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Chapter 1

Introduction

Dark matter is one of the largest unsolved problems in modern physics. There are several clues
pointing towards its existence. Galactic rotation curves[1] and gravitational lensing[2] show that
galaxies contain more mass than can be inferred from light. This is exactly the reason why it is
called dark matter. Other clues come from cosmology. The cosmic microwave background[3] and
structure formation[4] point toward the existence of dark matter as well. The search for the origin
of dark matter has been a field of research since it was proposed at the beginning of the twentieth
century. Several explanations have been popular over the years. There have been several astro-
physical, particle and Modified Newtonian Dynamics theories trying to explain this phenomenon.
The method that is used to search for dark matter depends on the model that is being used as
an explanation. There are three methods to look for particle dark matter. Firstly, dark matter
may be produced in accelerator experiments[5]. Secondly, dark matter may be detected indirectly
by detecting the products of dark matter annihilation[6]. Thirdly, dark matter may be detected
directly due to interactions with standard model particles[7].

The indirect detection method is used to detect the products of dark matter annihilation. In
these processes standard model particles are produced which can then be detected and analyzed.
An example of this is the galactic center gamma ray excess[8], which may be caused by dark matter
annihilation. It is also possible to look at neutrinos for dark matter detection. The sun produces a
large neutrino flux due to nuclear fusion, however an extra component could come from dark mat-
ter annihilation. Dark matter particles can be captured by the sun due to scattering interactions,
which will lead to an overdense region at the sun’s core. In this region dark matter annihilation
may be prevalent. The neutrinos produced in dark matter annihilation will have a different energy
range than those produced in nuclear fusion. The energy range of the neutrino depends heavily on
the used dark matter model. These neutrinos could leave a distinct signature, if the neutrino flux
from dark matter annihilation is sufficiently large.

The KM3NeT detector is a new neutrino detector which is currently under construction in the
Mediterranean[9]. It consists of two parts, each with a different purpose. The first part is the
ARCA detector meant for the detection of highly energetic cosmic neutrinos. The pointing charac-
teristic of the neutrino should allow for the identification of the sources that produce these types of
neutrinos. The second part is the ORCA detector and its purpose is to determine properties of the
neutrinos themselves, like the neutrino mass hierachy. The detectors are based on other neutrino
detectors like ANTARES[6] and IceCube[10]. These detectors mainly operate using Cherenkov ra-
diation. Similar to IceCube, the ORCA detector may also be suited for the detection of neutrinos

2



produced in dark matter annihilation.

The goal of this thesis consists of two parts. Firstly, the suitability of the KM3NeT ORCA detector
for the detection of dark matter neutrinos is determined. To determine the suitability we need to
understand how dark matter gets captured in the sun’s core and how it annihilates. The capture
rate and annihilation rate are required to find the neutrino flux from dark matter. Secondly, pos-
sible modifications of the ORCA detector that may improve its sensitivity are investigated. Before
we can modify the ORCA detector, we need to know how it reacts to neutrinos from dark matter
annihilation. We will introduce some neutrino properties to understand the design of the ORCA
detector. A simulation chain is used several times for different ORCA layouts to determine its
cross-section limits. The limits of the original ORCA detector are compared to the IceCube detec-
tor and the limits for the modifications are compared against the base detector. It is important to
determine the suitability of the ORCA detector for dark matter detection. If the detector is suitable
for the indirect detection of dark matter then this possibility should be utilized, even though it is
designed for a different purpose.

Conventions and Abbreviations

In this thesis natural units ~ = c = 1 are used.

The Einstein summation convention is applied whenever two repeated indices are given:

|να〉 = Uαi |νi〉 = Uα1 |ν1〉+ Uα2 |ν2〉+ Uα3 |ν3〉

KM3NeT: Cubic Kilometer Neutrino Telescope

ORCA: Oscillation Research with Cosmics in the Abyss

ARCA: Astroparticle Research with Cosmics in the Abyss

OM: Optical Module

PMT: Photo Multiplier Tube

ANTARES: Astronomy with a Neutrino Telescope and Abyss environmental RESearch project
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Chapter 2

Dark Matter

2.1 Evidence for Dark Matter

There are several clues that point to the existence of dark matter. The rotation curves of galaxies
are one of these clues. The rotational velocity of a star in a galaxy can be roughly described in the
following way:

v =

√
GM(r)

r
(2.1)

M(r) = 4π

∫
ρ(r) r2dr (2.2)

here ρ(r) is the mass density profile and r is the distance to the center of the galaxy. This expression
for the velocity is exact for spherically symmetric mass distributions. A very similar result can be
obtained for galaxies because of their cylindrical symmetry. Since this profile has a finite size we
expect that at large distances M(r) becomes constant. This means that the rotational velocity
would behave like 1/

√
r. This is however not in accordance with astronomical observations. The

rotation curves generally become flat for large distances. The spiral galaxy NGC 3198 is a good
example of this, as shown in figure 2.1. The expected rotation curve originating from the visible
matter is indeed shaped as 1/

√
r for large distances when calculated using formulas 2.1 and 2.2.

A dark matter halo needs to be added to the visible mass density profile to fit the rotation curve
to the actual data. We would need to have that M(r) ∝ r to obtain a flat rotation curve at large
distances. This can be achieved if ρ ∝ 1/r2. For this reason most mass distributions for the dark
matter halos have this 1/r2 behaviour with some variations.

A second argument for the existence of dark matter comes from gravitational lensing. Gravitational
lensing is a phenomenon where massive astrophysical objects (e.g. black holes, galaxies and clusters
of galaxies) bend the path of light rays. This way heavy astrophysical objects focus light similar
to a lens. The lensing effect is determined by the object’s mass and mass distribution. Since this
phenomenon gives a method to measure the mass of astrophysical objects it can be used to compare
the visible mass with mass inferred from gravitational lensing. An example of an object where this
might be relevant is the Bullet Cluster, which consists of two colliding galaxy clusters. Only the
interstellar gas and dark matter are relevant for the collision. The distances between stars and
galaxies are to large to greatly influence each other. Figure 2.2 shows how the interstellar gas and
the dark matter is distributed. The interstellar gas is depicted in pink, whereas the dark matter is
shown in blue. The position of the dark matter is determined by gravitational lensing. The dark
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Figure 2.1: The rotation curve of NGC 3198 consisting of a disk and a halo. The rotation curve
of the disk is from visible matter and the halo from dark matter. The data points are rotational
velocities of stars. At large distances from the center gas is used instead of stars.[1]

matter has weak interactions since it moved through the interstellar gas to the edge of the cluster,
whereas the interstellar gas itself is located in the center. The interstellar gas remains at the center
of the collision due to friction from electromagnetic interactions. This friction heats up the gas
which makes it visible in the X-ray spectrum.

Another clue can be found in the Cosmic Microwave Background (CMB). The CMB was from when
the univerise cooled down enough after the big bang to become transparent to photons. The gas
in the universe was at that moment almost completely uniform. The small variations in this gas
have led to the small variations observed in the CMB today. Information about the CMB can be
obtained by studying its power spectrum. Figure 2.3 shows a power spectrum of the CMB obtained
by the Planck satellite. The ΛCDM is a cosmological model that contains dark energy and dark
matter. The observations of the Planck satellite show that dark matter is required to explain the
properties of the CMB[3].

Dark matter also plays a role in structure formation[4]. Structures are formed when density per-
turbations in the early universe grow due to its expansion. Structure formation would have started
when the universe became matter dominated instead of radiation dominated. This means that
gravity becomes stronger than the radiation pressure. This happened roughly at the same time
as the emission of the CMB. The large scale structures we find today are very difficult to explain
if the universe would only contain baryons. Non-baryonic dark matter could solve this problem.
Structure formation could start earlier because matter domination would occur earlier. This gives
more time for large structures to develop. Not only the total dark matter density is important, but
also the properties of the particle. Light dark matter particles will move at relativistic speeds at
the time of structure formation. This means that they will move out of the overdense regions. Only
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Figure 2.2: An image of the Bullet Cluster, where pink indicates the gas from an X-ray ob-
servation. The blue indicates the mass distribution which is inferred from gravitational lens-
ing. Source: https://arstechnica.com/science/2017/09/science-in-progress-did-the-bullet-cluster-
withstand-scrutiny/

Figure 2.3: The top panel shows the Planck temperature power spectrum in multipole expansion.
The data points with a 1σ error are in blue. The red line is a fitted ΛCDM cosmological model.
Differences with respect to the model are shown in the bottom panel.[3]
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structures on a very large scale would form. Heavier dark matter particles would not leave these
overdense regions, which would allow for the formation of galaxy sized structures. These galaxy
sized structures can later form larger structures like galaxy clusters.

2.2 Dark Matter Solutions

There are several possible solutions for dark matter. The first solution is the fact that dark matter
may not exist and that our understanding of long range gravitational effects is lacking. This theory
is called Modified Newtonian Dynamics also know as MOND. A second solution is the introduction
of a new type of particle or particles, one of which is responsible for the observed dark matter
density. These two solutions are of course not mutually exclusive, but the goal of modified gravity
theories is to solve this problem without introducing new particles. An other possibility is the
existence of currently unobserved heavy astrophysical objects. These objects would be able to
reduce the total amount of dark matter needed.

2.2.1 Modified Newtonian Dynamics

Modified Newtonian Dynamics is a theory that modifies Newtonian gravity at long distances to
explain rotation curves[11]. The Newtonian force FN is modified with a function dependent on the
regular Newtonian acceleration a:

FN = mµ

(
a

a0

)
a, (2.3)

where µ(a/a0) is a function dependent on the ratio of the acceleration compared to the characteristic
acceleration a0. MOND does not give a prediction for a0, instead it can be used as a fitting
parameter. The value of a0 depends on the chosen modification. If for the Milky Way the simple
interpolation function is used (see below), a value of a0 = (1.22±0.33)×10−10 m/s2 is obtained[11].
The function µ(x) ≈ 1 if x >> 1, i.e. if a is much larger than a0, to ensure agreement with standard
Newtonian gravity. If a is small compared to a0 then the modification becomes important because
µ(x) ≈ x for x << 1, which is required to explain the rotation curves. An example of such a
function is the simple interpolation function:

µ

(
a

a0

)
=

1

1 + a0
a

, (2.4)

which satisfies the properties given above. These modifications of gravity solve the problems pre-
sented by the galactic rotation curves. However it does not solve all dark matter related problems.
Astronomical observations of the Bullet Cluster have been performed to measure the mass dis-
tributions of the stars and the gas. According to MOND one would expect the missing mass to
be clustered around the luminous mass. When the two galaxy clusters collide the interstellar gas
interacts with each other and ends up in the center of the system. The stars pass each other due
to their large relative distance. The two dark matter halos would just pass through the interstellar
gas, if the usual assumption of frictionless dark matter is applied. The dark matter mass is therefore
expected to be displaced from the luminous mass. This is precisely what astronomical observations
find, as shown in figure 2.2.
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2.2.2 MACHOs

Astrophysics proposes the existance of Massive Astrophysical Compact Halo Objects (MACHOs).
A MACHO is a compact astrophysical object that does not emit electromagnetic radiation. This
makes them very difficult to observe and a possible solution for dark matter. Examples of MACHOs
are black holes, neutron stars and brown dwarfs. Completely cooled down white dwarfs could also
be MACHOs, however the universe is not old enough for this to be a likely possibility. These
objects would be moving around through the halo of galaxies and would only be observable through
microlensing. Microlensing is a type of gravitational lensing used to detect very faint or dark objects.
If a MACHO would align with another visible astrophysical object in the background, the image
of this object would be distorted. The mass and size of the MACHO can be determined from the
extent by which the background image is distorted. However MACHOs can only explain about 20%
of the dark matter mass[12]. An other issue with MACHOs as the explanation for dark matter is
the fact that there does not seem to be enough baryonic matter available to explain the missing
mass[13]. MACHOs can reduce the amount of dark matter needed to solve the problem, however a
complementary solution is required.

2.2.3 Particle Dark Matter

If dark matter takes the form of particles it must have certain properties. Firstly it must be weakly
interacting, otherwise it would already have been detected. This means that it cannot have a colour
or electrical charge. Also the particle would not be called dark if it was visible in the electromag-
netic spectrum. This leaves the weak and the gravitational force. The dark matter particle needs
to be massive to solve the missing mass problems, which means it needs to interact with gravity.
Dark matter does not necessarily need to interact with the weak force. A dark matter particle needs
to have one final property to solve the problems. It needs to be stable or sufficiently long-lived,
otherwise it would not be around today. The abundance of dark matter particles remaining after
the big bang is called the dark matter relic density. Different cosmological models and observations
can be used to constrain the relic density. As mentioned before, structure formation and the CMB
are sensitive to the dark matter relic density.

At a first glance neutrinos look like a promising dark matter candidate, because neutrinos have
all the properties mentioned above. Oscillation experiments show that neutrinos have too small
of a mass to satisfy the constraints on the dark matter relic density[14]. Therefore an alternate
type of neutrino was introduced as a possible dark matter candidate: the so-called sterile neutrino.
These particles are very similar to the standard model neutrinos but without the standard model
interactions. The see-saw mechanism (Section 3.1) can be used to give the sterile neutrino a large
mass and at the same time explain the small mass for the standard model neutrinos.

For other dark matter candidates we need to look at beyond the standard model theories. Dark
matter candidates are often introduced as Weakly Interacting Massive Particles(WIMPs), which
have both weak and gravitational interactions. In this respect, one of the interesting theories is
called supersymmetry. Supersymmetry introduces a new particle for every standard model particle,
as displayed in figure 2.4. Every standard model boson gets a fermionic partner and vice versa.
Supersymmetry also allows for a symmetry called R-parity conservation. Standard model particles
have a R-parity of 1, whereas supersymmetric particles have a R-parity of -1. R-parity conservation
implies that supersymmetric particles cannot merely decay into standard model particles. As a
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Figure 2.4: The standard model particles on the left and their supersymmetric partners on the
right.

direct consequence, the lightest supersymmetric particle (LSP) is stable. This LSP can be a good
dark matter candidate, if it has only weak interactions with the standard model. It can also be
heavy since the mass symmetry between supersymmetric particles and standard model particles is
broken. If the mass symmetry was not broken, supersymmetric particles would have already been
found.

2.3 Methods of Dark Matter Detection

There are several methods of dark matter detection as shown in figure 2.5. The first method is
direct detection where a dark matter particle interacts with a standard model particle. The recoil
of the standard model particle can be used to determine the interaction strength with the dark
matter particle. This method is called direct detection because it measures the interaction between
the standard model particle and the dark matter particle directly. There are several different exper-
iments that use this method for the detection of dark matter. Two of these experiments XENON
and LUX use a large volume of xenon as the interaction medium. Xenon is used because of its
chemically inert nature and large number of nucleons in the nucleus.

The second method is called indirect detection. Two dark matter particles annihilate to create
standard model particles, which are then detected. How these are detected depends on the type of
standard model particle produced. The properties of the standard model particles are used to re-
construct the original dark matter annihilation event. There are several different indirect detection
experiments. One of these is the IceCube detector on Antarctica which consists of a large number of
photo-multiplier tubes that have been lowered into the ice. Neutrinos from dark matter annihilation
produce muons, which emit Cherenkov radiation when passing through the ice. An advantage of
indirect detection through neutrinos is that neutrinos are pointing. This means that the direction
of the neutrino is directly from the source. By contrast charged particles are deflected by the cosmic
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Figure 2.5: A schematic depicting the methods of dark matter detection. From left to right a dark
matter and standard model particle undergo a scattering interaction. From top to bottom two
dark matter particles annihilate and form standard particles. From bottom to top two dark matter
particles are created from the interaction between two standard model particles.[7]

magnetic field and are therefore not pointing, whereas gamma rays can interact with interstellar
gas. Nevertheless, the Fermi Large Area Telescope is such a detector that observes gamma rays.
The gamma rays observed by FermiLAT could also be produced in dark matter annihilation, similar
to the neutrinos observed by IceCube.

Finally it is also possible to try to produce dark matter particles from standard model parti-
cles through collisions. There are several different methods to detect the produced dark matter
particles. The Large Hadron Collider is currently looking for dark matter candidates by producing
them through proton-proton collisions. The remnants of each collision event is measured by one of
the detectors at the LHC, for example ATLAS or CMS. These events are analyzed to determine if
non standard model particles have been produced. The dark matter particles cannot be detected by
these detectors. However it is possible to determine the amount of missing energy and momentum
of each event. The missing energy and momentum could be due to the production of a dark mat-
ter particle or a neutrino. This makes it important to know how much energy and momentum is
missing when a neutrino is produced, so that they can be distinguished from dark matter particles.

2.4 Dark Matter Capture

Our solar system is moving through the dark matter halo of our galaxy. It is possible for the dark
matter particles to be captured by the sun through scattering with a nucleus. The number of dark
matter particles in the sun depends on three processes:

• Capture

• Annihilation
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• Evaporation

A dark matter particle is captured when it loses enough momentum during an interaction with
a nucleus in the sun, lowering its velocity below the escape velocity of the sun. This leads to an
increased interaction chance since the particle is now orbiting inside of the sun. Due to these in-
teractions the dark matter particles generally move towards the core of the sun. This results in a
dark matter overdensity at the sun’s core, with roughly 1% of the solar radius. The capture rate
is dependent on the solar composition, the interaction cross-sections with the nuclei and the dark
matter mass.

The increased density of dark matter particles at the sun’s core increases the annihilation proba-
bility of dark matter. Dark matter can annihilate when two dark matter particles interact. The
annihilation itself is strongly model dependent since the model determines the possible annihilation
processes. It is also dependent on the number of available dark matter particles.

Evaporation occurs when a captured dark matter particle increases its velocity to be larger than
the escape velocity of the sun through one or more interactions. The probability of this occurring
is small since the dark matter particles are a lot heavier (100s GeV) than the nuclei (mostly 1 and
4 GeV) in the sun. The evaporation rate depends on the composition of the sun and the number
of available dark matter particles. If the sun would have a lot of heavier elements the evaporation
rate would be higher.
The number of dark matter particles can then be described by means of a differential equation:

dN

dt
= Γc − 2Γa − Γe (2.5)

with N the total number of dark matter particles, Γc the capture rate, Γa the annihilation rate, and
Γe the evaporation rate. The annihilation rate comes with a factor of 2 in the differential equation
since it eliminates two particles. As mentioned before, the evaporation rate is small compared
to annihilation and capture rates, which means it can be ignored. The following remains of the
differential equation:

dN

dt
= Γc − 2Γa (2.6)

The annihilation rate can be written as a function of the number of captured dark matter particles.
Each annihilation requires two dark matter particles, which results in the dark matter number
density squared n2(~x, t). The probability that two particles interact is given by the averaged velocity
weighted cross-section 〈σv〉. This is integrated over the volume occupied by the dark matter density
to get the total annihilation rate. A factor 1

2 needs to be added to prevent double counting:

Γa =
1

2

∫
d3x n2(~x, t)〈σv〉 =

1

2
CaN(t)2 (2.7)

with the total number density N =
∫
d3x n(~x, t) and Ca the annihilation efficiency. A quick

dimensional analysis shows that the derived annihilation rate has the correct units of s−1. When the
dark matter particles are captured they reach a thermal equilibrium through multiple interactions
with nuclei in the sun. The dark matter number density takes the from of a spherically symmetric
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Boltzmann distribution at equilibrium temperature T�:

n(r, t) = n0(t)exp

(
−MDM φ(r)

T�

)
(2.8)

where n0 is the central dark matter number density and MDMφ =
∫ r
0
dr′GMDMM(r′)/r′2 is the

gravitational potential experienced by a dark matter particle of mass MDM in the sun at a distance
r from the centre of the sun with M(r) the solar mass enclosed in a sphere with radius r. These
integrals can be easily evaluated if we make the approximation that the solar density ρ� is constant
and equal to the central density. We get the following equations if we use this approximation:

n(r, t) = n0(t)exp

(
− r2

r2DM

)
, with rDM =

(
3T�

2πGρ�MDM

)1/2

≈ 0.01R�

√
100GeV

MDM
. (2.9)

The approximation above appears to be valid since the characteristic length of the dark matter
number density is 1% of the solar radius. This solution for the number density can be used to
determine Ca from equation 2.7:

Ca = 〈σv〉
(
GMDMρ�

3T�

)3/2

(2.10)

The capture rate is not a function of the number of captured dark matter particles and only depends
on the properties of the sun. This means that we can write Γc = Cc. Now both the capture and
annihilation rate can be used to rewrite the differential equation 2.6 given before:

dN

dt
= Cc − CaN2 (2.11)

This equation has a simple solution:

N(t) =

√
Cc
Ca

tanh
(√

CcCa t
)
. (2.12)

The moment when capture and annihilation are in equilibrium is called the equilibrium time and
can be defined as:

τEQ =
1√
CcCa

=
1

NCa
(2.13)

The number of dark matter particles is constant when the current time is much larger than the
equilibrium time, t0 � τEQ, because then tanh(t0/τEQ) ≈ 1. This approximation is sensible for
the sun since t0 ≈ 4.5 Gyr and τEQ is smaller than t0 when τEQ is evaluated using the parameters
for the sun in equation 2.10. This means that the number of dark matter particles is equal to
N =

√
Cc/Ca when the dark matter particles reach the equilibrium state. If we then apply the

equilibrium condition to equation 2.7 we get the following result:

Γa =
1

2
CaN(t)2 =

1

2
Ca

Cc
Ca

=
1

2
Cc. (2.14)

This means that the annihilation rate is only dependent on the capture rate. For the sun there are
two different capture rates. For this thesis a computational tool called DarkSUSY [15], [16] has been
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used to evaluate the capture rate. In DarkSUSY a distinction is made between the spin-dependent
and the spin-independent capture, which are based on a calculation by Gould [17]. In the sun the
spin-dependent capture rate is dominated by hydrogen and is given by:

CSD�

(1.3 · 1023 s−1)(270 km s−1/v̄)
=

(
ρχ

0.3 GeV cm−3

)(
100 GeV

mχ

)(
σSDpχ

10−40 cm−2

)
(2.15)

where v̄ is the average dark matter velocity, ρχ the dark matter density at the position of the sun,
mχ the dark matter mass, and σSDpχ the proton-dark matter interaction cross-section. The spin-
independent capture rate does depend on the solar composition, which leads to a more complicated
expression:

CSI�

(4.8 · 1022 s−1)(270 km s−1/v̄)
=

(
ρχ

0.3 GeV cm−3

)(
100 GeV

mχ

)
×

∑
A

(
σSIA

10−40 cm−2

)
FA(mχ)fAφAS(mχ/mA)/mA (2.16)

Here a summation over mass number A is required because the different elements can play an
important role. Fa(mχ) is the fractional energy loss of an interaction with a nucleus with mass
number A and mass mA, whereas S(mχ/mA) is the kinematic suppression factor, which depends
on the mass difference of the nucleus and dark matter particle. The kinematic suppression equals
1 if the dark matter particle and nucleus have the same mass. Furthermore S(x) behaves like x−1

for x→∞.

The spin-dependent and independent cross-sections are probed by two different types of experiment.
Direct detection is more sensitive to the spin-independent cross-section. The spin-independent
cross-section grows quadratically with the number of nucleons in the nucleus[18]. This is also the
reason that the XENON experiment uses xenon as its interaction medium. Different stable xenon
isotopes consist of around 130 nucleons, which increases the spin-independent cross-section. One
thing to note is that formula 2.16 is the dark matter capture rate in the sun. For direct detection
experiments the expression would change because the dark matter flux would move through the
detector instead of the sun and the dark matter particles would not be captured. However the
interaction rate would still look very similar. The sum over the elements would be unnecessary
since the detector would most likely be filled with one element. The rate of 4.8 · 1022 s−1 would
be different since the detector would be a lot smaller than the sun. Indirect detection is more
sensitive to the spin-dependent cross-section. Indirect detection relies on the annihilation of dark
matter to produce standard model particles to be detected. First, however, the dark matter needs
to annihilate, which happens in regions where the dark matter density is increased. The dark
matter density is mostly increased due to spin-dependent interactions, which allow for the capture
of the dark matter particles in astrophysical objects like the sun. The sun is mainly composed of
hydrogen and helium, which are light nuclei. The spin-independent capture rate for these nuclei
would be kinematically suppressed due to the large mass difference with the dark matter particle.
The capture would therefore be dominated by the spin-dependent cross-section. Since the solar
annihilation rate is only dependent on the capture rate, as shown in formula 2.14, this type of
indirect detection experiments probe the spin-dependent capture cross-section. This means that
direct and indirect detection experiments like XENON and IceCube are complementary in helping
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us understand the non-gravitational interactions of dark matter.

The dark matter captured in the sun can annihilate in several different ways as shown in figure
2.6. The standard model particles produced in these annihilations decay into different end products
which may be observable on earth. We would see an increased amount of neutrinos originating from
the sun when compared to the amount we would expect from regular solar processes. The neutrinos
from WIMP dark matter annihilation would typically be produced in the GeV range, whereas the
neutrinos from solar fusion processes would have an energy range in the MeVs. This should make
them clearly distinguishable. The four most dominant channels for dark matter annihilation are:
W+W−, tt̄, bb̄ and τ+τ−

Figure 2.6: Schematic of different dark matter annihilation channels.[8]
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Chapter 3

Neutrino Physics

The goal of the KM3NeT ORCA detector[9] is to gather information about the neutrino mass
hierarchy, but before this can be done we need to understand how we know that neutrinos have
mass in the first place. We can infer the fact that neutrinos have mass from the existence of neutrino
oscillations[19]. Oscillations allow neutrinos to change their flavor when they are travelling. The
particles known as the electron-, muon-, and tau-neutrino are the interaction eigenstates. In a
charged-current weak interaction an electron-neutrino would produce an electron. However, the
interaction eigenstates are not the same as the mass eigenstates. Similar to the CKM quark mixing
matrix a mixing matrix exists for neutrinos and is called the PMNS matrix[20]:

|να〉 = Uαi |νi〉 (3.1)

|νi〉 = U∗αi |να〉 (3.2)

U =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

× diag(1, ei
α21
2 , ei

α31
2 ) (3.3)

Here U is the PMNS mixing matrix, να are the interaction eigenstates with α = e, µ, τ and νi are
the mass eigenstates with i = 1, 2, 3. The standard PMNS matrix consists of a phase δ and three
mixing angles θ12, θ13, θ23, with cij=cosθij and sij=sinθij . Two phases, α21 and α31, need to be
added if neutrinos are Majorana particles instead of Dirac particles. Since the PMNS mixing matrix
is not diagonal the interaction states are not the same as the mass eigenstates. To look at neutrino
oscillation we have to look at the time evolution of the neutrino mass eigenstates. These can be
mixed to obtain the interaction eigenstates using the PMNS matrix. For simplicity and illustrative
purposes the oscillation between two neutrino states in vacuum will be discussed. Instead of the
PMNS matrix the neutrinos mix simply like this:

|νe〉 = cosθ |ν1〉+ sinθ |ν2〉 (3.4)

|νµ〉 = −sinθ |ν1〉+ cosθ |ν2〉 (3.5)

with some mixing angle θ. Similar to above, ν1 and ν2 are the mass eigenstates. They evolve in
time according to the standard quantum mechanical hamiltonian for a given momentum ~pi:

|νi, t〉 = e−iHt |νi, 0〉 = e−it
√
~p2i+m

2
i |νi, 0〉 (3.6)
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The mixing from 3.4 and 3.5 is added to get the interaction eigenstate with a fixed momentum ~p
and p = |~p|:

|νe, t〉 = e−it
√
p2+m2

1cosθ |ν1〉+ e−it
√
p2+m2

2sinθ |ν2〉 (3.7)

To find the oscillation probability between two interaction eigenstates after a time T we need the
overlap between |νe, 0〉 and |νe, T 〉:

P (νe → νe) = | 〈νe|νe, T 〉 |2 = |e−iT
√
p2+m2

1(cosθ)2 + e−iT
√
p2+m2

2(sinθ)2|2 (3.8)

= 1−
[
sin

(
T

2

(√
p2 +m2

1 −
√
p2 +m2

2

))]2
sin2(2θ). (3.9)

This statement can be simplified using the approximation that the neutrino mass is much smaller
than its energy, mi � p ≈ E. Using this we get

√
p2 +m2

1 −
√
p2 +m2

2 ≈ (m2
1 − m2

2)/2E ≡
∆m2/2E. We can also replace the time traveled T with the distance traveled L since we use c = 1
and that neutrinos move almost at the speed of light. Combining this together gives the following
for the probability that an electron neutrino is still an electron neutrino after traveling a distance
L:

P (νe → νe) = 1− sin2

(
∆m2L

4E

)
sin2(2θ) (3.10)

From conservation of probability we immediately get the probability for changing from an electron
neutrino into a muon neutrino:

P (νe → νµ) = sin2

(
∆m2L

4E

)
sin2(2θ) (3.11)

This can also be generalized for 3 neutrino families. From experiment we know that these prob-
abilities are not zero which means that ∆m2 6= 0. These probabilities are for the propagation of
neutrinos through vacuum. It is important to note that the oscillation probabilities do not depend
on the absolute neutrino mass, only on the squared mass differences ∆m2

ij = m2
i −m2

j .

The neutrino masses need to be determined now that we know that the masses are not zero.
It is possible to determine ∆m2 from oscillation experiments. For three neutrino families there are
two different values for the mass differences. It appears to be the case that one is much larger than
the other. This leads to two possible hierarchies. The normal hierarchy with two light neutrinos
and a heavy one or the inverted hierarchy with a light neutrino and two heavy ones, as seen in
figure 3.1. The name of the normal hierarchy is derived from the fact that the mass hierarchy is
similar to that of the charged leptons. The inverted hierarchy is of course named after the opposite
ordering. The first difference is ∆m2

21 also known as ∆m2
sol, because this difference is measured

in solar neutrino experiments (Section 3.2.1). Solar neutrino experiments have also revealed that
∆m2

21 is positive. The second difference is either ∆m2
31 or ∆m2

32. The sign of this difference is not
known, since m3 can be either lighter or heavier than m1 and m2, depending on the mass hierarchy.
Both of the mass differences ∆m2

31 and ∆m2
32 can be called ∆m2

atm, because it is measured in at-
mospheric neutrino experiments (Section 3.2.2). However, in general the mass difference is given in
this form [20],[21]: ∆m2 = m2

3− (m2
2 +m2

1)/2. This can be written as ∆m2 = ∆m2
31−∆m2

21/2 > 0
for the normal hierarchy or ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for the inverted hierarchy. Finding which
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mass hierarchy is the correct one contributes to the understanding of beyond the standard model
theories. It is specifically important for models that try to explain the mass differences of quarks
and charged leptons. The neutrino mass hierarchy is also important for the determination of the
phase δ from the PMNS matrix, since this phase is related to CP violation.

Figure 3.1: The two possible neutrino mass hierarchies, on the left the Normal hierarchy while the
Inverted one is on the right. The colours represent the flavour composition of the mass eigenstates.
The mass differences are denoted as atmospheric and solar because of the experiments that are
used to measure them[22].

Oscillation experiments are not sensitive to the absolute mass of the neutrino. The absolute neutrino
masses have to come from somewhere else. A good place to look is cosmology which is sensitive to
the matter content of the universe and thus also to the neutrino mass. A good observable to use
here is the sum of the neutrino masses,

∑
mν = m1 + m2 + m3. This sum can be written as a

function of the lightest neutrino, either ν1 or ν3. When this sum is written in this form it depends
differently on the mass differences ∆m2

ij depending on the hierarchy:∑
mNH
ν = mlight +

√
m2
light + ∆m2

21 +
√
m2
light + |∆m2

31| (3.12)∑
mIH
ν = mlight +

√
m2
light + |∆m31|2 +

√
m2
light + |∆m2

31|+ ∆m2
21 (3.13)

These two functions are plotted in figure 3.2. This way it is possible to determine which mass
hierarchy is correct if the lightest neutrino mass and the total neutrino mass are known.
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Figure 3.2: The sum of the neutrino masses as a function of the lightest neutrino mass. The two
hierarchies are distinguishable when the lightest neutrino has a small mass. The dotted lines are
the upper limits of several cosmological models and data sets[23].

3.1 See-saw mechanism

A possible explanation for the low neutrino masses is called the see-saw mechanism. The standard
model allows for the addition of neutrino mass terms with the addition of a right-handed neutrino.
Similar to the other leptons a Dirac mass term (Md) can be written down, because the neutrino
now also has a right-handed field. However it is also possible to write down a Majorana mass term
(Mm):

ν̄RMdνL + ν̄LMdνR +
1

2
ν̄RMmν

c
R +

1

2
ν̄cRMmνR (3.14)

where νL and νR are the left- and right-handed fields respectively. For the purpose of demonstrating
the see-saw mechanism only a right-handed Majorana term is added. For the Majorana mass term
the charge conjugated right-handed field νcR (ν̄cR) plays the role of the left-handed field. The Dirac
and Majorana mass terms give the following mass mixing matrix:(

0 Md

Md Mm

)
(3.15)

The eigenvalues of this mass matrix are 1
2

(
Mm ±

√
M2
m + 4M2

d

)
. The Dirac mass term can be

generated by the standard model Higgs mechanism in the same way as for the other leptons. This
puts the Dirac mass in the ballpark of the standard model mass scale. The Majorana mass is
not influenced by the Higgs mechanism which means that it can have any value. If we make the
approximation that Mm � Md, because we know that the standard model neutrino mass is very
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small, the mass eigenvalues simplify to two different values, Mm and −M2
d

Mm
. The sign of the mass

term is not important because the field can be redefined in such a way that the mass is positive.
If the mass of one is increased the other mass is decreased and vice versa, hence the name see-saw
mechanism. This mechanism produces a very light and a very heavy neutrino. For example, a
Dirac mass of Md ≈ 1 GeV and Majorana mass of Mm ≈ 1011 GeV give a mass of 10−2 eV to the
light neutrino. The light neutrino is the one we currently have in the standard model, whereas the
heavy neutrino could be a dark matter candidate in the form of a sterile neutrino, as mentioned in
section 2.2.3.

3.2 Neutrino Experiments

There are several different experiments to determine the properties of the neutrinos. Among these
are several different beta-decay and oscillation experiments. The neutrino was first introduced to
explain the continuous energy spectrum of the electron in beta decay. An example of such a reaction
is the decay of tritium into helium-3.

3
1H→3

2 H + e− + νe + 18.6 KeV (3.16)

The tritium atom decays into the helium-3 atom, an electron, and an anti-electron neutrino. If
the neutrino did not exist, the electron would have a fixed energy. Experiments into beta decays
indicated that this was not the case, which led to the introduction of the neutrino. These reactions
can be studied further to construct limits on the maximum neutrino mass. If we know the maxi-
mum possible electron energy for this reaction than everything else will be the mass of the neutrino.

There is another type of beta decay which is studied to obtain information about the neutrino.
This type of decay is called the neutrino-less double beta decay. Neutrino-less double beta decay is
possible if the neutrino is a Majorana particle. The Majorana mass term can be seen as a two-point
vertex with two in-going or out-going fermion lines. The third image in figure 3.3 shows this vertex
as a dot on the neutrino lines. In this decay the neutrinos have no external lines and only two
electrons are emitted, hence the name neutrino-less double beta decay. Two things can be learned

Figure 3.3: From left to right: A schematic of regular beta-decay, double beta-decay and neutrinoless
double beta-decay.[19]

from this type of decay. First it again produces constraints on the mass of the neutrino. And
secondly it tells us more about the nature of the neutrino itself, in this case to what extent the
neutrino is a Majorana fermion.
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3.2.1 Solar neutrino experiments

Solar neutrinos are the neutrinos produced in nuclear reactions in the sun. There were several
different experiments designed for the purpose of detecting solar neutrinos. Most of them involve
a charged current interaction where a W-boson is exchanged with a nucleus which turns a neutron
into a proton, n+νe → p+e−. Solar neutrinos have relatively low energies, which means that these
experiments are only sensitive to the electron neutrino component of the time evolved neutrino state.
There is not enough available energy to produce a muon or a tau. The trick is to find the converted
nucleus in your detector or detect the produced electron. Two examples of such experiments are
the Homestake experiment and the Sudbury Neutrino Observatory[24]. The Homestake experiment
uses chlorine-37, which would be converted to argon-37 upon interaction with a neutrino. The argon
can be extracted from the detector and counted. The Sudbury Neutrino Observatory uses heavy
water. The neutron in the deuterium is converted into a proton. The proton has a low energy
and thus cannot be detected. Most of the neutrino energy is transferred onto the electron which
makes it detectable. The electrons are emitted in all directions, but they have a slightly increased
probability to be emitted in the direction the neutrino came from. These experiments all showed
a significant deficit compared to the expected neutrino flux. This was strong evidence for the fact
that the neutrinos had oscillated to different species between the sun and the earth. However, the
deficit was not only caused by oscillation between the sun and the earth. The neutrino oscillation
probabilities are different in vacuum than in matter. The electron neutrinos produced in fusion
processes can interact with electrons when they travel through the sun. This effect is called the
Mikheyev–Smirnov–Wolfenstein effect, also known as the matter effect, and reduces the number of
electron neutrinos that arrive at the earth. These types of experiments are sensitive to ∆m2

21 because
the electron neutrino interaction eigenstate νe mainly consists of the mass eigenstates ν1 and ν2, as
shown in figure 3.1. The eigenstate that has the largest electron fraction is influenced the most by
the matter effect. The effect shows that this eigenstate is the lightest of the two mass states, which
we will call ν1[23]. This squared mass difference is also called ∆m2

sol because it is obtained from
solar neutrino experiments. The current value for the mass difference is ∆m2

sol = 7.37× 10−5 eV2,
from solar neutrino experiments for either mass hierachy[21].

3.2.2 Atmospheric neutrino experiments

Atmospheric neutrinos are formed when a highly energetic particle interacts with the atmosphere.
This interaction creates a particle shower that contains pions and some kaons, which can decay into
neutrinos. The direction of the neutrino in the detector is used to determine oscillation properties.
The path length of the atmospheric neutrino determines the oscillation probability. The neutrino
types are compared against the zenith angle as shown in figure 3.4. This can be used to determine∣∣∆m2

∣∣, since the path lengths are known. It is however important to take into account how the
oscillation probabilities change when the neutrino propagates through matter since these are not
the same as for vacuum.
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Figure 3.4: Cosmic rays produce neutrinos at different points in the atmosphere. These neutrinos
travel different distances to the detector.[22]

An example of such a detector is the (Super)Kamiokande detector in Japan. It is a cylindrical
volume filled with water and PMTs where cherenkov radiation is used to detect the lepton produced
by the neutrinos. In 2015 this experiment received a Nobel Prize for its contributions to neutrino
physics. The various experiments have given the following values for the mass difference, either∣∣∆m2

atm

∣∣ ≈ 2.50 × 10−3 eV2 for the normal mass hierarchy or
∣∣∆m2

atm

∣∣ ≈ 2.46 × 10−3 eV2 for the
inverted mass hierarchy[21].
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Chapter 4

KM3NeT detector and simulation
software

Two new neutrino detectors are currently being built in the Mediterranean, the KM3NeT ARCA
and ORCA detectors. ARCA stands for Astroparticle Research with Cosmics in the Abyss and
ORCA stands for Oscillation Research with Cosmics in the Abyss. Their names indicate their
purpose. The ARCA detector is made for the detection and observation of highly energetic cosmic
neutrinos. The detection of these particles can be used to discover sources of these highly energetic
neutrinos, since they are pointing. The properties of these neutrinos can also be used to learn
something about the properties of the sources and how these particles are produced. The ORCA
detector is being built for oscillation research, which can be used to learn about the properties of
neutrinos themselves. An important feature in this context is the neutrino mass hierarchy. The
detector itself is comprised of the detection instruments in combination with the detection medium.
The detector volume is the smallest volume that contains all of the detection instruments. Both
detectors are mainly based on the ANTARES detector, which uses the same principles. Another
similar detector is the IceCube detector in Antarctica. The main difference is that the IceCube
detector is built in ice instead of water. The neutrinos are detected when they produce a charged
lepton in or near the detector. Charged particles moving through a medium with a speed higher
than the speed of light in the medium produce Cherenkov radiation. The Cherenkov light of these
particles produced in the surrounding medium is detected, as shown in figure 4.1. The different
neutrino types produce different leptons, which leave different signatures in the water. Electrons
produce an electromagnetic shower in the detector volume due to interactions with the medium.
The shower is typically several meters in size. The size of the shower makes the electron hard to
detect if the spacing of the modules is too large. Muons produce a track instead of a shower in the
medium. Given the considered range for the neutrino energy, the produced muons move almost at
the speed of light, which means that they produce Cherenkov radiation in water. For muons with a
high enough energy the tracks can be several hundred meters long. This makes it possible to detect
muons even if they are produced outside the detector volume. Even though muons are unstable,
their mean lifetime combined with their high velocity means that they live long enough to travel
a considerable distance. Tau leptons behave differently from muons and electrons because they
decay almost immediately on production. Similar to the electron, before the tau particle decays it
will produce an electromagnetic shower due to interactions with the medium. The tau particle will
produce either an electron or a muon upon its decay. With a sufficiently good time resolution it is
possible to separate the tau shower and the potential electron shower, if an electron is produced in
the decay. This can be used to distinguish the tau leptons. The ability to detect electrons and tau
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leptons depends both on the spacing and the timing resolution of the detector. Muons are the most
distinguishable particles due to the length of their tracks through the detector. However not all of
the detected muons are produced by neutrinos. Muons produced in showers from cosmic rays could
be present in the detector. The water over the detector acts as a shield against the atmospheric
muons. A more effective way to reduce the background would be to only observe at night and only
consider muons travelling upwards through the detector. This way atmospheric muons would need
to travel through the entire earth before reaching the detector. Neutrinos produced in dark matter
annihilation in the sun would not be hampered while propagating through the earth.

Figure 4.1: Illustration of the principles of Cherenkov detection. In this example a muon is produced
by a neutrino interacting with the ocean floor. The muon moves through the detector and produces
a Cherenkov light cone. The light from the cone is detected by the optical modules. [25]

4.1 Layout and setup

The KM3NeT detector consists of three building blocks of 115 strings. Each string contains 18
optical modules (OMs), which contain 31 photo multiplier tubes (PMTs). Two of these building
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blocks form the ARCA detector and the third one is the ORCA detector. This modular design
allows for different layouts between the building blocks. The ARCA detector has a larger distance
between strings than ORCA to detect neutrinos with a higher energy. The ARCA detector has an
average horizontal spacing of about 95 m, whereas the ORCA decector has an average horizontal
spacing of 20 m. The vertical spacing between OMs for the ARCA detector is 36 m and for the
ORCA detector 9 m. Figures 4.3 and 4.2 show the two detector layouts and their positions in
the Mediterranean. The optical modules of KM3NeT have several advantages over modules with a
smaller number of large PMTs. For example ANTARES[6] uses 3 larger PMTs per optical module,
whereas ORCA and ARCA use 31 smaller PMTs. The spherical shape of the optical modules give
the 31 PMTs a large combined detection area and an almost uniform angular coverage. The angular
coverage gives accurate directional information about the incoming photons, which improves the
track reconstruction. A reflectory ring around each of the PMTs increases the efficiency by 20%-
40%. The PMTs are situated in a 3D printed support and are encased in a glass sphere. The glass
sphere is filled with an optical gel to reduce refraction through the glass sphere. Figure 4.4 shows
a detection string and an OM.

Figure 4.2: On the left the location of the ORCA detector and on the right the layout.[9]
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Figure 4.3: On the left the location of the ARCA detector and on the right the layout.[9]
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Figure 4.4: On the left a schematic of a detection string and on the right a photo of an optical
module.[9]

4.2 Simulation software

The simulation software for the KM3NeT detector consists of several parts:

• Event generation

• GEANT4 detector simulation

• Trigger efficiency

• Track reconstruction

For this thesis only muon events have been used for the reasons mentioned earlier. The simulation
chain for each simulated event consists of four separate parts: the Monte Carlo generated tracks, the
Monte Carlo generated hits recorded by the OMs, the actual hits on the OMs and the reconstructed
tracks. The event generator generates tracks with the energy of the particle distributed according
to a power law spectrum E−Xν , with X the spectral index, because we expect less events at higher
energies. The event weights are also assigned according to this power law. The default settings for
the ORCA detector are an energy range of 3-100GeV with a spectral index of 3. To allow for the
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higher possible neutrino energy from dark matter annihilation the energy range was expanded to
be 1-300GeV. The spectral index was decreased to 2 to relatively increase the number of simulated
events at higher energies. The weights need to be scaled with the actual flux Φ(E) to get the event
rate in number of events per year:

event rate =
1

Ntot

∑
i

wiΦ(Ei) (4.1)

with i the sum over events, Ei the event neutrino energy, Ntot the total number of generated
events, wi the event weight in GeV m2 s yr−1 and F (Ei) the neutrino flux in GeV−1 m−2 s−1.
The generated event tracks are the input for the GEANT4 detector simulation. The goal of this
step is to determine the Monte Carlo hits on the OMs in the detector. These Monte Carlo hits are
then processed by the trigger efficiency step to determine the actual hits recorded by the detector.
Finally the hits that have passed the trigger are used to reconstruct the muon track. An event
display of a muon track is shown in figure 4.5. The timing of the hits on the optical modules
and the positions of the activated modules are used to determine the direction of the track. The
total length of the track is a representation of the energy carried by the muon. This means that
the maximum energy detectable is the longest possible track through the detector. If the track is
longer only the minimum energy of the track can be established.

Figure 4.5: An event display of a muon track. The muon track is represented by the green line.
The red line is the incoming neutrino. The optical modules are shown as dots, where the color and
size determine their status. The colour shows the timing of the hits on the modules and the size
shows the total time over the trigger threshold. Grey dots represent modules that do not have any
hits.[9]
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4.3 Modifications

As mentioned in the introduction (Chapter 1), the goal of this thesis is to determine the sensitivy
of ORCA to dark matter neutrinos and to see if it is possible to increase this sensitivity. To achieve
this several different detector modifications have been tried. Firstly a core has been added to the
ORCA detector. The reason for this modification is for the comparison with IceCube, which also
has a core. It is important to note that IceCube has a horizontal spacing of 125 m and a vertical
one of 17 m [26], which is significantly larger than the spacing of ORCA. Although the addition of
a core to the IceCube detector has improved the detection efficiency, it may not be the case for the
ORCA detector. The lines are spaced closely enough that adding a more dense region in the center
of the detector may not improve the measurements. The positions of the new strings are shown in
figure 4.6 and the positions of the optical modules on the strings are shown in 4.7.

Figure 4.6: Top view of the addition of a core to the ORCA detector. The blue dots are the regular
string positions and the red dots are the additions.

The second modification tried is the addition of a ring on the outside, as shown in figure 4.8. This
may improve the energy resolution of the detector. If a muon track passes through the detector but
does not make it out of the ring on the other side we know that the muon had an energy higher
than the original maximum of the detector but not high enough to pass the outside ring. This
puts the muon energy in a range. The ring also increases the maximum detectable energy, because
the detector can detect longer muon tracks. However, the added ring could be too close to the
detector to make a difference. Adding a ring further out would require more strings to ensure that
their spacing would not be too large. Another issue is that the added ring is in the xy-plane of the
detector, but only up going events (in the z direction) are considered. This means that many of
our events may never pass the ring.

The next modification is the addition of three identical extra building blocks to the ORCA detector
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Figure 4.7: Side view of the addition of a core to the ORCA detector. The blue dots are the optical
modules on the regular strings and the red dots the additions.

Figure 4.8: Top view of the addition of a ring around the outside of the ORCA detector. The red
dots are the added strings. The new strings are the same as the regular ones.

to see how the sensitivity would improve with a larger detector. The layout can be seen in figure
4.9. The same has been tried with the addition of eight building blocks, as shown in figure 4.10.

Two other modifications have been tried but were not successful in the sense that not enough events
passed the trigger efficiency step in the simulation chain. The first modification was to increase
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Figure 4.9: Top view of the ORCA detector four times in a square pattern.

Figure 4.10: Top view of the ORCA detector nine times in a square pattern.

the distances between the optical modules of the ORCA detector. Even an increase of twice the
distance, i.e. eight times the detection volume, led to insufficient events. The detector layout of
ARCA has also been tried, but suffered the same problem since the horizontal and vertical spacing
are significantly larger than of ORCA.
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Chapter 5

Results

5.1 Neutrino Flux

The neutrino flux from dark matter annihilation is calculated using DarkSUSY-6.0.1[15],[16]. Seven
seperate dark matter models with a neutralino as dark matter candidate have been used as input.
The models have neutralino masses of: 46, 85, 175, 213, 304, 342 and 999 GeV. Figures 5.1 and
5.2 show the neutrino flux of the dark matter models with neutralino masses of 85 and 175 GeV
respectively.
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Figure 5.1: The top panel shows the neutrino flux of a dark matter model with neutralino mass of
85 GeV. The bottom panel shows the number of events/yr for the Monte Carlo generated events in
blue and the signal events in red.
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Figure 5.2: In the top panel the neutrino flux of a dark matter model with neutralino mass of 175
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.

Dark matter can annihilate through several channels, as mentioned at the end of section 2.4. The
neutralino in the first model with a mass of 85 GeV annihilates through the WW-channel. As
expected, the distribution has a peak around half of the W mass. The W boson decays into a
neutrino and its respective lepton and the energy of the decay is distributed between these two
particles. The second model with a neutralino mass of 175 GeV annihilates through the tt̄-channel.
The top quark can then decay into a W boson and a bottom quark. Again the W boson decays in
to a lepton and neutrino. In the second model it takes more steps before the neutrino is produced.
This leads to a wider distribution of energies. In general dark matter models with higher neutralino
mass are expected to produce neutrinos with higher energies. The bottom panels of figures 5.1 and
5.2 show a large discrepancy between the energy distribution of the generated events and the signal
events. To determine the quality of the energy classification of each event, histograms have been
filled with the difference between the energies of signal and generated events. Figures 5.3 and 5.4
show two of these histograms for different dark matter models.
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Figure 5.3: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 46 GeV. In this distribution 89.7% of the events lie
between -10 and 10 GeV.
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Figure 5.4: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 85 GeV. In this distribution 27.1% of the events lie
between -10 and 10 GeV.
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As expected, the quality of the energy classification is diminished for events with higher energies
because the muon tracks become longer. The energy of the event cannot be determined accurately
for muon tracks that are longer than the detector. It is unfortunate however that this already
occurs with dark matter models with relatively low energies, however for the purpose of this the-
sis the angular classification is more important. Similar figures for the energy distributions and
classification of the other dark matter models can be found in appendix A.1.

5.2 Angular distribution

A second important feature of the events is their direction. We assume that all signal neutrinos
originate from the sun because the sun is the only celestial body that is big enough to capture dark
matter particles but is also close enough to the earth that we would receive a significant flux. The
overdense region in the sun has a characteristic size of about 1% of the solar radius, as shown in
section 2.4. So we will not only assume that the signal neutrinos come from the sun be also from
one point. We also make the assumption that the background neutrinos come from all directions
equally. A dark matter neutrino moves along a trajectory towards the detector and produces a
muon that may be detected. The direction of the muon track has an angle θ with respect to the
original neutrino trajectory. This is the angle θ in figure 5.5.

Figure 5.5: A schematic of a neutrino moving towards the detector. The neutrino produces a muon
that leaves a track in the detector at an angle θ. The same angle is the angular radius of a cone
looking towards the sun.

To reduce the number of background events compared to the signal events a search cone is con-
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structed. The number of background events in a cone with angle α is equal to:

n(α) = Nbg
Ω(α)

Ω(π)
with Ω(α) =

∫ 2π

0

dφ

∫ α

0

sinα′dα′ (5.1)

n(α) =
1

2
Nbg(1− cosα) (5.2)

The number of background events is reduced for smaller angles, whereas this might not the case
for the signal events. The number of signal events in the search cone depends on the angular
distribution and reconstruction of the muon track, since the neutrinos originate from one point.
The distribution determines the number of signal events in the search cone, while the quality of the
reconstruction determines the sensitivity to the distribution. A search cone with angle α contains
all events that have an angle θ ≤ α. To determine the quality of the track reconstruction the angle
between the generated muon track and the muon track has been determined. The histograms are
shown in figures 5.6 and 5.7, for dark matter models with neutralino masses of 46 GeV and 85
GeV respectively. The second dark matter model has a better track reconstruction than the first.
This is due to the fact that the second model has higher energetic events that lead to longer muon
tracks in the detector. Longer tracks are easier to reconstruct. The angular resolution improves for
models with an increasing dark matter mass, while the energy resolution decreases. As mentioned
before, in this thesis the angular resolution is the more important one of the two. If the track
reconstruction is accurate then there is an optimal angle for the search cone where the detector is
most sensitive to the signal. If this is not the case then the number of events in the search cone
can not reliably be established.
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Figure 5.6: The angle between the real and reconstructed muon track for a dark matter model with
a neutralino mass of 46 GeV. Here 51.1% of the events have an angle equal or smaller than 0.1
radians.
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Figure 5.7: The angle between the real and reconstructed muon track for a dark matter model with
a neutralino mass of 85 GeV. Here 76.3% of the events have an angle equal or smaller than 0.1
radians.

The angular distributions of the dark matter models are displayed in figure 5.8. The number
of events in a search cone of a particular angle can be determined from the cumulative angular
distribution.
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Figure 5.8: The top panel shows the angular distribution of each dark matter model. The bottom
panel shows the cumulative distribution, where each bin shows the number of events within a cone
with that particular angular radius.
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The dark matter models with higher masses have more events at smaller angles. This is to be
expected since these events would also have higher energies and the muons would thus be produced
at a sharper angle. The dark matter models with masses of 304 GeV, 342 GeV, and 999 GeV
all have a very similar cumulative distribution. Increasing the dark matter mass further does not
yield higher energetic events with sharper angles, because these dark matter models all have a very
similar energy distributions. The second peak in the top panel appears due to the fact that the
x-axis has a logarithmic scale. The number of events actually does not increase at an angle of
roughly 90 degrees. The logarithmic bin size increases faster than the number of events decreases
in the linear bin. This leads to an increased number of events in the logarithmic bin. Now we
can compare the angular distribution of the signal event rate to that of the background events, as
shown in figure 5.9. The event rate for the signal and background in a search cone can be used to
calculate a simple significance of the form:

significance =
Fsig · T√
Fbg · T

=
Fsig√
Fbg

√
T (5.3)

With Fsig the event rate in the number of signal events per year, Fbg the background event rate in
the number of background events per year and T the live time (data-taking time) of the detector in
years. The significance increases with the square root of the live time T . The significance is also a
function of the search cone radius, because its radius determines the signal and background event
rate inside of the cone.
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Figure 5.9: The dark matter model with a neutralino mass of 85 GeV is used as representative
example. The left panel shows the signal and background event rate inside a search cone with a
particular angle. The signal events are in blue and the background events are in red. The right
panel shows the significance.

The significance has a maximum at roughly 100.55 ≈ 3.54 degrees. So for this particular dark matter
model it would be most optimal to look at events inside of a search cone with this angle.
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5.3 Limits for KM3NeT

The limits on the dark matter capture cross sections can be obtained by finding the muon flux in
the detector and a conversion factor[27]:

σSD = κSD(mχ)Φµ(mχ) (5.4)

σSI = κSI(mχ)Φµ(mχ) (5.5)

where σ is either the spin-dependent or -independent cross-section, κ their respective conversion
factor and Φµ the muon flux in the detector. The conversion factors are obtained using DarkSUSY
and are shown in figures 5.10 and 5.11.
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Figure 5.10: The conversion factor for the spin-dependent cross-section for four different annihilation
channels.

39



101 102 103 104

mχ

10-46

10-45

10-44

10-43

10-42
σ
S
I
(c
m

2
)/

Φ
µ
(k
m
−

2
yr
−

1
)

WW
ttbar
bbbar
tautau

Figure 5.11: The conversion factor for the spin-independent cross-section for four different annihi-
lation channels

What is measured by the detector is the event rate Fsig. The flux Φµ in per year per area can
be obtained by dividing the event rate by the effective area, Φmu = Fsig/Aeff . To find Φµ we
need to find the effective area Aeff of the detector perpendicular to the muon flux. The detector is
contained in a cylindrical shaped volume located on the ocean floor with circular foot print A. Since
we only consider upgoing muons we take this as our starting point. The first step in calculating
the effective area Aeff is to calculate the area of the detector A perpendicular to the orbital plane,
which we will call A′. Figure 5.12 shows a schematic of the situation. The perpendicular area is
A′ = A cosβ, where β is the angle with respect to the orbital plane. This angle consists of the
latitude φ and the axial tilt ε of the earth. The angle β can take any value between φ−ε ≤ β ≤ φ+ε,
depending on the time of year. The area perpendicular to the orbital plane A′ is then equal to A
times the average of cosβ between φ− ε and φ+ ε:

A′ = A
1

2ε

∫ φ+ε

φ−ε
cosβdβ (5.6)

The detector is located at a latitude of φ = 42.8 degrees and the earth has an axial tilt of ε = 23.44
degrees.
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Figure 5.12: A side view of the detector with foot print A positioned on the earth with a latitude
φ. The earth has an axial tilt ε with respect to the orbital plane. The arrow indicates the path of
neutrinos produced in the sun.

The area A′ rotates with the day-night cycle of the earth over an angle α representing the time of
day, as shown in figure 5.13. Since we only measure during the night we need to consider the angle
between − 1

2 < α < 1
2π. During any point in this time the frontal area of the detector towards the

sun is A′ cosα. The area of the detector is the average of the frontal area exposed to the sun. The
average of cosα between − 1

2π and 1
2π is 2

π . The effective area becomes:

Aeff = A′
2

π
= A

1

2ε

∫ φ+ε

φ−ε
cosβdβ

2

π
=
R2

ε

∫ φ+ε

φ−ε
cosβdβ (5.7)

with R the smallest radius of the cylinder that contains all of the detection instruments. The
effective area is Aeff = 22750.43 m2, for the angles given above and a detector radius of R = 126.27
m. This is a conservative estimate of the detector area, because the detector is not a 2D circle. In
figure 5.12, events can pass through the detector without passing through area A. This part of the
area is not considered because the event would pass a limited number of OMs and it is unclear how
accurately this event would be detected, if it is detected at all. A second consequence of the detector
being a 3D object is the fact that in figure 5.13, the sides of the detector are not taken into account.
The area of the detector is not zero for angles of α = ± 1

2π. However, in the current simulation a
number of the events passing through the side of the detector are eliminated because only events
that go up in the detector are considered. Up is defined as a positive value for the z-direction,
which is perpendicular to the ocean floor. For a more accurate area calculation the orientation of
the detector with respect to the sun would need to be simulated. Another issue that needs to be
considered is that the earth is used to shield the detector from muons being produced in showers
produced by cosmic rays. For angles of α = ± 1

2π the earth can not be used as a shield. Properly
implementing the omitting areas and adding a simulation for the position of the sun with respect
to the detector would increase the effective area and improve the limits on the cross-sections.
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Figure 5.13: A top down view of the detector on the earth with an area A′ perpendicular to the
orbital plane. The angle α represents the time of day of the rotation of the earth. The arrow
indicates the path of neutrinos produced in the sun.

The smallest detectable event rate Fsig needs to be determined to obtain the limits on the cross-
section. Formula 5.3 can be rewritten to obtain the smallest detectable event rate for a certain
significance:

Fsig = Significance ·
√
Fbg
T

(5.8)

In this thesis we will use a significance of 2σ. Figure 5.14 shows the signal event rate for a significance
of 2σ. It is important to note that two different dark matter models have the same smallest event
rate when their maximum of the significance ends up the same bin. The position of the maximum
determines the background event rate in the cone and as a consequence also the smallest detectable
flux inside the cone. This means that the smallest detectable signal event rate is determined by
the angular distribution of the dark matter model. Models with events at smaller angles have a
maximum significance at a lower angle. The background event rate is smaller for the smaller angle,
which gives as smaller smallest detectable signal event rate.
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Figure 5.14: The left panel shows the number of events inside a search cone. The signal events are
in blue and the background events are in red. The number of signal events is scaled to obtain a
maximum significance of 2.

The cross-section limits can be calculated now that we have the different components:

σSD = κSD(mχ)
Fsig(mχ)

Aeff
(5.9)

σSI = κSI(mχ)
Fsig(mχ)

Aeff
(5.10)

Both the signal event rate and the conversion factor are a function of the dark matter mass.
However, only seven dark matter models have been used. The smallest and largest signal event
rates Fsig of the dark matter models are determined and used to construct the best and most
conservative limits. The real limits are expected to lie in this band. The limits for the spin-
dependent and spin-independent cross-sections for a live time of 3 years are shown in figures 5.15
and 5.16. We would expect that the true limit moves closer to the best estimate for heavier
neutralino masses and closer to the conservative estimate for the lighter masses. To confirm this,
for each annihilation channel the limits for each dark matter model have been calculated and placed
between the best and conservative limits, shown in figures 5.17 and 5.18.
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Figure 5.15: The solid lines show the conservative limits for the spin-dependent cross-section, while
the dashed lines give the best limits for a live time of 3 years
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Figure 5.16: The solid lines show the conservative limits for the spin-independent cross-section,
while the dashed lines give the best limits for a live time of 3 years
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Figure 5.17: The four panels show the limits for the different annihilation channels. The solid lines show the conservative limits
for the spin-dependent cross-section, while the dashed lines give the best limit for a live time of 3 years. The connected dotted
lines are the limits when all dark matter models are considered.
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Figure 5.18: The four panels show the limits for the different annihilation channels. The solid lines show the conservative limits
for the spin-independent cross-section, while the dashed lines give the best limit for a live time of 3 years. The connected dotted
line are the limits when all dark matter models are considered.
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To see the quality of the limits for the ORCA detector a comparison with IceCube is shown in figures
5.19 and 5.20. The IceCube limits are generally better except at lower masses. The conservative
limit for ORCA has been constructed with the dark matter model of 46 GeV, the limit might not be
accurate for lower masses. The quality of the angular reconstruction was poor for the dark matter
model with the lowest mass, as was shown in figure 5.6 in Section 5.2. The number of signal events
in the search cone has a large uncertainty for this dark matter model.
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Figure 5.19: The solid lines show the conservative limits for the ORCA detector, while the dashed
lines give the best limit for a live time of 3 years. The connected dotted lines represent the IceCube
limits after a live time of 3 years.[10]
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Figure 5.20: The solid lines show the conservative limits for the ORCA detector, while the dashed
lines give the best limit for a live time of 3 years. The connected dotted lines represent the IceCube
limits after a live time of 3 years.[10]

It is important to note that, even though the limits of ORCA and IceCube for the spin-independent
cross-sections are comparable, neither of them are competitive with direct detection experiments
as mentioned in 2.4. The direct detection experiments use nuclei with a large number of nucleons,
which increases the spin-independent cross-section. ORCA and IceCube use water as their medium,
which has a relatively small number of nucleons. Figure 5.21 shows the limits of IceCube and several
direct detection experiments. The limits of the direct detection experiments are orders of magnitude
better.
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Figure 5.21: The limits of IceCube compared with those of several different direct detection exper-
iments for the spin-independent cross-section.[10]
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5.4 Limits for the ORCA Modifications

The limits for the modifications of the ORCA detector with the addition of a core or ring are
shown in figure 5.22. The limits of the ring are improved because of the slightly bigger area of
the detector. The detector with the ring has limits that are 3.7% better for the heavier masses.
The peaks appear because the maximum of the significance moved some bins for one detector and
not for the other. This changes the smallest detectable flux significantly and leads to jumps in the
comparison between the detectors. The detector with the core has also slightly improved limits for
higher masses but not for lower masses. The improvement is 2.2% for the heavier masses.
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Figure 5.22: The ratio of the limits for the detectors with a ring and a core compared to the base
ORCA detector.

The limits for the modifications where the detector has been duplicated several times are shown
in figure 5.23. The detector consisting of 4 times the ORCA detector also has 4 times its area.
Similarly for the detector consisting of 9 ORCA detectors. We would expect that the limits would
improve by 4 and 9 times respectively. However this is not what we find. The limits improve by
roughly 3 and 7 times. This is because the smallest detectable event rate was higher for both of
the detectors. It is not clear why this is the case. The gaps between the detector could perhaps
explain the difference. A track moving from one detector into a second detector could temporarily
disappear, because of the lack of optical modules in between. Such a track may not be reconstructed
properly. As mentioned before, the large jumps are due to the movement of the maximum of the
significance.
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Figure 5.23: The limits for 4 and 9 times the ORCA detector compared to the base detector.
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Chapter 6

Conclusion and Outlook

The sensitivity of the ORCA detector to dark matter neutrinos has been determined and found to
be comparable to the IceCube detector for both the spin-dependent and spin-independent cross-
section. The sensitivity to the spin-independent cross-section is not relevant since ORCA and
IceCube are not competitive with direct detection experiments. The core and ring modifications
did improve the cross-section limits slightly. However, this is not a significant increase. The modi-
fied versions of the detector were too similar to the original. Where the core for IceCube did improve
the sensitivity this was not the case for the ORCA detector. The ORCA detector has a horizontal
spacing of 20m and vertical spacing of 9m, whereas the IceCube detector has a horizontal spacing
of 125 m and a vertical spacing of 17 m. A volume with an even tighter spacing is unnecessary
for ORCA. The ring modification improved the cross-section limits better than the addition of a
core due to the increased area of the detector. We did not notice an improvement on the energy
resolution. There are two reasons for this. Firstly, we only consider upgoing events in the detector.
Only events with a positive z-direction are considered, which is parallel to the shell formed by the
ring. It is unlikely that these events pass the ring more than once, if they pass the ring at all.
Secondly, placing the ring too close to the detector only increases the area slightly, which does not
significantly improve the energy resolution. The angular resolution is more important to detect
dark matter. If the muon tracks are precisely reconstructed than the optimal search cone can be
constructed, which allows us to reduce the background significantly. The poor energy resolution
does bring a problem. We will be unable to determine the neutralino mass, if dark matter annihi-
lation in the sun is discovered. The detector is not sensitive to the energy distribution of the muon
flux. The detectors that consist 4 and 9 times of the ORCA detector improved the cross-section
limits as expected due to the increased area. However, the cross-section limits did not improve by
factors of 4 and 9. Instead the limits were improved by factors of roughly 3 and 7. This is due
to the fact that the smallest detectable flux was larger for the bigger detectors. It is unclear as to
why this is the case, but this may be explained by the gaps between the detectors. We would ex-
pect that increasing the area by a factor X would improve the cross-section limits by the same factor.

Two steps need to be taken to further improve our understanding of the sensitivity of the ORCA
detector to dark matter annihilation. Firstly, the area calculation needs to be improved. In this
thesis the detector has a fixed position and the assumption is made that every signal neutrino comes
from the sun. The area is then calculated separately by averaging over the movement of the earth
compared to the sun. To improve this the orientation of the detector with respect to the sun would
need to be simulated to calculate how the area of the detector changes for different orientations.
The second improvement would be to calculate the limits for more dark matter models instead of
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giving a best and most conservative estimate. When enough dark matter models are included the
true limit can be determined. Another improvement can be made by looking actively at the anni-
hilation channels of the dark matter models. In this thesis all dark matter models have been used
to determine the limits for the four annihilation channels. For example, dark matter models that
annihilate through the WW-channel also have been used to determine the limits on the tt̄-channel.

If in the future the decision is made to upgrade the ORCA detector it is important to consider
the possibilities with regards to the detection of dark matter. With an upgrade it could be possible
to make the ORCA detector competitive with other indirect detection experiments.
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Appendix A

A.1 Energy Distribution

The neutrino fluxes for the dark matter models with the other neutralino masses are shown in
figures A.1, A.2, A.3, A.4 and A.5. Table A.1 shows their respective annihilation channels.

Dark Matter Model Annihilation Channel
46 95% bb̄
213 72% tt̄ and 15% bb̄
304 90% WW
342 73% ll̄ and 24% tt̄
999 Various, none larger then 25%

Table A.1

The neutrino fluxes all have a very similar shape because the neutralino masses are heavier than
the masses of the standard model particles they annihilate into. The dark matter models discussed
in Section 5.1 both have neutralino masses that are only slightly heavier than the standard model
particles, which results in the fact that the neutrinos can only have very specific energies. For these
models that is not the case and a broader energy range is possible. The model with a neutrino mass
of 999 GeV has a similar energy distribution as the models with masses of 304 GeV and 342 GeV,
because the outgoing standard model particles have to undergo several decays before neutrinos are
produced. This means that the energy is spread out over several particles.

The quality of the energy classification for the models are shown in figures A.6, A.7, A.8, A.9
and A.10. The figures show that energy classification is poor for the dark matter models with
heavier neutralino masses.
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Figure A.1: In the top panel the neutrino flux of a dark matter model with neutralino mass of 46
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.
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Figure A.2: In the top panel the neutrino flux of a dark matter model with neutralino mass of 213
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.
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Figure A.3: In the top panel the neutrino flux of a dark matter model with neutralino mass of 304
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.
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Figure A.4: In the top panel the neutrino flux of a dark matter model with neutralino mass of 342
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.
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Figure A.5: In the top panel the neutrino flux of a dark matter model with neutralino mass of 999
GeV. In the bottom panel the number of events/yr for the Monte Carlo generated events in blue
and the signal events in red.
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Figure A.6: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 175 GeV. In this distribution 21.7% of the events lie
between -10 and 10 GeV.
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Figure A.7: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 213 GeV. In this distribution 18.3% of the events lie
between -10 and 10 GeV.
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Figure A.8: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 304 GeV. In this distribution 7.0% of the events lie
between -10 and 10 GeV.
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Figure A.9: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 342 GeV. In this distribution 7.3% of the events lie
between -10 and 10 GeV.
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Figure A.10: The distribution of events for the difference of the signal and generated events for a
dark matter model with a neutralino mass of 999 GeV. In this distribution 10.6% of the events lie
between -10 and 10 GeV.
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A.2 Angular Distributions

The figures A.11, A.12, A.13, A.14 and A.15 show the quality of the angular reconstruction. The
quality of the angular distribution improves for models with heavier neutralino masses.
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Figure A.11: The angle between the real and reconstructed muon track for a dark matter model
with a neutralino mass of 175 GeV. Here 78.3% of the events have an angle equal or smaller than
0.1 radians.
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Figure A.12: The angle between the real and reconstructed muon track for a dark matter model
with a neutralino mass of 213 GeV. Here 80.8% of the events have an angle equal or smaller than
0.1 radians.
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Figure A.13: The angle between the real and reconstructed muon track for a dark matter model
with a neutralino mass of 304 GeV. Here 86.8% of the events have an angle equal or smaller than
0.1 radians.
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Figure A.14: The angle between the real and reconstructed muon track for a dark matter model
with a neutralino mass of 342 GeV. Here 86.4% of the events have an angle equal or smaller than
0.1 radians.
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Figure A.15: The angle between the real and reconstructed muon track for a dark matter model
with a neutralino mass of 999 GeV. Here 85.4% of the events have an angle equal or smaller than
0.1 radians.
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