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Abstract

Over the last decade, many important discoveries have been made in the field of
high-energy neutrino astronomy. The IceCube Neutrino Observatory identified two
possible point sources of neutrino emission and a diffuse neutrino flux from the
Galactic plane. However, the statistics and the field of view of IceCube are limited.
Therefore, new neutrino telescopes at different locations are currently in planning
or under construction. In order to maximize the capabilities of a single detector,
the detector geometry must be optimized for the observation target in the planning
phase. This is usually done with time- and computationally expensive Monte Carlo
simulations. With this method, only a few detector geometries can be tested.

Therefore, in this thesis, first steps were taken in implementing a faster approach,
which tries to approximate some steps, usually done in Monte Carlo simulations,

analytically.
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1 Introduction

One of the main goals of astroparticle physics is to determine the origin and sources
of ultra high energetic cosmic rays (UHECRS) to better understand the most energetic
events in the universe. Besides UHECRS, also neutrinos are assumed to be produced
at these sources. Because they only interact weakly, they do not get deflected and are
rarely absorbed. Hence, neutrinos are suitable particles for tracing back their origin [1].
However, due to their small cross section it is difficult to gain enough statistics for clear
detections.

Over the last decade, many discoveries were made in neutrino astronomy. The Ice-
Cube Neutrino Observatory found evidence for two point sources (NGC 1068 [2] and
TXS 0506+056 [3]) and also for a diffuse neutrino flux from the Galactic Plane [4]. How-
ever, none of these source-discoveries yet achieved a background-only hypothesis rejection
of 5bo. Additionally, these are only very few sources. Therefore, efforts are made to
improve the detection rate. Better results can be achieved by combining the field of view
of several existing detectors around the world, like in the PLEnuM framework [5], and by
optimizing the detector geometry for specific observation targets for future telescopes.

The goal of this thesis is to investigate the impact of different detector geometries
on the detection significance when performing a diffuse-astrophysical-flux and a point
source analysis.

To determine the detection significance, a binned Poisson likelihood test using Asimov
data [6] is used.

For the comparison of different geometries, the detector response, which consists of the
angular and energy resolution and effective area of these detectors, needs to be modeled.
This is usually done in computationally expensive Monte Carlo simulations [7]. In this
thesis, a less computationally expensive approach will be introduced, by calculating the
effective area, which is an important parameter for the computation of the significance,
based on neutrino, muon and detector properties.
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2 Neutrinos

In this section, neutrinos and their role in astronomy and astroparticle physics are
introduced.

2.1 Neutrino properties

Neutrinos (ve, vy, Vr, Ve, Uy, U,) are standard-model-particles that belong to the group of
fermions due to their spin of % There, they are part of the leptons, the particles of which
matter is composed of [1]. They only interact via the weak force, i.e. via the exchange of
a W* or Z° boson and, hence, have no electrical or color charge [8].

In the standard model they are assumed to be massless. However, due to the discovery
of neutrino oscillations, it is known that the mass eigenstates have a non-zero rest mass.
This mass is very small, the current upper limit is 0.45 eV, set by the KATRIN experiment
8].

Besides their low mass, also their cross section and therefore interaction probability is
very low compared to electromagnetically or strongly interacting particles [1].

2.2 Neutrino astronomy
2.2.1 Production

Because UHECRs, e.g. relativistic protons, are measured, the existence of astrophysical
high-energetic neutrinos was assumed and also confirmed in 2013 by the IceCube Neutrino
Observatory [9]. Cosmic rays interact in the environment of their source and produce
secondary particles, like pions, which can decay into neutrinos. The secondary particles
can also decay into high energetic photons, which is why it is expected that neutrino and
gamma ray emission correlate and that their spectra are similar.

One possible decay chain for the production of neutrinos is:
7" = 'y, and afterwards: pt — etrw, .
The production of gamma rays can happen via:
70— yy.
Therefore, cosmic rays, gamma rays and neutrinos are closely related [1].

2.2.2 Importance for astronomy

For studying the sources of these particles, the observation of neutrinos has some advantages
compared to the observation of cosmic rays and gamma rays. High energy photons can
be absorbed inside their source or on the way to Earth and cosmic rays can get deflected
due to their electric charge [1]. In contrast, as already mentioned in subsection 2.1,

neutrinos have a very small cross section and only interact weakly. Hence, absorption is
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very unlikely and they do not get deflected by interstellar magnetic fields. Consequently,
neutrinos propagate in a straight line from their source to earth and are therefore suited
for determining the location of their sources. However, their low cross section also makes
them difficult to detect. This is why large-volume detectors (see section 3) are needed
[10].

2.2.3 Flux components

The flux of high-energy neutrinos detected at Farth consists of the atmospheric neutrino
flux, the diffuse astrophysical flux and the point source astrophysical flux [1].

Atmospheric neutrino flux

Atmospheric neutrinos are produced in interactions of cosmic rays with the atmosphere
and are considered as background when trying to detect astrophysical neutrinos. There are
two types: standard and prompt neutrinos. Standard atmospheric neutrinos are produced
in decays of charged pions and kaons, whereas prompt neutrinos stem from weak decays
of mesons or baryons made of heavy quarks [1].

Diffuse astrophysical flux

The diffuse astrophysical flux is produced when cosmic rays interact with gas inside or
outside the Milky Way. In 2013, the IceCube Collaboration reported the detection of
an astrophysical diffuse neutrino flux [9] and in 2023 the "Observation of high-energy
neutrinos from the Galactic plane" [2].

Point source astrophysical flux

It is assumed that most extragalactic point sources cannot be resolved spatially and
therefore contribute to the detected isotropic, diffuse flux. This flux is distinguished
from the atmospheric background by its harder spectrum [1]. Source candidates are
active galactic nuclei (AGNs), supernova remnants (SNRs), pulsar wind nebula (PWNs),
gamma-ray bursts (GRBs) or tidal disruption events (TDEs) [2] [11]. TXS 0506+056
[3] and NGC 1068 [2], both AGNs, were identified as potential sources by the IceCube
Neutrino Telescope.
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3 Water and Ice Cherenkov Detectors

In this thesis, a less computationally expensive approach for detector design optimization
is developed. Therefore, this section gives an introduction about the general setup of

water and ice Cherenkov telescopes.

3.1 Instrumentation

Due to the low interaction probability of neutrinos, as described in section 2, detectors
with a large volume are needed for neutrino detection. Detectors of this size can only be
built in natural environments [10]. In optically transparent media, like water or glacial ice,
the Cherenkov effect (see subsection 3.2) can be exploited for the detection of neutrinos.
Current and future detectors consist of vertical cable strings deployed several kilometers
inside glacial ice or below sea level. Digital optical modules (DOMs) that detect Cherenkov
photons are attached to these strings. Already operating detectors have a volume of
around 1 km® and a number of strings of around 100. Some future detectors are planned
to have a volume of up to 30 km?® and a few thousand strings [12].

IceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m

i

i

i

i

2450 m \

2820 m

H
i DeepCore

8 strings-spacing optimized for lower energies
i 480 optical sensors

Eiffel Tower
324 m

Bedrock

Figure 3.1: The IceCube Neutrino Observatory as an example for an ice Cherenkov
neutrino telescope. Image taken from [13].

Currently operated water/ice Cherenkov neutrino telescopes are the IceCube Neutrino
Observatory [13], located near the geographical south pole, KM3NeT-ARCA and -ORCA
[14], located in the Mediterranean Sea and Baikal-GVD located in lake Baikal [15].

Since the work in this thesis often refers to properties of IceCube, this detector is
described in more detail (cf. Figure 3.1).
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The in-ice component consists of an array of 86 strings in a hexagonal grid. A total number
of 5160 DOMs is attached to this grid. The instrumented volume of 1 km? is located in a
depth between 1450 m and 2450 m. On each string there are 60 DOMs with a separation
of 17 m. The strings have a distance from each other of around 125 m. Neutrinos with an
energy in the range of TeV to PeV can be measured with this detector geometry design
[13]. DeepCore is a more densely instrumented part of the in-ice component. Therefore,

neutrinos with an energy of 10 GeV to 100 GeV can be measured there [13].

3.2 Cherenkov effect

Neutrinos cannot be observed directly, which is why indirect methods like the Cherenkov
effect are used. When neutrinos interact with the nucleons in water or ice, charged
secondary particles are produced, which travel through the medium at a speed faster than
the phase velocity of light in this medium. These secondary particles cause polarization
along their path in the medium and Cherenkov radiation is emitted as a cone of light
[16]. This radiation is detected at the photomultiplier tubes (PMTs) in the DOMs of the
detector. Depending on the particle’s velocity and the medium’s properties, the angle of
this cone varies. For particles at the speed of light, the cone has an angle of 42° in water
and of 41° in ice. Depending on the type of interaction, different event signatures can be
observed in the detector [10].

3.3 Event signatures

Since high-energy neutrino telescopes are sensitive to neutrinos of about 10 GeV (e.g.
IceCube DeepCore) and above [13], deep-inelastic-scattering processes are the dominant
interaction type. Therefore, neutrino-nucleon interactions can either happen through a
charged current (CC) or neutral current (NC) interaction, so the detector is sensitive to
every flavor [1]. In CC interactions a neutrino with a certain flavor [ interacts with a
nucleon N, a W-boson is exchanged, and the respective charged lepton and a hadronic
shower X are produced (from [1]):

@)+ N =1 (7)) + X .

In NC interactions, a neutrino with a certain flavor interacts with a nucleon, a Z-boson
is exchanged, and a neutrino with the same flavor and a hadronic shower are produced
(from [1]):

v@m)+ N - @)+ X.

A visualization of these interactions is shown in Figure 3.2.
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Figure 3.2: Interaction diagrams and event signatures of neutrino-nucleon interactions.
Images a), b) and c¢) show the CC interaction types, image d) shows the NC interaction
types. Image taken from [10].

There are two main event topologies observed in the detector: One is the shower/cascade-
like event (Figure 3.2 a), d)), which occurs due to CC interactions of electron-neutrinos
or NC interactions of neutrinos of any flavor. The other type is the track-like event
(Figure 3.2 b)) that is produced in CC interactions of muon-neutrinos [1]. CC interactions
of tau-neutrinos can have various different signatures (Figure 3.2 ¢)), because of the
different tau-lepton decay channels [7]. In this thesis, only track-like events are considered.
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4 Detector response modeling

The goal of this thesis is to investigate the impact of different detector geometries on the
detection significance that results from a point source or a diffuse-flux analysis. To be able
to compare different geometries, the detector response, which consists of the resolution
and effective area of the tested detector geometries, needs to be modeled. In this thesis,
the effective area is calculated based on neutrino-, muon- and detector properties.

In this section, the calculation of the effective area for an ideal detector through an already
existing code [17] and the implementation of a detection efficiency in this calculation is
described.

4.1 Effective area calculation

The effective area is a very important quantity of a telescope because it represents the
area of a hypothetical telescope, which would detect every neutrino passing through it.
It is energy and declination dependent. Furthermore, it usually much smaller than the
surface area of the detector because of the low interaction probability of neutrinos [10].

For an idealized detector that detects every muon produced in an interaction taking place

on the detector surface, the neutrino effective area is calculated as [17]:
Aeﬂ"(ea E7 T, h) = Ptrans(ea E) : Pint(97 E7 T, h) : Aproj (‘97 r, h) : 5(97 Ea r, h) ) (41)

where
e 0 is the zenith angle,
o FE' is the neutrino energy,
o 7 and h are the radius and height of a cylindrical detector,

o Pirans is the transmission probability, which is the probability for a neutrino reaching

the detector without interacting (see Figure 4.1),

o P, is the interaction probability, which is the probability for a neutrino interacting

in (or near) the detector volume,

o A, is the projected area of the detector, which is the area of the detector "seen'

by an incoming neutrino,

o ¢ is the detection efficiency. It is a number between 0 and 1, where 1 describes the
idealized detector that detects every muon. The implementation of a more realistic
detector is described in subsection 4.2.

For the calculation of the transmission probability, tables with precomputed values and

interpolations in between are used.
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Figure 4.1: Visualization of the transmission probability Pi..,s. The higher the energy
and the closer to cos(f) = —1, the smaller the transmission probability due to earth
absorption.

The projected area consists of the projected top and side surface, which depend on the
angle of the incoming neutrino.
The interaction probability is calculated by [17]:

Py =1—emovErL (4.2)

Here, the total neutrino-nucleon cross section, o, is needed. It is energy and interaction-
type dependent (CC, NC, v, 7) and is obtained from precomputed tables and interpolation.
Additionally, the average chord length, L, for a given direction must be considered. It
describes the average distance a neutrino can travel inside the detector volume. The larger
the chord length, the higher the interaction probability. Since only muon-neutrinos and
therefore muon tracks are considered in this thesis, the chord length must be extended by a
variable that takes into account that muon-neutrinos can also be detected when interacting
outside the detector volume. The nucleon density of water, n, is also needed in the formula.

Examples of detection efficiency matrices with e = 1 and ¢ € [0, 1] are shown in Figure 4.7.
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4.2 Detection efficiency implementation

In subsection 4.1 the effective area for an idealized fully, instrumented detector that
would detect every muon passing through is calculated. However, in reality, detectors
consist of optical modules that have a certain distance from each other, as described in
subsection 3.1. As a result, events inside a detector are not always identified as an event,
since photons produced by a muon may not reach any optical module or do not meet the
requirements for a detection. Additionally, the hardware itself has a certain efficiency. To
account for these limitations, a modeled detection efficiency is introduced in the following.

The modeling is done by simulating a number of muons, which cause a yield of photons
at the optical modules inside a modeled detector. Filter thresholds are modeled according
to IceCube’s muon effective area since it is connected to the detection efficiency. The
detection efficiency is given by the number of events that passed the filters divided by all

generated muons.

Light yield at an optical module

For the implementation of the detection efficiency, an analytical approximation for the
light emission of a muon, so called "lightsaber" muons, is used [7] [18]. There, muon tracks
are assumed to have an infinite length and uniformly emit a constant number of photons
per meter, which is obtained from the averaged light emission of stochastic muons [7].
For short distances it is also assumed that there is almost no scattering, so the photons
travel in a straight line towards the optical modules. For larger distances scattering is
considered. These are the two limiting cases in Equation 4.3.

number of detected photons vs. distance

=

o
N
s

101 ]

number of detected photons

100<

100 101 102
distance / m
Figure 4.2: Plot of Equation 4.3 for a muon-energy of 1 TeV.
The formula shows the number of photons detected at a DOM with respect to the distance
of the muon track from the DOM.

The light yield at one optical module is dependent on the energy of the muon and the

distance of the muon track from the optical module and is obtained from an empirical
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formula, which is visualized in Figure 4.2, (from [18]):

1 6—7’/>\p . 1

2msind, VA tanh (1/r/A,)

A | 2 AaAe Ae Ae
Where \/)\7/1 - SlTec T)\p 9 )‘p = \/? ) )\c - i and C = eXp (-)\a> N

and

pu(r) =LA -

o 1 is the distance of the muon track to the DOM,

o [y is the number of photons per meter,

o A is the effective photon collection area of the optical module,
o 0. is the Cherenkov angle,

e ), is the propagation length in ice,

e ), is the averaged absorption length in ice,

e ). is the averaged effective scattering length in ice.

Parametrization of a muon track

A muon track can be parametrized as a straight line in R?, since it is assumed to have an
infinite length:

-

giry=p+r-u. (4.4)

where p’ is the point on the line and # is the direction vector. p and u are produced
randomly and uniformly on a cylinder surface. This cylinder has the height and radius of
the detector geometry considered.

Parametrization of detector geometries

In the previous sections expressions for the light yield at an optical module and the muon
track are introduced. To be now able to compute the distance between the DOM and the
muon track, the positions of the DOMs must be initialized.

Three detector geometries are used: the positions of the DOMs in IceCube (Figure 4.3 a)),
a cylindrical shaped detector (Figure 4.3 b)) and a detector with the shape of a sunflower
(Figure 4.3 ¢)).
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Figure 4.3: Visualization of a muon track (orange line) with an energy of 1 TeV in
IceCube, a cylindrical detector and a "sunflower" detector. The more photons a DOM
detected the larger the dot and the brighter the color. DOMs that detected less than six
photons are depicted as a blue dot.

For the IceCube detector, a file with already existing DOM positions from the ToyCube-
simulation [19], is used. It consists of 86 strings and 60 DOMs per string, has a radius of
about 500 m and a height of 1000 m.

The cylindrical detector is parametrized similarly to the IceCube detector with i - 6
strings per concentric ring, with ¢ being the number of the concentric ring counted from
the inside to the outside, and one single string in the middle of the detector. In Fig-
ure 4.3 b) the detector has 91 strings with 60 DOMs per string and also a radius of
500 m and a height of 1000 m. These values can be varied for comparing the detection
significances of different geometries later.
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The sunflower geometry is parametrized as in [20] as:

r=svn, gb:?n, (4.5)

1+v5
2

larger n is, the further away is the string from the center. It has the length of the number

where g = is the golden ratio. n is a parameter for the string position, since the
of strings implemented. s is the spacing parameter. The detector shown in Figure 4.3 ¢)
also has 91 strings with 60 DOMs each and a radius of roughly 500 m and a height of
1000 m.

Distance calculations

With the parametrization of the muon track and the detector geometry, the distance
between the muon track and the optical module, which is needed for the calculation of
the light yield in Equation 4.3, are computed. This is done using the approximation that
the photons travel in a straight line from the source, which is the parametrized muon
track, to the optical modules:

ph X U
|
where d is the shortest distance between track and DOM, p'is the point on the line, @ is

the direction vector, @ the position of an optical module and pd = @ — .
Detection efficiency

The detection efficiency is defined as:

o number of muon-track events that passed the filter € [0,1]. (4.7)

total number of muon-track events

Therefore, filters that model the actual triggering and event reconstruction processes in
IceCube, need to be introduced.

For the calculation of £ a number of muons coming from random directions and being
distributed uniformly, is produced by parameterizing a number of muon tracks as straight
lines that pass through the detector. They are or are not counted as event, depending on
the filter-thresholds set.

First, a photon-threshold, which defines the minimum number of photons that must arrive
at an optical module, is implemented. This is then used to define a second filter, the
DOM-threshold, which is the minimum number of optical modules that detects at least
the number of photons of the photon-threshold. As a third filter, the distance-threshold is
introduced. There, the travel-distance of a muon inside the detector must be larger than
the value of this threshold. It is applied on the events that passed the previous two filters.
For the calculation of the traveled distance of the muon in the detector, the foot of the
perpendicular, F', from the optical module to the muon track is calculated. This is done

by using that the dot product of two orthogonal vectors is zero. The formula obtained is
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the formula for an orthogonal projection of a point on a straight line:
F=p+((@—p) u)u. (4.8)

All distances between these feet of the perpendiculars are calculated and the largest
distance out of those is compared with the distance threshold and used for obtaining the
detection efficiency.

The detection efficiency ¢ is dependent on the energy and direction of the muon.

Finding reasonable values for the thresholds

For obtaining realistic values for the detection efficiency, reasonable filter-thresholds must
be chosen. The muon effective area is directly related to the detection efficiency, since it
describes "how well" muons are detected and requires that the neutrino interacted with a
nucleon.

Therefore, the modeled IceCube detector is used to determine the thresholds from the
muon effective area of IceCube. The shape of the curve of the modeled detection efficiency
(Figure 4.4 a)) should be similar to the curve of the muon effective area of IceCube obtained
from [16]. For adjusting the shape of the detection efficiency curve it was multiplied
by the highest value of the muon effective area from [16] for each angular range which
corresponds to 100 percent. With this, the detection efficiency (Figure 4.4 a)) is converted
to a muon effective area (Figure 4.4 b)). Afterwards, the values of the filter thresholds
were varied, such that the shape of the modeled and scaled detection efficiencies look
similar to the muon effective areas of [16].
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Figure 4.4: Detection efficiency and muon effective area plots for the modeled IceCube
detector with 1000 generated muons, photon-threshold = 6, DOM-threshold = 30 and
distance-threshold = 550 m.

The similar looking curve shapes in Figure 4.4 b) were achieved by setting the photon-
threshold to 6, the DOM-threshold to 30 and the distance-threshold to 550 m. These
values are used in the following for the analyses with the cylinder- and sunflower-detector-

geometries.

Another way for converting the detection efficiency in a muon effective area was performed

by calculation [17]:
e- A
Ae — )
T ™ 21 (cos(b) — cos(6))

where ¢ are the detection efficiencies over the energies for the considered angular range

(4.9)
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(cos(0y) — cos(0y)) (cf. Figure 4.4 a)) and 27 - (cos(6y) — cos(6y)) is the solid angle Q. A
is the acceptance, i.e. the projected area integrated over the angular range, of a cylinder
with the same size of the detector.

However, this method yielded values for the muon effective area that are up to a factor 3
larger than the values from [16]. The reason for this discrepancy could not be determined
and can be investigated in the future.

Because the muon effective area is only used to adjust the shape of the detection efficiency
curves and is not needed in subsequent steps, this discrepancy between the two methods
has no influence on the further analysis. Therefore, the previous scaling method with the

values from [16] was used for adjusting the shapes of the curves and determining the filter

thresholds.

Even though the filter-thresholds were set empirically, as described above, they are
physically reasonable. In Figure 4.5 histograms depicting the distribution of counts for

the three correlated filters are shown.
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Figure 4.5: Filter-threshold histograms for the photon-threshold, DOM-threshold and
distance-threshold with 1000 produced muons at an energy of 10 TeV. Note that the bar at
the x-value 0 with 250 counts is an underflow bin produced by the code. When the number
of DOMs that detect more than six photons does not pass the DOM-threshold of 30, the
projected distances are set to -1 to make sure that they do not pass the distance-threshold.
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In Figure 4.5 a), the number of DOMs that detected a certain number of photons is shown.
The number of photons that is detected by a DOM is averaged over the number of muons
used for producing this plot, which is 1000 in this case. This needs to be done because one
muon leads to a detection of a number of photons at each DOM in the detector, hence for
1000 it needs to be averaged. The number of DOMs that detected more than six photons
is obtained by calculating the area under the curve on the right side of the red threshold
line. When doing this, it can be seen that only about 50 out of 5160 optical modules
detect more than six photons.

In the actual IceCube detector, it is likely that six photons are sufficient for a detec-
tion, since IceCube DOMs are in principle able to detect single photons [13]. Because
of existing dark noise, however, a single photon would not be enough since a certain
number of them must be cut. In addition, the calculation of the photon yield of a DOM
(Equation 4.3) already accounts for the loss of photons during the detection, because the
effective photon collection area, A, is implemented. Therefore, a filter criterion of one

optical module detecting at least six photons is reasonable or maybe even a bit conservative.

In Figure 4.5 b) the histogram for the DOM-threshold, with the photon-threshold being
set, is shown. Most counts are around a number of 50 DOMs that detect more than six
photons. Hence, a filter-threshold at 30 is reasonable since not too much and not too less
events are cut with the DOM-threshold.

In Figure 4.5 ¢) the correlation between the thresholds can be seen. When plotting
the distribution of counts over the largest on the muon track projected distance of optical
modules, denoted as "maximum distance", without setting any threshold, the smallest
length is already larger than 1000 m and gets as long as the whole detector. The reason
for this is that in the implemented model detecting less than one photon is possible
and therefore optical modules far away from the muon track are still considered in the
calculation of the maximal distance. When setting the photon and the DOM-threshold
the optical modules detecting a very small number of photons are cut and the on the
muon track projected distance reaches values smaller than the threshold.

The threshold of 550 m is reasonable, because also here, not too much and not too less
should be cut, and 550 m being about half of the height and diameter of the detector is a
good length. In addition, in the real IceCube detector, long tracks are better for direction

reconstruction than shorter ones.

Using the detection efficiency in the analysis

In the binned likelihood analyses and in the calculation of the effective area of the idealized
detector, the effective area is a matrix with 30 energy-bins in x-direction and 25 cos(f)-
or sin(d)-bins in y-direction. Since the detection efficiency scales the effective area, the
two matrices must be multiplied. Therefore, a detection efficiency matrix with the same
dimensions as the effective area matrix needs to be calculated. A visualization of them
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can be seen in Figure 4.6.
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(c) detector radius = 4000 m (d) detector radius = 6000 m

Figure 4.6: Visualization of the detection efficiency matrices calculated with the chosen
filter-thresholds for a cylindrical detector with 469 strings, 60 DOMs per string and
different radii.
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In Figure 4.7 an effective area matrix of an ideal detector, as described in subsection 4.1,
and an effective area matrix multiplied with the detection efficiency matrix in Figure 4.6 c)

are shown.
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(a) effective area matrix multiplied by a (b) effective area matrix multiplied by the
detection efficiency of 1. detection efficiency matrix in Figure 4.6 c).

Figure 4.7: Visualization of the effective area matrices for an ideal detector and a
detector with detection efficiency € € [0, 1], both with a radius of 4000 m. The bounds of
the color bar were set to obtain the same coloring in both plots for better comparison. At
the geographic South Pole, sin(J) = —cos(#) holds.
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5 Binned Likelihood Analysis in the PLEnuM Frame-

work

To compare different detector geometries a binned Poisson maximum likelihood analysis
with Asimov data is performed [6]. The aim is to calculate a significance for each tested
geometry at which the background hypothesis for a neutrino flux is rejected. The obtained
significances are used to determine which detector geometry is best suited for detecting a
specific flux component.

The general proceeding for performing such an analysis is the same for both the diffuse-flux
and the point source analysis. First, the expected event rates are calculated based on flux
models that have free fit parameters. Afterwards, the likelihood function is maximized to
obtain the best-fit values. Next, a hypothesis test comparing the signal and background
hypotheses is performed. Lastly, the significance with which the null hypothesis can be

rejected is calculated.

5.1 Detector resolution

For calculating the expected event rates in subsubsection 5.3.2 the resolution of the
detector needs to be known, since not the true event distribution is measured, but a
smeared one.

The detector resolution for the diffuse flux is given by the energy resolution function,
which is binned and used as smearing matrix. It describes the correlation between the
reconstructed muon energy and the true neutrino energy. For the flux of the point source
an energy resolution function and an angular resolution function are used [5]. No angular
resolution function is needed for the diffuse flux, since it is assumed to be isotropically
distributed. The resolution functions are obtained from the 10-year IceCube data release,
[21], and adjusted to the binning used here [6].

5.2 Flux models

The total neutrino flux consists of the atmospheric neutrino flux, the background, and the

astrophysical neutrino flux, the signal. The background is modeled with MCEq (Matrix

Cascade Equation), where the free model parameter is ¢3™. The signal flux is assumed
to follow a single power law:
do, ENTT
— - [ =X 5.1
g, =% <E0) ’ (5:1)

where E, is the neutrino energy, E, the energy normalization, ¢, is the flux normalization
and v the spectral index. ¢g*" and + are the free fit parameters here.

In the Asimov data set, the model parameters, é;me, for the used astrophysical diffuse
flux are: ¢9 = 1.0-1071¥ GeV~! em™2 s7! sr!, By = 100 TeV and v = 2.37. The values,

O1rue, for the point source are the ones for NGC 1068: ¢ = 5.0 - 1074 GeV~L em=2 71,
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Ey=1TeV and v = 3.2. [5]

To not need to account for the atmospheric muon background, all events with cos(#) > 0
(from IceCube’s perspective) are cut. Therefore, the point source with the properties of
NGC 1068 is set to a declination of 5° in this analysis.

5.3 Binned Poisson likelihood analysis
5.3.1 Binning

To reduce the computational cost, a binned instead of an unbinned analysis is used. In
the diffuse-flux analysis the reconstructed muon energy is divided in 30 bins from 10? GeV
to 10% GeV and the declination consists of 25 bins from sin(d) = 0 to sin(d) = 1.

In the point source analysis the same energy binning is used as in the diffuse-flux analysis.
The second binning dimension is 2, which is the squared angular difference between the

true location of the source and the reconstructed event direction. Here ¢ = 3°. [5] [22]

5.3.2 Expected event rates

The number of expected neutrinos for a diffuse flux is given by (from [22]):

doy
Nzx = ﬂive/ dQ/ dE Aeff EV76> dg

Ry, (E°, B,), (5.2)

and for a point source (from [5]):

do,
dE,

N, = Tiive / dE, Ae(Ey,8) - =2 R (EI°, B,) - Ro(Q¥, 0 E,),  (5.3)
0

where Tj;,. is the time, the detector observed the source, Rg, is the energy resolution

déy - .
i 18 the neutrino

function and Rq the angular resolution function from subsection 5.1.
flux. A.g is the effective area.

In PLEnuM the effective area is obtained from the 10-year IceCube data release, [21].
However, in this study, it is calculated as described in section 4.

The integral formulations of the expected number of events are converted into a number
of events per bin because a binned analysis is performed. The total number of events per
bin is a sum of the events of background and signal:

—

Mij( )= :u?;twast> + :u;l]tm( atm) ) (5.4)

where ji; (5) are the expected counts in each bin given the model parameters 5, which are
as in subsection 5.2 for the background ¢4 and for the signal+background ¢, @it
and 7.

The Asimov data is created by setting the free model parameters in Equation 5.4 to the

values described in subsection 5.2. Therefore, n;; = pi]-(@_;me) [5].
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5.3.3 Likelihood analysis

To obtain a detection significance in the end, a binned Poisson maximum likelihood
analysis is used to fit the flux models. For each bin the expected event rates are compared
to the Asimov data set. The likelihood function is:

—

L0,n;) =] pig(0)™ eHii®) (5.5)

]
i g

where uij(g) are the expected counts in each bin given the model parameters § and N4j
are the Asimov data. With this formula, the best fit values of the model parameters can
be obtained by maximization, or in practice, by minimizing the negative log-likelihood
function. [5]

5.4 Hypothesis testing

To evaluate with which significance the background-only hypothesis can be rejected, a
likelihood-ratio test is performed. The test statistic is defined as:

TS%:—ng<§gﬁ;>, (5.6)

atm ast

with Hy = 11;;(65"™) being the background hypothesis and Hy = p;;(¢8"™, ¢35, ) being
the signal hypothesis.

It is assumed that the sample size is large enough to apply Wilks’ theorem, because of
which the test statistic is assumed to approximately follow a x2-distribution under H.
The p-value, p, is now determined by the integral of the x?-distribution starting from the
value of the test statistic to infinity [6]. It is converted to a significance level, Z, by

7 =011-p), (5.7)

where ®~! is the cumulative distribution function of the unit Gaussian [23].
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6 Comparison of different detector geometries

In section 4 the calculation and implementation of an effective area with detection
efficiency, € € [0, 1], is introduced. Next, in section 5 the method of the likelihood analysis
in the PLEnuM framework is described. For evaluating the significance with which the
background-only hypothesis can be rejected for a certain diffuse or point source flux with
a certain detector geometry and radius, both parts are combined into one analysis.

To do this, the effective area that was taken from the 10-year IceCube data release, [21],
and was used in the PLEnuM analysis before, is replaced by the calculated effective area
from section 4.

To include the detection efficiency in the effective area calculation, the detection efficiency
matrices for the cylindrical and the "sunflower" geometry (see subsection 4.2) and the radii
500 m, 2000 m, 4000 m and 6000 m are precalculated, using 100 muons for the detection
efficiency, and read in to be included in the effective area calculation and the subsequent

likelihood analysis.

6.1 Realistic detector
6.1.1 Tested detector configurations

For the comparison of different detector geometries the following combinations were tested:

type of flux diffuse, point source

geometry cylinder, sunflower

detector radius 500 m, 2000 m, 4000 m, 6000 m
number of strings 91, 469, 1951

number of DOMs per string | 25, 60, 75

The detector height was set to 1000 m for all configurations. The choice of the cylindrical
and sunflower geometry types was made in order to match the current IceCube geometry,
and that of the planned IceCube-Gen2 [20].

The radii were chosen to match the layout of IceCube, which has approximately a
radius of 500 m and future detectors, e.g. NEON [24] or HUNT [12], which are planned to
have a volume of up to 30 km?. This corresponds to a radius of about 3000 m. Current
and future detectors have or will have a height of around 1000 m. By modeling detectors
with radii up to 6000 m, the behavior of even larger detectors is studied.

Since the detection efficiencies of the cylinder and sunflower geometries are compared, the
same number of strings must be used. Because of the way the cylindrical geometry is
implemented, only 1+ Y, ¢ - 6 strings are possible, where ¢ is the number of concentric
rings of the cylindrical geometry. To get near the value of 86 strings of the current IceCube
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detector, © = 5 was chosen, which corresponds to 91 strings. The other numbers of strings

were chosen similarly, but to come close to the values 500 and 2000.

The number of DOMs per string is tuned to model existing detectors, like IceCube
with 60 DOMs per string, or future detectors, like NEON with about 25 DOMSs per string
[24], and 75 DOMs per string to investigate the effect of more DOMs.

When either performing a diffuse-flux or point source analysis, while leaving the height and
number of DOMs per string constant, it is possible to compare different configurations:

o Compare the two geometries while leaving the string number and radius constant.
This means that the string density is constant.

o Look, how different string numbers affect the significance while leaving the radius

constant.

o Look at the effect of changing the radius and leaving string number and geometry
the same.

6.1.2 Results and discussion
Diffuse-flux analysis

Overall, the results of the diffuse-flux analysis, shown in Figure 6.1, are consistent with
the expectation that the detection significance increases with increasing number of strings,
increasing number of DOMs per string and increasing radius. For example, the green
curve in Figure 6.1 a) and the green and the blue curves in Figure 6.1 b) and c) are rising
with increasing radius. Also, the significance values of the orange and the blue curves are
increasing with more DOMs per string.

For a given radius and number of strings, the cylinder and the sunflower geometry have
the same string density. Therefore, similar detection efficiencies for the cylindrical and
the sunflower geometry for a certain string number and radius are expected and also
observed in Figure 6.1. Because the sunflower geometry is chosen as layout for the future
[ceCube-Gen2 detector, it is also expected that the sunflower geometry performs better
than the cylindrical geometry [20].

However, there are anomalies that do not match the expectations:

1. Some curves are not only rising, but also decreasing after a maximum.

(e.g. orange and blue curve in Figure 6.1 a), orange curve in Figure 6.1 b) and c)).

2. The significance does not necessarily increase with a larger number of strings. For
example in Figure 6.1 a), b) and c), the significance at a radius of 2000 m for the
green configuration is lower than that of the blue configuration. In Figure 6.1 b)
and c), this is also the case for the radius of 4000 m.
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3. The significance does not always increase with more DOMs per string.
The most prominent example for this anomaly are the values at a radius of 6000
m in Figure 6.1 a), b) and c). Here, the significance is actually decreasing. The
significance in Figure 6.1 a) was probably that high, so that it was not possible to
calculate it because of numerical issues.

4. The sunflower geometry does not always yield higher significance values than the
cylindrical geometry.
One example for this anomaly is the comparison of sunflower and cylinder geometry
in Figure 6.1 ¢) for 1951 strings and a radius of 6000 m.

The first effect can be explained by the changing string density. A larger detector radius
increases the detector volume. This causes, that the length, the muons travel in the
detector gets larger, more DOMs can collect more photons and less events get filtered by
the thresholds as described in subsection 4.2. This leads to a higher detection efficiency,
therefore a larger effective area and also a larger significance. However, if the spacing
gets too large, so that the DOMs detect less photons because the distance between the
muon track and the DOMs gets large on average, less photons are detected by the DOMs
(after Equation 4.3). Therefore, more events are filtered out and the significance decreases
again.

The rise and the following decrease of the detection significance indicates that there is an
optimal string density/spacing, which can be determined in future analyses by running
more points.

The second effect might be caused by statistical fluctuations in the detection efficiency
matrices (see subsection 4.2). There, only 100 muons were used for the calculation of one
detection efficiency bin. With this low statistic, it is possible that the resulting effective
area has a different value than it should have. This could then lead to anomalies like
these, where some significance values for geometries with a larger number of strings are

lower than the ones for geometries with less strings.

The third and fourth issue may also be caused by the low muon statistics in the calculation
of the detection efficiency.

One additional effect is that at a radius of 500 m the significance does not increase
with increasing string and DOM number and saturates at around 3.40. This means that
beyond a certain instrumentation density, increasing the density even further does not
improve the significance any more.
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Figure 6.1: Diffuse-flux analysis with a livetime of 1 yr and a spectral index v = 2.37,
using 100 muons for the calculation of the detection efficiency. The different detector
geometries and string numbers are shown together in one plot. In the three plots the
DOM number per string is changed.
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Point source analysis

For the results of the point source analysis, shown in Figure 6.2, the same trends as in
the diffuse-flux analysis are expected, i.e. the significance should increase with increasing
number of strings, number of DOMs per string and radius. Also similar values for the
significance of the sunflower and the cylindrical geometry are expected, but with the
significances of the sunflower geometry being higher. For example, the green curves in
Figure 6.2 b) and c¢) are rising with increasing radius.

In contrast to the diffuse-flux analysis the significance in the point source analysis here
is always increasing with an increasing number of strings, which meets the expectations.
For an increasing number of DOMs per string the significance increases most of the time.
Only for the cylinder geometry with 1951 strings and a radius of 500 m, it is decreasing
very slightly from 3.02¢ for 25 DOMs per string to 3.00c for 75 DOMs per string, and for
469 strings with a radius of 500 m from 2.960 to 2.930.

However, there are still anomalies:

1. There are curves where the significance is decreasing with increasing radii.
Examples are the blue and orange curves in Figure 6.2 a) and the orange curves in
Figure 6.2 b) and c).

2. In Figure 6.2 b) and c) negative significance values occur.

3. The sunflower geometry does not always yield higher significances than the cylindrical
geometry.
One example for this issue are the green curves in Figure 6.2 b).

The reason for the first issue is, like in the diffuse-flux analysis, the decreasing string
density for increasing radii at a constant number of strings. The optimal instrumen-
tation density can be determined in future analyses by calculating more significance points.

The second anomaly arises from how the significance is calculated in PLEnuM. If the
livetime of the detector in the analysis is too small, the PLEnuM analysis code produces a
negative significance. When choosing a high-enough livetime, the analysis yields positive
significance values. Here, the livetime of 1 yr was chosen, because a higher livetime
would, for this configuration, cause numerical issues and produces an infinite value for the
significance.

For the third problem the reasons might again be, like in the diffuse-flux analysis, the low
muon statistics.

Like in the diffuse-flux analysis, a saturation effect at 500 m, for 60 and 75 DOMs
per string is visible. There is only a small increase, from 2.60 to 2.90, for larger string
and DOM numbers. Also here, increasing the density beyond a certain instrumentation

density, does not improve the significance any more.
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Figure 6.2: Point source analysis with a livetime of 1 yr, a spectral index v = 3.2 and
a declination at 5°, using 100 muons for the calculation of the detection efficiency. The
different detector geometries and string numbers are shown together in one plot. In the
three plots the DOM number per string is changed.
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Geometries yielding the best significance values

Based on the results obtained in the diffuse-flux analysis, the detector that yields the
highest significance, is the cylindrical detector with 1951 strings, 60 DOMs per string and
a radius of 6000 m (cf. Figure 6.1 b)). The calculated significance lies here at 36.50.
This is not the expected result, which would have been the sunflower detector with 1951
strings, 75 DOMs per string and a radius of 6000 m.

It is also obtained, that current detectors like IceCube with a radius of roughly 500
m, a height of 1000 m and a number of strings in the order of 100, have a good string
density for detecting muon tracks that are produced on the surface of the detector, since in-
creasing the string density does not increase the significance in this analysis (Figure 6.1 b)).

The result for the best detector in the point source analysis is closer to the expecta-
tion. The detector yielding the highest significance of 25.30 was the cylindrical geometry
with 1951 strings, 75 DOMSs per string and a radius of 6000 m (cf. Figure 6.2 c¢)). The
significance of the sunflower detector is with 25.1¢ slightly smaller.

Like in the diffuse-flux analysis, the performance of current existing detectors for the
detection of point sources would not increase notably with a denser string spacing.

However, due to the anomalies mentioned, the analysis should be refined and improved in
the future, to be able to make correct and clear statements about the discovery performance
of the tested detector geometries.
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6.2 Comparison of a perfect and a realistic detector

Performing an analysis in which the detection efficiency is set to 1, yields incorrect results
for the significance with which the background-only hypothesis is rejected. In this case,
the effective area is overrated to some extent. However, in this section one example for a
comparison between a perfect detector (¢ = 1) and a more realistic detector (¢ € [0, 1]),

as implemented in section 4, is done.

perfect detector vs. realistic detector (point source)
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Figure 6.3: Comparison of the detection significance scaling of a perfect detector (¢ = 1),
as described in subsection 4.1, and a more realistic detector (¢ € [0,1]). The comparison
is done for a point source analysis with a cylindrical detector with 75 DOMs per string
and a livetime of 1 yr (Figure 6.2 ¢)).

Comparing the perfect and the more realistic detector yields that the in the point source
analysis result observed saturation effect at 500 m at 2.90, is close to the value of the
perfect detector of 3.40. This means that with enough strings, every muon, generated on
the detector surface, is detected.

The string density at the radius of 500 m is 1.16-10~% 293 for 91 strings, 5.97-10~4 2O3s
for 469 strings and 2.48-107 R8s for 1951 strings.

Additionally, the larger the radius and the more strings the detector has, the closer
its curve to the almost linearly rising curve of the ideal detector (cf. Figure 6.3 curve of
the configuration with 1951 strings).
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7 Outlook

This section gives an overview of possible further improvements and extensions to the
implemented analysis that go beyond the scope of this thesis.

As described in subsubsection 6.1.1, some anomalies, like a decrease of the detection
efficiency with more DOMs per string or more strings, occurred. The reason for these
inconsistencies should still be found. One possible solution is the increase of the number
of generated muons for the calculation of the detection significance (subsection 4.2). An
error propagation through the whole analysis could also help in identifying if statistical
fluctuations cause the anomalies. A calculation of detection efficiency matrices with 1000
muons per bin was already carried out. But the analysis was not performed yet, because

of time constraints.

The analysis, though aiming for general detector optimization, is still based on some param-
eters that are only applicable to IceCube. This includes the detector resolution matrices
from subsection 5.1, the usage of sin(§) = -cos(f), using the absorption-, scattering-length
and Cherenkov angle of ice in Equation 4.3, the effective photon collection area of IceCube-
DOMs and the modeling of the filter thresholds with the muon effective areas of IceCube in
subsection 4.2. For a general detector optimization approach this needs to be generalized,
and options for switching between water and ice models need to be implemented.

Additionally, these analyses are performed for only one specific diffuse- and one spe-
cific point source flux (see subsection 5.2). For an analysis that is able to compare between
different models, e.g. different spectral indices, the calculation of the source discovery
potential must be implemented. The discovery potential is the flux a point source needs
to have on average, so that the background-only hypothesis can be rejected with a certain

significance value, usually 5o [5].

Currently, the muons that are generated to calculate the detection efficiency are produced
uniformly on the surface of the detector. If in the future also muons outside of the detector
are generated, their energy loss from their production point to the detector needs to be

implemented.

When trying to identify a better detector geometry, more detector geometries need
to be implemented for comparison and also more radii need to be included in the calcula-
tion to be able to fit the scaling of the significance, try to estimate a general behavior and

to find the optimal string density.

Finally, in this thesis only muon neutrinos and therefore track-like events were con-
sidered. In the future, shower-like events should be included in order to perform an

all-flavor optimization of detector geometries.
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8 Summary and Conclusion

In this thesis, first steps in the development of a more computationally efficient method for
determining optimized detector geometries for water/ice Cherenkov neutrino telescopes
were taken.

First, a cylindrical and a sunflower detector geometry were introduced. Next, the effective
area was calculated from neutrino, muon and detector properties, without using Monte
Carlo simulations. Furthermore, to model non-perfect detectors, a detection efficiency
e € [0,1] was included in the effective area calculation. The detection efficiency was
implemented by simulating muons in the detector, computing the light yield at the DOMs
and applying filter thresholds that match the muon effective areas of IceCube (see subsec-
tion 4.2).

The calculated effective areas were then used in diffuse-flux and point source analy-
ses, performed using an Asimov dataset and a likelihood optimization as implemented
in the PLEnuM framework (see section 5). With this, the impact of different detector
geometries on the detection significance was investigated. For the comparison of different
detector geometries and configurations, various combinations of type of flux, geometry,

detector radius, number of strings and DOMs per string are used (see subsubsection 6.1.1).

Overall, the results of both analyses are in general consistent with the expectation
that the detection significance increases with increasing number of strings, increasing
number of DOMs per string and increasing detector radius. Additionally, the sunflower
geometry was expected to perform better than the cylindrical geometry. However, devia-
tions from these expectations were found. They may result from a low muon statistic of
only 100 muons in the calculation of the detection efficiencies.

It was observed that there is an optimal string density for a given number of strings and
DOM number per string with varying radius. Also, when keeping the radius constant and
increasing the density, there is an optimal density, beyond which the significance does not

increase any more.

Due to the observed anomalies, the current analysis cannot quite be used for detec-
tor optimization yet. Nevertheless, it is an important first step in the development of a
less computationally expensive optimization tool.
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