the ratios from x = 2-
fold coincidence hits to y = 9-fold coincidence hits with a reference point (〈E〉 =
11.4 MeV, α = 2.4, denoted by a white circle) for a detector with 1000 mDOMs
and a SN in 45 kpc via a χ2 method.
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Of special interest is a detector with 500 mDOMs as it is proposed for the
IceCube-Upgrade (see Sec. 3.5). Its χ2 map (Fig. 5.31) does not give either
a defined σ〈E〉, nor a defined σα within the used boundaries.

The comparison of a detector with 500 mDOMs for a SN in 10.0 kpc
distance with a detector with 10 000 mDOMs for a SN in 45.0 kpc distance
is reasonable to see the influence of both on the resolution, because the
signal height of the SN neutrino histograms is approximately the same:∑

i

ωe,i ·WT (d = x) · ωdist,i =
∑
i

ωe,i ·WT (nmDOM = 500) · ωdist,i

WT (d = x) = WT (nmDOM = 500)
nmDOM

x2 = 500
d2

x = 44.7 kpc. (5.21)

The χ2 map of a SN distance of 45 kpc is given in Fig. 5.32. The higher
resolution for the χ2 map of a detector 500 modules stems from the influence
of the background which is smaller for less modules.
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5 Neutrino Energy Spectra with Intra-Module Coincidences
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6 Neutrino Energy Spectra with
Inter-Module Coincidences

The IceCube-Upgrade is planned to be composed of 500 modules. As shown
in Sec. 5.3.3 the resolution to the SN neutrino energy spectra is poor in
this configuration. Nevertheless its configuration allows not to consider
only local coincidences, but at coincidences between different mDOMs,
too. In this chapter the simulation for the inter-module coincidences is
explained, and a possible method to determine the SN neutrino energy
spectra resolution is studied.

6.1 Simulation of Inter-Module Coincidences

Figure 6.1: Example of
3 mDOMs on one string
inside the simulation
volume.

The simulation of SN neutrino spectrum in differ-
ent mDOMs is as described in Ch. 4, with the only
difference of the number of mDOMs. A string of 15
mDOMs was simulated in the same sized volume.
Part of the string is shown in Fig. 6.1. Since the
configuration earmarks 2 strings for 500 mDOMs,
effects at the edges of both strings have to be taken
into account. The ice properties are the same as
in Ch. 4.

Positrons were directly generated as Sec. 4.2 from
neutrinos interacting in IBDs. A flat distribution
of the neutrino energy was assumed in this case
to support high energetic events more than in
the single mDOM simulation, therefore the events
must be weighted according to the spectrum as
explained in Sec. 5.1.2 using a changed distributed
weight ωdist:

ωdist(E) = A · fcalc(E), (6.1)

where A is a constant factor which depends on the generated events. For
simplification it was chosen in such a way that the single coincidence hit of
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6 Neutrino Energy Spectra with Inter-Module Coincidences

the centered mDOM is the same as the single coincidence hit in the single
mDOM simulation. This must be the case since the coincidence hits in the
centered mDOM are from the same order as the coincidence hits when a
single mDOM is simulated.

Events are triggered when at least one hit is detected in the centered
mDOM (denoted as mDOM 0). Coincidences in the same mDOM are
counted within the same time window as in the simulation for one mDOM,
but for the neighbouring mDOMs new time windows need to be applied.
Those time windows depend on their distance from the centered mDOM.
Since the mDOMs are 2.4 m distant from each other, photons travel from
mDOM to mDOM in about 10 ns. Since particles traveling with speed of
light in vacuum would need around 8 ns from mDOM to mDOM, a time
window of 8 to 28 ns for the nearest neighbouring mDOM was applied,
because the time window stays 20 ns. Since positrons travel only some
centimeters (see Sec. 3.2) giving Cherenkov photons, the time window of
the next neighbouring module goes from 18 to 38 ns and so on for the
further distant mDOMs.

The simulation of background was beyond the scope of this work. The
calculation of coincidence hits of uncorrelated noise would be the same as
described in Sec. 4.3. Background from solar neutrinos would be simulated
in the same setup as the SN neutrino spectra. But for the correlated
noise further investigations are required since it is unclear whether photons
from radioactive decays are able to induce coincidence hits in neighbouring
mDOMs.

6.2 Parameter Histograms with Neighbour
Modules

For the coincidence hits in neighbouring modules a 3D representation
is used. An example of the histograms including coincidence hits in
neighbouring modules is shown in Fig. 6.2. The centered mDOM is noted
as module number 0 (mDOM 0). A comparison with Fig. 5.4 shows the
entries of mDOM 0 to be a factor of 1/20 lower which is due to the factor
of 500 modules in this configuration divided by 10000 modules in the single
mDOM configuration. Module number 1 and -1 are the nearest neighbours,
whereas the minus sign indicates the mDOMs above mDOM 0, respectivally
the + sign the ones below mDOM 0. For mDOMs above and below the
centered mDOM the coincidences are symmetric because of the isotropic
emitted angles of positrons from IBD, even though all neutrinos are coming
from the same direction.
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6.3 Performance for IceCube-Upgrade Configuration
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Figure 6.2: Histogram for PMT coincidence hits in neighbouring modules for 〈E〉 =
11.4 MeV, α = 2.4. Module number 0 (the centered mDOM) indicates the trigger
mDOM. The - sign stands for modules above mDOM 0, while the + sign stands
for moduels below mDOM 0.

Since the mDOM 0 is the trigger mDOM, every PMT coincidence hit at the
neighbouring modules requires at least one hit in mDOM 0. This means
there exists no 1-fold coincidence hit as it was defined in the single mDOM
configuration for the neighbouring modules.

6.3 Performance for IceCube-Upgrade
Configuration

Since for a single mDOM the best performing combination is x = 2, y ≥
9, in the study for the neighbouring mDOMs all hits are included which
have at least 2 coincidences as first approach. The best performing x and
y combination might be different in this case, since the background in
the inter-module case will be probably different. This means as discussed
before all coincidences of the neighbouring mDOM histograms except of
the mDOM 0 1-fold coincidence hits. As upper border the coincidence hits
of the neighbouring mDOMs which are in the same order as the 9-fold
coincidence hits from mDOM 0 are chosen. All hits that are considered
in this analysis are summed up as divisor of the ratios. To distinguish
the ratios from mDOM number n with m PMT coincidence hits, they
are denoted as Rn,m. This gives in total 40 ratio maps which are shown
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mDOMs and same PMT coincidence hits shows different behaviours as R−2,1 and
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Figure 6.4: Single χ2 maps for the different mDOMs and PMT coincidence hits.
The χ2 maps of symmetric mDOMs and same PMT coincidence hits differs as
χ2
−5,1, χ2

−4,1, χ2
−3,1, χ2

−2,1, and χ2
1,1 show a double valley structure while their

symmetric counterparts do not. The χ2 map of 2 PMT coincidence hits in mDOM
0 shows the best resolution. The χ2 maps of the highest chosen PMT coincidence
hits of neighbouring modules show a similar resolution as χ2

0,9.
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6 Neutrino Energy Spectra with Inter-Module Coincidences

in Fig. 6.3. Comparing symmetric coincidence hits of the histogram shows
some differences in the ratio maps for the further distant modules. So R−2,1
shows in comparison to R2,1 signs of a transition as R4 does in Fig. 5.12.
This transition also takes place from R−1,1 to R−1,2, from R0,4 to R0,5, and
from R1,1 to R1,2.

As reference point the parameter 〈E〉 = 11.4 MeV, α = 2.4 was chosen as
in Ch. 6. The single χ2 maps (Fig. 6.4) show even less symmetry between
the same PMT coincidence hits. As example the width of the valley differs
between χ2

−7,1 and χ2
7,1 or the double structure of the valley in χ2

−3,1 is
vanished in χ2

3,1. The χ2 maps of higher PMT coincidence hits in mDOM
−1 and mDOM 1 are similar from their structure, but this breaks when it
comes to the χ2

−1,1 and χ2
1,1 maps. This asymmetry is strange, because the

counts of Fig. 6.2 seems to be totally symmetric. A reason for this structure
might be that more likely Cherenkov light from positrons generated in
interactions with higher energetic neutrinos can reach the more distant
mDOMs. The interactions for these higher energetic neutrinos is no longer
symmetric [57] and PMTs from mDOMs below (+ sign) the trigger module
mDOM 0 are more likely hit than PMTs from mDOMs above (- sign). A
justification of this hypothesis was not possible in the scope of this work.
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Figure 6.5: Upper: Cumulative χ2 distribution for a point in the combined χ2 map
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χ2 distribution with the theoretical curve of k = 39 (orange), k = 40 (green) and
k = 11 (red) degrees of freedom. The values where the cumulative χ2 distribution
exceeds 68 % (yellow), 90 % (lime), 95 % (turquoise), and 99 % (cyan) are given.
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6.3 Performance for IceCube-Upgrade Configuration

The best resolution brings the χ2 map of 2-fold coincidence hits in mDOM
0 into the analysis. One might expect this since the ratios of this case are
the highest which results into larger differences between the ratios from
different histograms. Since the resolution of the highest PMT coincidence
χ2 maps of the different mDOMs, as for example χ2

−7,1, are from a similar
goodness as χ2

0,9, the choice of the upper limits seems to be reasonable.

In total, 40 different ratios are included in this analysis. As before, the
different χ2 maps are summed up, which gives 40 degrees of freedom
to the final map which is verified in Fig. 6.5. This combined χ2 map
including inter-module coincidence hits without noise is shown in Fig. 6.6.
To check how the inter-module coincidence hits improve the sensitivity of
the method, this χ2 map is compared to the combined χ2 map including
only mDOM 0 coincidence hits. This χ2 is shown in Fig. 6.7. Since this χ2

map is also without background noise, it differs from 5.31. The sensitivity
of both single mDOM χ2 maps does not seem to vary as much as the χ2

map when including inter-module coincidences. This means that including
the information of neighbouring modules gives a higher sensitivity towards
SN neutrino energy spectra. Nevertheless, the sensitivity is way lower than
the obtained one with 10 000 modules and no inter-module coincidences.
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Figure 6.6: Combined χ2 map of the comparison between the ratios of inter-module
coincidence hits with a reference point (〈E〉 = 11.4 MeV,α = 2.4, denoted by a
white circle) without background for a detector with 500 mDOMs and a SN in 10
kpc distance via a χ2 method.
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Figure 6.7: Combined χ2 map of the comparison between the ratios of single
mDOM coincidence hits with a reference point (〈E〉 = 11.4 MeV,α = 2.4, denoted
by a white circle) without background for a detector with 500 mDOMs and a SN
in 10 kpc distance via a χ2 method.
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7 Summary & Outlook

This thesis presents studies on the sensitivity of the mDOM to the
energy spectrum of MeV SN neutrinos. Since the mDOM provides new
features as the possibility of using local coincidences which may result in
a better energy resolution than the current IceCube DOM, the potential
of the mDOM motivates to investigate its energy resolution towards MeV
neutrinos. SN neutrinos are essential for the explosion mechanism of a
core-collapse SN and transport a multitude of information from the dense
core. The LS220 EoS was used to simulate neutrinos from the SN of a
heavy (27.0 M�) progenitor star. The simulation only included electron
antineutrinos since those have the highest interaction rate in the South
Pole ice for MeV neutrinos.

The energy spectrum of SN neutrinos is described by a function with two
parameters: the mean energy 〈E〉 and the pinching parameter α. The
difficulty to investigate the SN neutrino spectrum is therefore to be sensitive
to both parameters simultaneously.

The mDOM is one of the modules that will be used for future IceCube
extensions as the IceCube-Upgrade and IceCube-Gen2. It provides 24
PMTs in one module which allows local coincidence hits in different PMTs
of the same module. These local coincidences were used to distinguish
between the SN neutrino energy spectra with different 〈E〉 and α. It was
studied whether all different coincidence hits are taken into account in
the simulated volume. To cover all 1-fold and 2-fold coincidence hits, a
larger simulated volume would have been implemented which would have
increased the simulation time. Another aspect of the simulation are the
different neutrinos that could be investigated. Electron antineutrinos covers
around 96 % of all neutrino interactions in ice due to its cross section of the
Inverse Beta Decay. Nevertheless, a full study would require the simulation
of different interactions for all types of neutrinos and antineutrinos.

The mDOM simulations of this thesis used some simplification as it left out
the harness around each mDOM and the ropes connecting the mDOMs.
The ice was treated as uniform in the simulation what it is not in reality
since for the deployment of the modules in the ice a drill hole is required.
The ice in this drill holes have different properties than ice layers. The
effects of all these simplification should be studied in the future.
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7 Summary & Outlook

As background noise three different types of background were presented:
uncorrelated noise from the PMTs, correlated noise from radioactive decays
in the mDOM glass vessel, and solar neutrinos which are slightly less
energetic than SN neutrinos. The average coincidence rate from these
background was assumed to be well known for this study, so that it only
influences the uncertainty of the signal, but not the signal itself.

For the investigation of the SN neutrino spectrum, histograms of n-fold
coincidence hits of different (〈E〉,α) combinations were compared using
the ratio of 3-fold coincidence hits divided by the sum of all coincidence
hits larger than 4 and a χ2 method with a reference point of one 〈E〉, α
combination. The χ2 map showed a degenerated valley of same χ2.

The degeneracy of that single χ2 could be prevented by a combination of
several χ2 maps for different rates. By using a marginalization to extract
the confidence range for each 〈E〉, respectively each α, a 68 % confidence
interval σ〈E〉, respectively σα could be defined. The combination from x =
2-fold coincidences up to y ≥ 9-fold coincidence hits has the smallest σ〈E〉
and σα.

Further investigations were made over the performance of this marginaliza-
tion method for different SN distances and detector configurations. A σ〈E〉
and σα could be determined within the simulated range of 〈E〉 and α to a
distance of 14.0 kpc and down to 2000 mDOMs. These studies showed that
smaller distances have a larger influence on the sensitivity than detectors
with a higher amount of mDOMs.

For a detector configuration with 500 modules, which will be constructed
in the next years as the IceCube-Upgrade, the degeneracy of the χ2 valley
could not be prevented. But including coincidences in different mDOMs
to the local coincidences, the resolution of the χ2 method was improved.
Since the degeneracy could not be prevented in this configuration, one has
to assume one parameter, e.g. α, to determine the other one. In the study
of inter-module coincidences, the background was still ignored. For future
studies, it will be necessary to investigate how radioactive decays influence
coincidences in different neighbour mDOMs. With the knowledge of the
background a new optimization of the coincidence ratios of the inter-module
coincidences can be done.

During the analysis of inter-module coincidences with neighbouring mod-
ules there appeared an unsolved riddle of asymmetric ratio maps during
the scope of this work. This riddle needs to be investigated further and the
hypothesis of influence of asymmetric interaction angles of higher energetic
neutrinos needs still to be justified. A method to avoid these asymmetric
ratios could be, not to use directly the neighbouring models, but using
besides the coincidence hits in PMTs also coincidence hits of mDOMs. A
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histogram for this approach is shown in Fig. 7.1. This method could be
further studied and compared to the method of neighbouring modules.
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Figure 7.1: Histogram of a different
approach for inter-module coincidences
using the total number of involved
mDOMs.

Since there are found coincidence
hits in mDOM −7 and mDOM 7,
it can further be studied up to
which mDOM above and below the
centered mDOM coincidence hits
can be detected. Also coincidence
hits in different strings, which are
planned in the case of the IceCube-
Upgrade to feature a vertical dis-
tance of 24 m, might be possible and
should be investigated.

In these studies only histograms of
a single (〈E〉,α) combination were
investigated. A real SN spectrum consists of a mixture of different 〈E〉
and α combinations which makes the determination of the average 〈E〉
and α more complicated. One solution might be to subdivide the total SN
burst into smaller phases, e.g. as neutronization burst, accretion phase,
and neutrino-driven wind, in which 〈E〉 and α vary less. The signal for
these phases would be smaller which would cause a lower sensitivity, but
combining the information of the different phases might increase it. This
is something that can be studied in future works.
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