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Abstract

Research on dark matter has been ongoing for almost a century. Findings show that
dark matter makes up 27% of the universe’s density and thus it is a crucial component
of understanding how the universe came about. This thesis describes the key pieces of
evidence for the existence of dark matter and its properties. An emphasis is put on
the effects of dark matter on processes in the early universe. Methods of dark matter
detection are introduced with a focus on indirect detection experiments. Furthermore, an
analysis of positron data measured by the AMS detector from 2011 to 2017 in terms of
dark matter is presented.

il



Contents

1 Introduction

2 Theoretical Background

2.1 Early observations . . . . . .. ... Lo
2.2 Structure formation . . . . . . . ..
2.3 WIMPs as DM candidates . . . . . . . . . . . . ... ...
2.4 Searches for DM . . . . . . . . e
2.4.1 Direct Detection of DM . . . . . . . . . . ...
2.4.2 Collider Experiments . . . . . . . . . .. ... L.

3 Indirect Detection of DM
3.1 Gamma Ray Experiments

3.1.1 Targets . . . . . o
3.1.2 Methods . . . . . ..
3.2 Cosmic Ray Experiments . . . . . . . . . .. ...
3.2.1 Method . . . . . .
3.3 Neutrino Experiments . . . . . . . . ... Lo
3.3.1 Method . . . .. ..
3.4 iDMEu Table . . . . . . . .
4 Project
4.1 Theoretical predictions . . . . . . . . ... ..
4.1.1 Positron fluxes at production . . . . .. ... ..o

4.1.2 Positron fluxes after
4.2 AMS data interpretation in
4.2.1 Finding the best fit
4.2.2 Discussion of results

5 Conclusion

References

propagation . . . . . ... ...
termsof DM . . . . ... ... ...

v

13
13
13
15
16
18
19

22

25



List of Abbreviations

SM = Standard Model

DM = Dark Matter

iDMEu = Initiative for Dark Matter in Europe and beyond: Towards facilitating com-
munication and result sharing in the Dark Matter community

CMBR = Cosmic Microwave Background Radiation

CDM = Cold Dark Matter

HDM = Hot Dark Matter

WIMP = Weakly Interacting Massive Particle

LHC = Large Hadron Collider

[ACT = Imaging Atmospheric Cherenkov Telescope

AMS-02 = Alpha Magnetic Spectrometer-02

PAMELA = Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics



Chapter 1

Introduction

The Standard Model (SM) of particle physics is a well understood model that extensively
describes the nature of ordinary matter. However, the particles that comprise the SM
only account for 20 % of the universe’s total matter [1]. The rest is dark matter (DM).
Even though there is evidence that DM constitutes such a large portion of matter, little
is known about it. Research to understand the nature of dark matter has been ongoing
since the 1930s [2], and since then it has been approached from many different angles. For
this reason, the dark matter research community comprises theorists and experimentalists
across a wide variety of fields who work, among others, on direct, indirect and collider ex-
periments. Direct detection searches investigate direct interactions of DM with ordinary
matter on Earth, indirect detection experiments search for products of DM interactions
coming from space, and collider experiments attempt to produce DM particles through
collisions of SM particles. Discovering the nature of dark matter would answer existing
questions about the composition and structure of our universe. It would also potentially
facilitate the development of new physics beyond the Standard Model, as evidence indi-
cates to the exotic nature of DM [2].

This project is a collaborative work within the Initiative for Dark Matter in FEurope
and beyond: Towards facilitating communication and result sharing in the Dark Matter
community (iDMEu). The objective of the initiative is to create a new platform which
cultivates a collaborative spirit through result sharing, with the goal of advancing dark
matter research.

There are three primary goals of the project: 1.To review evidence of DM and the DM
properties it points to. 2. To review indirect detection of DM and create a table of current
and developing DM indirect detection experiments for the iDMEu website. 3. To perform
an analysis of results from indirect searches through the analysis of positron data from
the Alpha Magnetic Spectrometer (AMS-02) [3] in terms of dark matter.

In Chapter 2 a summary of the most compelling DM evidence is presented, as well as
the known and theorized characteristics of DM and how they tie into the formation of
the universe. Chapter 3 introduces indirect detection and its three main experimental
categories: gamma ray experiments, cosmic ray experiments, and neutrino experiments.
A sample of the table created for the iDMEu website is also provided. Chapter 4 describes



the work that was done on theoretical predictions of DM, such as production of positrons
from DM annihilation, and the propagation of the generated positrons. The data was
then used to interpret experimental positron flux data from one of the indirect detection
experiments included in the review table, the AMS-02 detector.



Chapter 2

Theoretical Background

2.1 Early observations

The first speculations on the existence of non visible matter came about in the 1930s
when scientists were attempting to estimate the mass of galaxy clusters using their ve-
locity dispersion [4]. Comparing the total mass of these structures to the amount of
luminous matter revealed a high mass-to-light ratio for some galaxies and clusters. This
data implied the presence of large amounts of non-luminous, dark matter in the universe.
In spite of these surprising results the topic of dark matter did not become a pressing
issue until much later.

In the 70s, with the development of techniques useful to measure galactic rotation curves,
physicists were able to better identify the presence and determine the location of this
non-radiating matter. Advancements in radio technology, namely the detection of the
21-centimeter line which penetrated interstellar dust, led to the optical observation of the
structure of galaxies [2]. This allowed physicists to construct rotation curves, plots of the
orbital velocity of matter in a galaxy as a function of the distance from its centre [5].
Following Newtonian gravity, the velocity was expected to decrease outside the galactic
disc. Instead, the rotation curves displayed a flattening. The result implied the existence
of dark matter at large galactocentric distances.
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Figure 2.1: Rotation curve of the M33 galaxy [6]



Another piece of evidence for the presence of DM came about in 2004 when physicists
observed the remnants of the collision of two galaxy clusters, known as the Bullet Cluster
(Figure 2.2). During this event the clusters passed through each other, however their gas
clouds collided. The temperature increased which resulted in the emission of X-rays, and
the gas traveled further with decreased velocity [7]. Gravitational lensing, a phenomenon
in which light is deflected by a massive object that acts as a lens due to its gravitational
potential [8], was used to probe the mass of the system. The combined gravitational
lensing and X-ray measurements showed that the mass was concentrated at the sides of
the galaxies instead of the intra-cluster matter [9]. This result indicated that the clusters
contained a high density of DM. Furthermore, as the clusters passed through each other,
the DM traveled on uninterrupted unlike normal matter.

Figure 2.2: Image of the Bullet Cluster with overlaid X-ray emission data (pink) and
gravitational lensing data (blue) [9]

As a result of these observation it was concluded that DM is neutral in terms of the
electromagnetic force; it does not emit or absorb electromagnetic radiation. Furthermore,
as it has not been observed so far, it does not interact strongly with ordinary matter.
Thus, DM does not dissipate energy and does not collapse to a disc like galaxies made
up of ordinary matter do. Instead, it is enclosed in a DM halo around the galaxy. The
distribution of DM within the galaxy halo can be described using various DM density
profiles, which have been identified through simulations of DM particles [2].

2.2 Structure formation
Another discovery that greatly improved our understanding of DM is the Cosmic Mi-
crowave Background Radiation (CMBR). CMBR is relic radiation which provides a pic-

ture of the composition of the early universe. Through CMBR, physicists were able to
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determine the amount of dark matter in the universe as well as gain a better understand-
ing of structure formation in the early universe [10].

At the time of the Big Bang the universe was very hot and dense. Within a fraction
of a second the inflationary phase began, during which the universe rapidly expanded and
cooled. The accelerated expansion led to energy density variations to be stretched out,
later resulting in the homogeneity of the universe at large scales. However, there were
still slight variations in the inflation field due to quantum fluctuations [11].

After inflation the universe became radiation dominated [11], meaning its total energy
density, and as a consequence its evolution, was dominated by species behaving like ra-
diation, such as photons or relativistic particles. Primordial nucleosynthesis took place,
and through fusion, light nuclei like deuterium and lithium were formed. However, the
electrons were free and unable to bond due to to the extreme heat and radiation; the
universe was ionized and opaque. At 380 000 years the universe became cool enough for
electrons to be captured, creating stable neutral atoms. This point in the timeline of the
universe is called recombination. Light was able to escape and propagate freely and those
photons, redshifted, are now detected as CMBR (Figure 2.3) [12].

Figure 2.3: Image of Cosmic Microwave Background

The anisotropies that can be seen in the CMBR are the result of the quantum fluctua-
tions in the inflation field expanding, creating regions of over- and underdensity [13]. The
higher density regions had higher gravitational potential and attracted matter. For ordi-
nary matter, radiation pressure counteracted the attraction, resulting in the oscillation of
the perturbations. However, DM was only affected by the gravitational force which led
to its capture in potential wells and subsequent collapse into DM halos. Within the halos
ordinary matter dissipated energy and became gravitationally bound forming stars and
consequently galaxies [14].

Physicists performed N-body simulations reproducing the dynamics of the early universe
and it was found that the velocity of DM particles at the time of matter domination
affected structure formation. If DM particles were relativistic in this phase, structure
formation would have occurred in a top-down sequence; large halos would have appeared
first and later broke up into smaller halos. Relativistic DM is also known as hot dark



matter (HDM). In the case of non-relativistic DM particles, or cold dark matter (CDM),
smaller halos would have been first to form, followed by mergers into larger halos [2].
Comparisons of the results of such simulations to observations of halos showed that CDM
is the more likely DM candidate.

2.3 WIMPs as DM candidates

A good DM candidate must be produced in the early universe in the right amount, i.e.
the one that corresponds to the DM cosmological density today as determined by cosmo-
logical measurements. A popular class of candidates of CDM that fits this requirement is
that of Weakly Interacting Massive Particles (WIMPs). WIMPs are weakly interacting
particles with a mass range of approximately 10 GeV to 100 TeV [15].

More precisely, the theory is that DM particles are thermal relics, meaning they in-
teracted with ordinary particles in the early universe. After the Big Bang matter was
in thermal equilibrium; the annihilation and production rate of DM particles were equal.
As the universe expanded, the temperature cooled and the amount of available energy
decreased. When the temperature dipped below the mass of DM particles, production
stopped. Annihilation continued until the expansion rate exceeded the interaction rate.
This moment in time is called the ”freeze out” of the particle[16].

Following freeze out, the DM abundance remains constant. The higher the annihila-
tion cross section of the particle, the higher is the probability of interaction, and thus the
smaller is the abundance [17]. The annihilation cross section of WIMPs directly gives the
right DM abundance, and this is also called the "WIMP miracle’.

2.4 Searches for DM

DM searches are conducted using different methods, and each experiment generally targets
the main characteristics of a certain DM candidate. The three main experimental methods
that look for DM with WIMP energy ranges are direct detection, collider experiments and
indirect detection. This section gives a brief introduction to direct detection and collider
experiments. The method of indirect detection will be described more extensively in the
following chapter.

2.4.1 Direct Detection of DM

Direct detection detectors are located deep underground and attempt to measure the
recoil energy of a nucleus hit by a dark matter particle. It is assumed that, while most
dark matter particles stream through Earth without any effects, some will interact with
the detector target a few times a year. When this happens, the affected nucleus will emit
energy in the form of scintillation or phonons at the scale of a few keVs [10]. In order
to be able to detect such small signals the sensitive apparatuses have to be shielded from
much more frequent cosmic rays, and thus are placed underground. A series of improved



direct detection experiments are in development which will have higher sensitivities and
will be able to measure a more extended range of masses and scattering cross-sections.

2.4.2 Collider Experiments

Dark matter particles with masses around the TeV could be produced from high-energy
collisions of ordinary matter, like the ones that occur at the Large Hadron Collider, a
proton-proton collider at CERN. Such an event would be detected as a large amount
of transverse momentum that cannot be accounted for, as it would escape detection.
Another method, to look for signs of certain models of dark matter, is looking for the
particles that mediate the interaction between ordinary matter and dark matter, which
can also decay to Standard Model particles. There are different mediator candidates in
different models of DM production at colliders. Examples of mediator particles are the Z
boson, Higgs boson, or for light dark matter models a new dark boson (often called dark
photon, or Z’) with a spin 1 and a non-zero mass [18].



Chapter 3

Indirect Detection of DM

The focus of this project is indirect detection experiments. Indirect detection experiments
search for the products of DM particle annihilations. In most theories, DM particles are
predicted to annihilate in pairs when they meet . In many DM models, it is assumed that
there exist two equal populations of DM particles and antiparticles in the Milky Way
Galaxy and in the universe at large. The process of annihilation is rare and it does not
deplete at all the DM content of a galaxy or the universe, however it is frequent enough
that some signals can be detected [19]. The annihilation process is the same as it was in
the early universe before the ”freeze-out”, however it happens in a much more rarefied
environment, meaning less interactions occur. Some theories suggest that DM particles
can also decay [19]. DM decay is also an extremely rare event and does not affect the
overall DM density. Dark matter can directly annihilate to high energy gamma rays or to
unstable particles that subsequently decay to stable particles. Indirect detection experi-
ments look for these signals. The three main categories of indirect detection experiments
are gamma ray experiments, charged cosmic ray experiments and neutrino experiments.
At the end of the chapter a sample of the table made for the future iDMEu website, with
examples for each category of experiments can be found.

3.1 Gamma Ray Experiments

A great advantage of gamma-ray experiments is that gamma-rays do not lose much inten-
sity as they travel through space, and they are not affected by magnetic fields, thus the
detected signals are undisturbed by astrophysical effects [20]. Gamma rays move along a
straight line and point back to their source, which is a region where DM is densest.

DM annihilations/decays can produce different gamma-ray spectra. A direct DM annihi-
lation to gamma radiation would produce a spike of energy in the detector corresponding
to the mass of DM, as all DM energy is transferred to the photons. DM annihilation to
other ordinary particles generates gamma signals through the decay of these particles.
Such events produce more broad energy signals. These cases are examples of prompt
gamma ray emission from DM, as the radiation is produced at the moment of the annihi-
lation or shortly after. As a result, one way of classifying detectors is by their capability to
detect high or low energy radiation. Another important characteristic of detectors is their
location. There are ground based and space based gamma ray telescopes. The methods



used for detection are different due to the difference in the medium that detection occurs
n.

3.1.1 Targets

An important question in indirect detection is where to direct the telescopes. The highest
rate of DM annihilations is most likely to occur in areas of high DM density. A large
volume for detection and relatively short distance to Earth are also important factors as
they affect the flux of the particles. Lastly, it is essential to consider background radiation
that could interfere with the detection signal. A good target should have low background
or the background should come from well understood sources [20].

A common target is the center of the Milky Way. It is the nearest and brightest pre-
dicted dark matter annihilation target. The Fermi Gamma-Ray Space Telescope has
detected an excess of potential gamma rays at the Galactic Centre that points to DM.
However, the density distribution of DM close to the Galactic Center is not well under-
stood. The source could be a collection of unresolved pulsars or other undetected ordinary
astrophysical phenomena, so the result is not definitively attributed to DM [21].

Another significant target is dwarf spheroidal galaxies. Even though they are further
away, dwarf galaxies contain a high density of DM with low gamma ray backgrounds
making them a good, clear source. Other targets include galaxy clusters and the isotropic
gamma-ray background, which should be affected by DM annihilations, both in the Milky
Way halo and the rest of the universe [21].

3.1.2 Methods

One method of high energy gamma ray detection is using an Imaging Atmospheric
Cherenkov Telescope (IACT). When a high energy gamma ray enters the atmosphere,
pair production occurs as nuclei become available near the photon. A cascade of parti-
cles, an extensive air shower, is created as the generated electron-positron pair undergoes
Bremsstrahlung and further pair-production occurs. Concurrently, as the charged parti-
cles traverse the atmosphere with a higher velocity than light moves in the medium, a
rapid flash of Cherenkov radiation is emitted [22]. The IACT collects the radiation with
an upward facing mirror which focuses the radiation onto an array of photomultiplier
tubes. The produced image provides information about the type of the initial particle,
its energy and direction [23].

Another method is detecting the air shower directly using an Air Shower Array fitted
with scintillators. Air Shower Arrays are advantageous due to a larger field of view. How-
ever, their sensitivity is lower and they are worse at differentiating cosmic and gamma ray
signals [23]. In Water Cherenkov Detectors, water tanks are used instead of scintillators.
In such detectors, the signal is Cherenkov light created from the change of medium from
air to water.



3.2 Cosmic Ray Experiments

Models of cosmic ray productions in the Milky Way Galaxy are fairly accurate, with
predictions agreeing with observations. This makes cosmic ray experiments a useful tool
of DM searches as background processes are rather well understood. The cosmic rays
produced in the universe are predominantly comprised of matter over antimatter [20].
As mentioned above, in most theories DM annihilation and decay occurs in a way that
produces an equal amount of particles and antiparticles. Therefore, in the case of DM
annihilation or decay to cosmic rays, an excess of antimatter charged particles should
be produced compared to the predicted cosmic-ray spectrum. Consequently, indirect
detection experiments mainly search for excesses on top of the fluxes of otherwise under-
abundant antiparticles, such as positrons, antiprotons, and antideuterons [20].

A disadvantage of cosmic ray searches is that charged particles are affected by magnetic
fields, collisions and astrophysical events during their propagation. Unlike gamma rays,
the location of the source and exact initial energy of the cosmic rays are unknown upon
detection as the particles travel randomly and are subjected to energy losses. A more
extensive description of cosmic ray production, propagation and its effects is provided in
the project section of the thesis.

3.2.1 Method

The three types of cosmic ray detectors are ground based, satellite based and balloon-
borne experiments. However, not all experiments are useful for DM detection as many
look for cosmic rays that are too energetic to be a DM signal. The most useful DM cosmic
ray detectors are space based as they are able to measure cosmic rays of a wide energy
range. These experiments use similar equipment for detection. The main components of
the detectors are an anti-coincidence detector, which rejects unwanted particles, a tracker
with a magnet, which measures the momentum of the particles and their charge, and a
calorimeter, which measures the energy [24] [25] . Not all detectors have a magnet, which
means these detectors cannot distinguish between a particle and an antiparticle signal.
This is a disadvantage for DM searches, since as explained above DM indirect detection
is easier with antiparticles.

3.3 Neutrino Experiments

Neutrinos are difficult to detect due to their low interaction cross section. However, for
the same reason neutrinos are able to pass through large amounts of matter without inter-
acting with it . Some models suggest that DM gets captured and accumulates in the core
of the Sun and Earth [19]. A high enough density of particles leads to annihilations that
generate neutrinos. The high energy neutrinos then escape the core without substantial
energy losses and can be detected at Earth. Physicists searching for DM neutrino signals
have to take into consideration not only the annihilation cross section of DM but also
the DM capture rate [20], as it affects the amount of neutrinos produced and thus the
detection flux.
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3.3.1 Method

All neutrino experiments use the same principal of detection. They are well isolated by
being placed underground, under ice or underwater to minimize background signals. An
array of photomultipliers detects Cherenkov radiation that is produced by the electrons
or muons that are produced when the neutrino interacts with the detecting medium, or
the rock surrounding it[26]. The IceCube experiment uses ice as the detecting medium
which allows for better resolution [27]. On the other hand, using water makes it easier to
suppress background radiation.

3.4 1DMEu Table

A part of the thesis was creating a Microsoft Excel (2021) table of currently operating
and future indirect detection experiments for the future iDMEu website. The table will
appear on the platform among a variety of other experiments dedicated or connected to
DM research. The table will allow for easy access to information about DM experiments.
The table below (Figure 3.1) shows a sample of the table, with a few examples from the
three categories of indirect DM searches discussed above.

Each experiment has its name, status, energy range, homepage, and technical design
report (TDR) listed. In regards to status, all experiments are either ongoing or in de-
velopment. Indirect detection experiments that have terminated their operation are not
included, as the aim of the initiative is the sharing of new results within the dark matter
research community. The mass of DM particle is a central component of building DM
models, and it determines the energy of the DM annihilation or decay products. There-
fore, it is important to list the energies the detectors are sensitive to, so one can easily
check which experimental data would be in the energy range of a given DM candidate.
The information about the energy of the experiments was found on the homepage of each
experiment. It was then verified by looking through recent publications and searching for
specifications of performance.

The TDR is a useful document that describes the experiment, details the design and
gives a full specification of the detector and its performance. The TDRs were found by
searching the name of the experiment on the arXiv, IOPscience, and Inspire HEP web-
sites, and also by looking through the earlier publications listed on the homepage of the
experiment. Additional documents were added to experiments that were upgraded or
modified their design. For some experiments it was difficult to find the exact TDR, so in
these cases articles that resembled the TDR and described the design of the experiment
were added.
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Chapter 4

Project

4.1 Theoretical predictions

As mentioned before the aim of the project was to take existing theoretical predictions
of the positron flux produced by DM annihilations, including the e™ propagation in the
Galaxy, and superimpose such predictions with AMS data to determine whether it is
possible to explain AMS data in terms of DM and, if yes, which spectrum fits best. All
plots and calculations were made using Mathematica [28]. The numerical tools that were
needed to plot the predictions from DM models were taken from the "PPPC 4 DM ID:
A Poor Particle Physicist Cookbook for Dark Matter Indirect Detection” website [29] .

4.1.1 Positron fluxes at production

First, the positron fluxes at production were plotted using Ref. [30]. The PPPC 4 DM
ID website provided the option of 28 primary channels, 7 secondary channels and a DM
mass range from 5 GeV to 100 TeV. The mathematical functions from the website, that
produced the fluxes, were computed using the Pythia [31] event generator. Electroweak
emissions were included in the event generator in order to be able to see the effects of
W and Z radiation [29]. The importance of the inclusion of electroweak corrections is
further explained when describing the plot of the positron annihilation channel.

Since the aim of the project was to see the fluxes of positrons, the secondary channel
was chosen to be positrons. The DM particle mass parameter was set to 1 TeV. The cho-
sen primary channels were the following particles paired with their respective antiparticle:
charged leptons e, u, 7; quarks ¢, ¢, b, t, where ¢ is a light quark; bosons W,Z, h, where
h is the Higgs boson; and photons .

The process that Figure 4.1 represents is the annihilation of two 1 TeV DM particles
into the primary particles listed above that further decay and produce a positron flux.
The y-axis is the flux or the number of positrons as a function of their energy normalized
by the mass of DM. The x-axis is the kinetic energy normalized by the DM mass; the
quantity is denoted by z. To better understand the flux of positrons yielded by the DM
annihilations, a few of the plots are interpreted qualitatively in the following text.
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Figure 4.1: Fluxes of positrons produced from annihilation of DM particles into primary
particles that further decayed to positrons.

The positron spectrum produced by the DM annihilation through the W annihilation
channel is represented by the long dashed blue line. The spectrum has a wide peak at
lower energies and it plateaus when the energy is equal to the DM mass at z = 1. The
spectra is the result of the different possible decay channels.

As the 1 TeV DM particle pair annihilates to the W™ pair, half of the energy is
transferred to each boson. 80 GeV of energy is expended on providing the rest mass of
each W boson and the rest is available as kinetic energy. The WHW ™~ pair then decays.
The decay can occur leptonically or hadronically. The leptonic decay has a branching ratio
of 11% for each generation [32], meaning that in 11% of cases the W boson decays to a
positron and neutrino and the W~ boson decays to an electron and an antineutrino. The
decay occurs almost immediately due to the weak boson’s short lifetime. Consequently,
with the appropriate kinematic configuration, the positron will receive close to 1 TeV of
energy, the initial mass of the DM particles, which explains the plateau at x = 1.

The hadronic channel has a branching ratio of 67% [32]. In the hadronic decay the pro-
duction of a quark-antiquark pair occurs, which is followed by hadronization and further
decay. This proccess creates a slew of particles, which includes low-energy positrons. The
low-energy bump, centered around ~ 1072 of the intial energy at disposal, corresponds
to the significant amount of these low-energy positrons. The same mechanism explains
the spectrums of the other bosons and the quark annihilation channels.

Another interesting spectrum is the e~ e™ annihilation channel, represented by the solid
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green line. The plot has a low flux bump at low energies and a peak at x = 1. The peak
is a result of the direct annihilation of the DM particles to the electron-positron pair,
with a complete energy transfer. However, the distribution is not a delta function; it is
smeared towards smaller x. This can be explained by final state radiation. Some particles
radiate away energy, which is subtracted from the energy of the e“e™ pair. The energy
loss transforms the function into a smeared distribution. The bump at low energies is
created by electroweak radiation. Due to the high energies of the products, electroweak
emission is not suppressed and it is possible for the leptons to emit a weak boson. The
boson then decays through the process described before, producing a flux of low energy
positrons.

4.1.2 Positron fluxes after propagation

After production positrons that travel through the Milky Way Galaxy are subjected to
energy losses through collisions, annihilation and other effects. Spectra collected with
detectors at Earth are modified by the propagation. Therefore, in order to be able to
identify a potential DM positron signal, it is important to understand the factors that
alter the initial flux.

The function that produces the flux after propagation was taken from PPC 4 DM ID [29]
[33]. The function encompasses the spectrum at production and a propagation function
that incorporates relevant astrophysical effects. The parameters that can be changed are:
the primary channel of annihilation, the mass of DM, the DM annihilation cross section,
the magnetic field configuration, the DM halo profile, and the propagation parameter.
The options for the parameters are listed in Figure 4.2.

primary =el, eR, e, pL, yR, p, 1L, 1R, 1, q, ¢, b, t, WL, WT, W, ZL, ZT, Z, g, v, h, ve, vy, vt, Ve, Vopu, Vo1
halo =Bur, Iso, NFW, Ein, EiB, Moo

propagation = MIN, MED, MAX

MF=MF1, MF2, MF3

mass = mppy in GeV, on the range mpy = 5 GeV = 100 TeV (for annihilations)

Figure 4.2: Primary channel, halo profile, propagation, magnetic field, and DM mass
parameter options

The halo profile describes the distribution of dark matter density in the galaxy. The
Navarro, Frenk and White profile (NFW) and the Einasto (Ein) profile are the most
commonly used distributions. The NFW profile is able to describe a diverse range of
halo masses, making it a useful, universal tool. The Einasto profile has emerged more
recently from higher resolution simulations. The EinastoB profile (EiB) is a modifica-
tion of Einasto that includes baryonic matter, producing a steeper distribution. A steep
distribution also appears from the Moore profile (Moo), which is a modification of the
NFW profile [29]. However, profiles fitted to simulations have a common problem of a
cusp distribution, meaning the distribution shows power-law-like density behaviour, while
observations indicate to the presence of a core, flat density, at the innermost parsecs of
galaxies [10]. The Isothermal density profile (Iso) and the Burkert profile (Bur) fit well
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with rotation curve data, as they incorporate a central core [29]. However, they are simple
models that do not provide a full picture of DM halos. Since the nature of the density
distribution of DM is shrouded in uncertainty, it is important to have all options available
when fitting models to experimental data.

Propagation through the Milky Way Galaxy is a complicated process that is difficult
to describe. Magnetic fields, gas and the aforementioned intrinsic uncertainty of DM
distribution all affect calculations. The propagation parameter describes these effects
governing propagation with the three options being MIN, MED, and MAX. To calculate
the parameters a simplistic model is used in which the galaxy is assumed to be a disk
surrounded by a magnetic field which has a cylindrical shape. DM particles annihilate
in an unknown location in the galactic halo, producing positrons. The positrons travel
through the magnetic field, are subjected to stellar winds, cross the galactic plane and
eventually are detected at Earth. As long as the positrons stay inside the cylinder they
propagate randomly and have the opportunity to be detected. If the positrons cross the
edge the charged particles are no longer bound to the galaxy as the magnetic field goes
to 0 outside the cylinder.

The difference between MIN, MED, and MAX is the volume of the cylinder. MAX de-
scribes the case where the cylinder is tall and the magnetic field extends to high altitudes
above the galactic disk. In this condition more positrons stay within the cylinder and a
higher flux of particles is detected. For MIN, which describes propagation in a minimal
way, the cylinder is thin, which results in a minimal signal. MED is an intermediate case.
This effect is the most important variable that distinguishes between the propagation
parameters.

Figure 4.3 shows an example of a propagation flux plot with the parameters listed in
the figure. The cross section that was chosen corresponds to the thermal relic DM anni-
hilation cross section. The y-axis is by convention the energy cubed times the flux as a
function of energy. And the x-axis is the positron energy.

4.2 AMS data interpretation in terms of DM

Positrons from space have been observed for a long time by cosmic ray detectors. A
predicted positron signal was the flux at low energies produced by ordinary astrophysics.
This signal was measured, and its source was well understood. In the late 2000s the
PAMELA satellite-based cosmic ray detector orbiting Earth observed an unexpected ex-
cess of positrons at high energies [34]. This signal was later confirmed by other detectors.
The source of this unforeseen measurement is still unknown and being studied. A sug-
gestion is that the flux is produced by a local pulsar or other ordinary astrophysical
phenomena. Another possibility is that the signal is a result of DM annihilations as it
has been demonstrated above that such an event can produce fluxes of positrons. This is
the possibility that is entertained here.

The last step of this project was to put together the positron flux predicted from DM
annihilations with positron flux data measured by AMS-02. AMS-02 is an external ex-

16



e+ spectrum after propagation

g 108 B .
w " - N
E . / primary = W
E; 107 ¢ // mass = 1000 GeV
3 / halo=NFW
— / propagation = MED
= / MF = MF1
pS 100 / ov = 10726 cm?/s
= ’/"
=
10° ¢
01 1 10 100 1000
E [GeV]

Figure 4.3: Flux of positrons at Earth after propagation from the decay of the W primary
channel.

perimental module on the International Space Station which has been in operation since
2011. It is a detector designed to detect cosmic rays with a focus on antimatter. The
key elements of the detector are the permanent magnet, silicone trackers, the time of
flight counters (TOFs), the transition radiation detector(TRD), and the 3-dimensional
sampling calorimeter (ECAL) [24]. The inclusion of the TRD makes AMS stand out
as it allows the detector to distinguish between electrons and protons using transition
radiation. Another advantage of the AMS detector compared to other cosmic ray detec-
tors, such as PAMELA, is the improved electromagnetic spectrometer with 3-dimensional
imaging capability which allows the measurement of high energy positrons up to 1 TeV
[3]. The PAMELA detector measured positrons only up to 300 GeV [35]. As a result,
AMS was able to significantly extend the measurement of the unexpected high energy
positron signal.

The data was taken from the supplemental material of Ref. [36]. The article presented
a measurement based on AMS positron data compiled from May 19, 2011 to November
12, 2017. The AMS data points were plotted together with the error bars, which were
calculated using the uncertainties that were also provided in the supplemental material.

The energy range of the AMS data includes positrons from 0.5 GeV to 1000 GeV. The flux
measured by AMS is interpreted in terms of two summed contributions: an astrophysical
background, mostly concentrated at low energy and called ‘diffuse term’ for reasons that
will be clear in a moment, and an exotic ‘source term’, emerging at higher energies and
whose origin is unknown. The ‘diffuse term’ is caused by high energy cosmic rays coming
in from outside the galaxy colliding with gas and dust molecules in the local galactic en-
vironment (hence the term ‘diffuse’) producing a variety of particles including positrons.
The amount of incoming cosmic rays as well as the distribution of gas and dust has been
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well studied. Therefore, physicists have been able to compute the expected diffuse term.
It can be modeled with the following function [36]:

2

FE ~
bor = [CulE*/Er)*)

where E is the energy of the particles, Cq = 0.0651 [m? st s GeV]™! is the normalization
factor, E = E+ ¢.+ is the energy of particles in the interstellar space with ¢+ = 1.10 GeV
being the effective solar potential, 74 is the spectral index, and F; = 7 GeV is a constant .

The source term, which is the positron flux that has not been predicted, is interpreted
here in terms of DM and therefore is plotted using the positron flux after propagation
described in Section 4.1.2. The diffuse term and source term were then summed and
plotted to be able to compare theory with AMS data. In order to see which DM model
fits the experimental results best, the parameters of the source term were systematically
changed and the usual y? test was performed. Namely, the chi-square test for goodness

of fit is as follows N
SN - £
X2=Z[ - } (4.1)

=1

where N; is the AMS measurement data points, f; is the theoretical function of the sum
of the diffuse and source term, o; is the standard error of each measurement, and N, is
the number data points.

As seen in Figure 4.4 the data points at low energies have very small errors, so the
denominator in the y? expressions for these measurements are also small. Consequently,
computing x? with these terms would produce a high number. The main contributor to
the low energy spectrum is the diffuse term, which is not the focus of the project. In or-
der to prevent the diffuse term to dominate 2, only points above 10 GeV were included.
Thus, out of 74 points, only the last 49 were used. For a good fit the terms in the sum
are expected to be of order 1. Hence, the goal was to find a fit which produced a y? value
not too far from 49.

4.2.1 Finding the best fit

The first step in finding the best fit was to choose the annihilation channel. In Figure 4.1
it has been demonstrated that most particles, such as the quarks, photons, and bosons,
all produce a high flux of positrons with low energies, below 50 GeV. Therefore, they are
not good candidates for the exotic high energy flux signal. On the other hand the direct
annihilation channel to positrons is skewed too much to the high energy range, producing
an insufficient amount of positrons in the range from 10 to 100 GeV. The two remaining
viable options were the muon and tau channels.

Figure 4.4 shows the muon and tau spectra plotted with the same parameters except
for an adjusted mass and cross section. Out of the two spectra, tau is the better fit; it
has a x? value of 203.6 while the muon spectrum has a value of 870.2 . The function is
softer and has a wider range so it fills out both the intermediate and higher energy part of
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the spectrum better. The reason is that the muon pairs, produced in a DM annihilation,
decay immediately to electron-positron pairs creating a sharper spectrum. Taus decay
to pions and muons, creating a cascade of particles with diverse range of energies, which
creates a softer spectrum. Consequently, the tau spectrum was chosen as the better can-
didate.

e” spectrum from t decay e” spectrum from p decay

ool mass = 1417 GeV * +
ov = 10221 emi¥/sec

201 mass =400 GeV {, T * + I
ov = 1023 cm¥/sec *

o

o

E* d®/dE [GeV/(m? st 5)]
B d®/dE [GeV/(m? sr s)]

1 :ll 1‘0 5‘0 160 500

Figure 4.4: AMS data (red points) plotted with the theoretical function (black line)
comprised of the diffuse term (grey area) and source term (purple area). On the left is
the plot of the tau annihilation channel, on the right is the plot of the muon annihilation
channel.

To better improve x?, the other parameters were changed. Changing the mass of DM
moved the spectrum along the x-axis, since a heavier or lighter DM particle produces
more energetic or less energetic positrons, respectively. Changing the annihilation cross
section moved the spectrum along the y-axis, as the probability of an annihilation event
directly affects the flux. All the other parameters affected the shape of the source term,
and some had a significant effect on the flux as well . Figure 4.5 shows 4 plots where the
parameters were systematically changed in a way to decrease x?. The plot with the best
fit had the following characteristics: a DM mass of 1496 GeV, a cross section of 1072239
cm? /sec, the EinastoB halo profile, MAX propagation, and magnetic field MF2.

4.2.2 Discussion of results

The “desired” x? value was something not far from 49, and the best fit produced a y? of
67.9. For a simple model where DM annihilation occurs through a single channel, this is
a good result. The result could be improved by adding other annihilation particles that
could account for the data points at higher energies.

In Figure 4.5 a) the initial parameters were chosen to be the Einasto density profile,
medium propagation, and magnetic configuration MF1. From plot a) to b) the propa-
gation parameter was changed to MAX, from b) to c¢) the magnetic configuration was
changed to MF2 | and lastly from c¢) to d) the Einasto density profile was replaced with
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Figure 4.5: Spectrum of positrons from tau annihilation channel with changed parameters
and respective x? value. Plot a) shows the base plot with initial parameters, in plot b)
the propagation parameter was changed, in plot ¢) the magnetic configuration parameter
was changed, and in plot d) the density profile parameter was changed.
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the EinastoB distribution. With each change the cross section and mass were adjusted to
fit the function best.

It is difficult to evaluate to what extent each parameter affects the source term. For
that a more extended systematic analysis has to be preformed. Nevertheless, some con-
clusions can still be drawn. Besides the mass and cross section, the propagation parameter
seemed to have the most significant effect on 2 . Since the signal is produced by energetic
positrons, the location of the source is likely to be nearby. The DM density distribution
profiles do not differ significantly in the local region, while parameters that affect propa-
gation can still substantially alter flux.

Due to the errors of the AMS data, plots that had the best fit to the intermediate energies
were favored by y?. At energies above approximately 150 GeV the error bars increase
significantly as a result of the high statistical error. The more positrons AMS counted
in each energy bin the higher the accuracy of the measurement, and thus the lower the
statistical error and error bars. Above positron energies of 150 GeV, the number of par-
ticles measured was less than 500. The number of counts further drops to below 100 for
positrons with energies 500 GeV or higher. So the flux of these positrons was low and with
the limited statistics the uncertainties rose. The low and intermediate energy bins had
positron counts as high as 100 000, which is 4 orders of magnitude higher than the lowest
flux positrons.Thus, at these energies the systematic error, which is a result of detector in-
accuracy, is comparable to the statistical error, and the contributions are approximately
equal. But with increasing energy, as the statistical error grew, the systematic error
became subdominant.
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Chapter 5

Conclusion

The thesis has reviewed the evidence for Dark Matter in the universe, the questions about
its nature, and the ways to discover it. First it reviewed evidence for the existence of DM
and its main properties. As DM has not yet been observed and it does not interact elec-
tromagnetically, it must be neutral. Through results from rotation curves and simulations
it was shown that DM accumulates in halos, which surround galaxies like the Milky Way.
These halos have the highest DM density at their center, corresponding to the innermost
parsecs of the embedded galaxies. Observations also allow to conclude that DM is most
likely cold and a thermal relic with a constant abundance since ”freeze out”.

Searches for DM are pursued through direct detection, collider experiments and indi-
rect detection. These experiments generally rely on the weakly interacting nature of dark
matter, meaning DM is assumed to only occasionally interact with SM particles and with
itself. The focus of the thesis was indirect detection experiments, which search for prod-
ucts of DM annihilation and decay. The three main categories of indirect detection and
their advantages and disadvantages were described. The first kind of experiments, gamma
ray experiments, are effective as the signals are not affected by astrophysical effects and
point back to the source of production. However, gamma ray backgrounds from other
sources are significant and complicate the identification of DM signals. The advantage
of the second kind of experiments, cosmic ray experiments, is that models of cosmic ray
spectra agree well with observations, thus DM signals are easier to find. However, cosmic
rays travel randomly and undergo changes during their propagation which complicates
theories of cosmic ray indirect detection. An advantage of the third category, neutrino
experiments, is the proximity of the DM annihilation source, as it is assumed that their
is an accumulation of DM at the core of the Earth and Sun which produces a steady flux
of neutrinos. However, neutrinos are difficult to detect as they interact rarely.

As part of the thesis a table of indirect detection experiments was created, containing
information about their method, energy range and most recent references. The table will
be featured on the future website of the initiative for Dark Matter in Europe (iDMEu)
website, alongside lists of experiments for other DM detection methods. This will allow
researchers as well as anyone interested in DM to be able to easily look up experiments
connected to DM research on a single platform.
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The thesis also included analysis of positron data from AMS-02 as potential evidence
of DM. Theoretical background of positron production from DM annihilation and its
propagation through the galaxy was provided. By examining the theoretical predictions
it was concluded that, assuming a single annihilation channel, annihilations into tau lep-
tons were most likely to produce the flux of positrons measured by AMS. The propagation
parameters were systematically changed until the best fit was found. The analysis carried
out used a simple single channel model of annihilation. A multiple channel model could
have improved the results. Furthermore, a focus on the individual effects of each param-
eter on the positron spectra could reveal more interesting information about DM and the
propagation of its charged particle annihilation products.
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