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Abstract

In this work the non-observation of an exotic neutrino flux from the Earth’s center by the IceCube neutrino
observatory, induced by dark matter annihilations, is used to set rigorous model independent upper limits
on the coupling strengths of the non-relativistic effective theory of dark matter-nucleon interactions and
on the corresponding dark matter-nucleon cross sections for dark matter masses between 10 GeV and
10000 GeV, taking into account interference among operators. The upper limits on several coupling
strengths are relaxed by about two orders of magnitude and the upper limits on the dark matter-nucleon
cross sections by three to five orders of magnitude, when assuming interference. Hereby an equilibrium
between dark matter capture and annihilation in the Earth is not assumed, which leads to upper limits,
that are dependent on the chosen dark matter annihilation cross section. Compared to the commonly
assumed thermal relic annihilation cross section the upper limits on the coupling strengths can be lowered
for increasing annihilation cross sections at most by a factor of about 7 and the upper limits on the dark
matter-nucleon cross section at most by a factor of about 44. The results of this work are compared to the
results of three other experiments: XENON1T, PICO-60 and an IceCube search in the direction of the
Sun. For the spin-independent dark matter-proton cross section and one corresponding coupling strength
the upper limits are under interference for one point in parameter space at the same order of magnitude as
the upper limits from the most constraining experiment, else they are always weaker. Using the residual
internal heat flow of the Earth as a constraint on the heat flow, induced by dark matter annihilations, upper
limits on the dark matter-nucleon cross sections can be set in an alternative way. These upper limits are
however at least 5 orders of magnitudes weaker than the previous computed ones from IceCube data. As
a consequence only a very small fraction of Earth’s residual measured heat flow could be based on dark
matter annihilations.
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1 Introduction

Already in the early 19th century observations of rotation curves of galaxies [1] led to the conclusion, that
there has to be an additional invisible component of matter, called dark matter (DM) [2], whose existence
is underpinned by anisotropies in the cosmic microwave background (CMB) [3] [4], gravitational lensing
effects [5] [6] and many other observations. Although some key facts about DM are known, like it
interacts via gravitation, its lifetime has to be in cosmological timescales and its interactions via other
forces is at most weak, the nature of DM remains unclear [7]. There exists a large amount of models,
which include a DM candidate. One of the most promising candidates is the weakly interacting massive
particle (WIMP) [8]. Its cross section with standard model (SM) particles is of the order of the weak
cross section [9]. The cross section between DM and SM particles determines the relic DM abundance
via the freeze-out time, which coincides for the WIMP with current measurements. These measurements
indicate, that DM’s portion of the total energy amount in the universe is roughly 27 %, whereas visible
matter makes up about 5 % of it. The remaining 68 % consists of dark energy [4].

In general there are three methods to search for DM. The first one is called direct detection, where inter-
actions of DM with SM particles take place directly in a detector located on the Earth. The recoil energy,
which is hereby transferred to the detector material, can be measured, if it exceeds the energy threshold
of the detector. The second one is called indirect detection. Here the interactions do not take place in
a detector. Instead products of DM interactions, which take place somewhere else in the Universe, like
DM annihilation into neutrinos or gamma rays, are measured in the detector. The third one are collider
searches, where DM particles are directly produced during collisions in a collider.

Annihilation of DM is the main focus of many indirect DM searches. Ideal targets are regions with
high density of DM, as signal strength for annihilation is proportional to density squared. This is also
equivalent to a high J-factor, which is the energy spectrum integrated along the line of sight, taking only
the term dependent on the distribution of the DM mass density. Typical targets with a high J-factor are
the galactic center, dwarf spheroidal galaxies and galaxy clusters. But also closer objects like the Sun
or the Earth are expected to have a high DM density. As signal strength is also proportional to the in-
verse square of the distance to the observed object, they are targets for indirect darkmatter searches as well.

While the solar system passes through the galaxy, DM from the galactic halo becomes bound in the
gravitational potential of it [10] [11] [12]. Through weak interactions with nuclei of the celestial bodies
DM particles loose energy and are captured in the interior of that bodies via subsequent scatterings over
time. Through DM self-annihilation a flux of neutrinos is generated, whose spectrum depends on the DM
mass and the annihilation channel. DM particles accumulate in the celestial body until an equilibrium
between DM capture and DM annihilation is reached. After that point in time the DM number density
in the interior of that body remains constant. The specific nature of DM, its local density, the velocity
distribution and the composition of the celestial body determine the capture rate of DM and the expected
neutrino event rate [13]. DM annihilates also into a lot of other particles, which are all stopped in the
matter of the celestial body and thus have an impact on its heat flow [14].
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InDMsearches an upper limit on the size of the signal, generated byDM, can be set by the non-observation
of this signal [15]. Thus, in case of indirect DM searches, an upper limit on the size of the neutrino flux,
generated by DM annihilations, can be set by the non-observation of a significant excess of neutrinos
in comparison to the atmospheric neutrino background. This upper limit is translated into limits on the
spin-independent and spin-dependent DM-nucleon cross section. Thereby the dark matter interaction
with the nucleons is regularly set to be isoscalar, which means, that it is identical for protons and for
neutrons. In this way interference between isoscalar and isovector contributions is neglected [16]. In the
non-relativistic effective field theory the interaction does not only consist of the spin-independent and
spin-dependent component, instead it contains several other interaction terms. Also these interactions
can interfere with each other, which can lead, together with the interference between the isoscalar and
isovector interactions, to more relaxed upper limits on the DM-nucleon cross section.

A method to determine rigorous upper limits on the coupling strengths of the effective theory of dark
matter-nucleon interactions, including the effect of interference, has been introduced and applied to Ice-
Cube data from observations of the Sun [16]. This recently developed method will be used in this work
to constrain the coupling strengths based on a first 327 days of detector livetime search for dark matter
annihilations in the Earth’s core conducted by IceCube [13]. In contrast to the Sun DM capture and
annihilation are not assumed to be in equilibrium in the Earth, so that the upper limits on the coupling
strengths are dependent on the assumed annihilation cross section, which will be a new focus of this thesis.

This work is organized as follows: In chapter 2 DM and the WIMP as a DM candidate will be motivated
and an introduction to different DM detection methods is given. DM capture and annihilation in the
Earth are explained in chapter 3. In chapter 4 the IceCube neutrino observatory is presented in detail,
as the data of this work is acquired by this experiment. In chapter 5 the formalism to compute upper
limits on the coupling strengths including operator interference is described. Results are presented in
chapter 6, first for observations of the Earth on its own and second in comparison to other experiments.
In chapter 7 constraints on the DM-nucleon cross sections from Earth’s residual internal heat flow are
set and compared to the previous obtained results. Conclusions and an outlook are given in chapter 8.
Finally in the appendix the used Earth model, response functions and additional figures, not shown in the
main text, are presented.
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2 Dark matter

In this chapter information about the evidence of DM with a short historical review is given, the WIMP
as a DM candidate is explained and different detection methods are presented.

2.1 Evidence for dark matter

In 1932 the Dutch astronomer Jan Oort studied the vertical stellar motion and number density of stars
close to the galactic disk of the Milky Way for different distances [17]. From these measurements he
determined a mass density of the disc nearby the Sun, which was by far larger than known values. So he
concluded, that there has to be additional matter, which was not observed. This is one of the first hints
towards DM. Approximately at the same time in 1933 the Swiss physicist and astronomer Fritz Zwicky
observed the redshift of galaxy clusters [1]. Using the virial theorem to the Coma Cluster he determined
the mass, based on the motion of the galaxies in it, and compared this result to the observable mass of
the cluster [2]. The dynamic mass exceeded the luminous mass by a factor of about 400. Based on these
results Zwicky obtained evidence of an unseen mass, whose associated mass is necessary to keep the
cluster together, and called it "dunkle Materie", which introduced the term dark matter (DM). Although
his calculations overestimated DM by more than one order of magnitude, mainly due to an old value of
the Hubble constant, his conclusion, that the main part of matter consists of DM, holds until today and
was confirmed by many others later on.

Galaxy rotation curves were optically analyzed with spectrographs in the 1960s and 1970s by Vera Rubin,
Kent Ford and Ken Freeman [18] [19] with the result, that the mass contribution of DM in the Universe
has to be around six times larger than the one of the observable mass. At the same time the radial
distribution of interstellar atomic hydrogen was investigated by astronomers, who mapped the 21 cm
line in nearby galaxies with radio telescopes, which extended the measurable rotations curves to further
distances out from the center of the galaxies [20]. The luminous mass of these observations is mainly
located in the center of the galaxy. For this reason the resultant stellar rotational velocity, far away
from the center, should follow the relation vc ∝ r -1/2, which can be derived by equating the gravitational
and centripetal force for the observed mass. A typical rotation curve, based on measurements for the
Andromeda galaxy M31, is shown in figure 2.1. Instead of the theoretically expected behaviour, the
observed rotational velocity is almost constant in the outer regions of the galaxy, which means, that there
has to be an additional unseen mass, which grows proportional to the radius of the galaxy. This can be
explained by the presence of DM in the galaxies.

Further evidence for DM is given by the gravitational lensing effect, which itself is one of the conse-
quences of general relativity. A heavy mass between an observer and a distant light source bends the
light, as it travels through space. Light, which passes the massive object, the so called gravitational lens,
the closest, is bent the most and vice versa. In addition it holds: the more massive the gravitational lens
is, the more bending is observed. In strong lensing, e.g. at galaxy groups or clusters, the light source
resembles partial arcs, scattered around the gravitational lens. From this distorted geometry the mass
and distribution of the gravitational lens, and thus of the cluster or the galaxy group, can be determined.
This has been done for many clusters with the result, that there is five times more DM than visible matter,
which is also confirmed by radial velocity and X-rays measurements [5]. A very prominent example for
the usage of gravitational lensing is the Bullet Cluster (1E-0657- 56), which provides further evidence
for the existence of DM [6]. The Bullet Cluster consists of two colliding galaxy clusters. During the
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Figure 2.1 Rotation curve and geometry of the Andromeda galaxy M31, as shown in [20]. The observed rotational
velocity far away from the center of the galaxy is almost constant. Therefor the mass has to grow linearly with the
radius although it is mainly observed in the center of the galaxy.

merge stars, which are detectable in the visible spectrum, are not strongly affected by the collision,
besides a remote slowdown due to gravitational interactions, and remain approximately at their original
position in both galaxy clusters. Most of the baryonic matter is made up of hot gases of the intracluster
medium (ICM), which can be detected by the emitted X-rays. As these gases interact electromagnetically,
the ICM slows down much more than the stars during the merge and therefor lags behind the respective
stars of the galaxy clusters. Using gravitational lensing, whereby distortion of objects in the background
of the Bullet Cluster are examined, the location of the mass can be determined with the result, that the
main part of the mass is only remotely decelerated and travels further during the merge than the ICM,
which consists of the majority of the baryonic matter. So there has to be an invisible mass, heavier than
all the baryonic mass, that remains at the original position in their clusters in a same manner like the stars,
leading to a separation of baryonic and invisible matter. This means that the bulk of matter is invisible
in the clusters and interacts gravitationally or at most weakly, as it is not significantly decelerated, which
can be explained by introducing DM. In figure 2.2 the Bullet Cluster is depicted with galaxies and stars
in white and orange, ICM in pink and the bulk of mass in blue.

Another hint towards DM is found in the CMB. In the early Universe baryonic matter was ionized
to a plasma and interacted via gravitation and with radiation [22]. Gravitation compressed baryonic
matter and lead to overdensities, whereas the photon pressure forced baryonic matter apart. So these
two counteracting forces generated oscillations, the so-called baryon acoustic oscillations (BAOs). DM
only interacts gravitationally or at most weakly and thus, unaffected by the photon pressure, remained
in the density accumulations. With the expansion of the universe the plasma became cooler and at a
temperature of about 3000 K recombination of protons and electrons to neutral hydrogen took place,
which does not scatter with radiation. Now the photons started to move freely and decoupled from the
baryonic matter. These photons have been travelling since the last scattering through space and are now
detectable as the CMB. The CMB is very close to a perfect blackbody at about 2.73 K, but contains
very small temperature fluctuations due to the above described BAOs. In figure 2.3 these fluctuations
are shown in the temperature angular power spectrum of the CMB, characterizing the BAOs as function
of angular scale or multipole moment. The temperature angular power spectrum contains interesting
physical information [23]. The peaks in the CMB power spectrum are the modes, caught at extrema of
their oscillations. They have an almost equal spacing, but different heights. By the help of computer
simulations these peaks can be predicted for different cosmological parameters. Matching simulations to
measured values leads then to constraints on these cosmological parameters. The first peak is the mode,
that compressed once before recombination. Its position depends sensitively on the spatial curvature of
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Figure 2.2 Image of the Bullet Cluster showing the collision of two galaxy clusters. The image is a superposition
of hot gas detected by Chandra in X-rays (pink), of galaxies from Magellan and the Hubble Space Telescope in
the visible spectrum (white and orange) and from a matter distribution calculated from gravitational lensing (blue).
The image is taken from [21].

the universe. Constraining this parameter leads to the result, that the universe has a flat or almost flat
geometry. The second peak is the mode, that compressed and decompressed once, the third peak is the
mode, that compressed, decompressed and then compressed again, and so on. Since the odd numbered
peaks are the ones, where the plasma is compressed, they are enhanced by a higher amount of baryonic
matter over the even peaks. This means the more baryons exist, the more the second peak is suppressed
compared to the third peak. In addition more baryonic mass leads to slower oscillations and therefor
to slightly higher multipoles. Matching again data to simulation the baryonic matter density can be
determined.

Figure 2.3 Temperature angular power spectrum of the CMB showing temperature fluctuations as function of
angular scale or multipole moment. The red dots with error bars show Planck data. The green line shows a best fit
by the standard model of cosmology, ΛCDM. The figure is taken from [3].
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Higher acoustic peaks, i.e. the small scale modes, are sensitive to the ratio of dark matter to radiation
and as the amount of radiation is known, they are directly sensitive to the dark matter density in the
universe. In the earliest epochs the universe was radiation dominated, which leads due to changes in the
gravitational potential to higher oscillations than in the matter dominated era. For this reason the higher
acoustic peaks are raised. So there will be a transition in the height of the peaks, from which the dark
matter density can be determined. As the third peak is boosted to a height comparable to the second peak,
one can conclude, that the matter density in the plasma before recombination was dark matter dominated.
In fact most of the matter has to be dark to be able to reconstruct the CMB power spectrum. Analysis of
Planck data leads to the result, that there exists five timesmoreDM than baryonicmatter in the universe [4].

2.2 The weakly interacting massive particle (WIMP)

According to the standardΛCDMmodel of cosmology, which is supported by theDMevidence, described
in section 2.1, the energy density of the universe consists of 4.9 % ordinary matter and energy, 26.8 %DM
and 68.3 % dark energy [4]. Although most of matter is thus dark, the nature of DM is still unknown.
But the previously described evidence sets up some requirements on a possible DM candidate. These
requirements are [7]:

• A DM candidate interacts via gravitation, all other interactions are at most in the range of the weak
cross section.

• Its lifetime has to be at least the age of the universe, so that it is stable on cosmological timescales.

• The observed DM density of Ωχh2 ∼ 0.1 [8] can be reproduced.

They are fulfilled by the weakly interacting massive particle (WIMP), whose name already indicates, that
it interacts, besides via gravitation, only weakly and which is stable on cosmological timescales. The so
called freeze-out of DM plays an important role for the observed DM abundance [9]. In the very early
and hot universe temperatures were so high (T >> mχ, with mχ the DM mass), that DM was rapidly
converting to lighter SM particles and vice versa, as all particles were in thermal equilibrium, which led
to reactions like DM + DM ↔ SM + SM. When the universe cooled down to a temperature less than
the mass of the DM particle, SM particles did not have enough energy any more to convert to DM and
so the abundance of DM dropped exponentially due to the annihilation DM + DM → SM + SM. As
the temperature drop of the universe is equivalent to its expansion, the annihilation rate nχ < σAv >

becomes smaller and smaller. Hereby nχ is the number density of DM and < σAv > the thermal average
of the total cross section for annihilation of DM σA times the relative velocity v, called annihilation
cross section. When nχ < σAv > falls below the Hubble constant H, which is the expansion rate of the
universe, DM ceases to annihilate, it freezes out and a relic cosmological DM abundance remains. This
time dependent behaviour of nχ can be described by a Boltzmann equation [9]:

dnχ
dt
+ 3Hnχ = − < σAv >

[
(nχ)2 − (n

eq
χ )

2] , (2.1)

where neq
χ is the thermal equilibrium number density of DM. Applying an analytic approximation to

equation 2.1 leads to the result, that the relic DM density is given by:

Ωχh2 =
mχnχ
ρc
∝

10−27 cm3s−1

< σAv >
, (2.2)

where h is the Hubble constant in units of 100 km
s Mpc and ρc the critical density today. Figure 2.4 shows

numerical solutions to the Boltzmann equation 2.1, which determines the relic DM abundance. The
equilibrium abundance per comoving volume is plotted as solid line and the relic abundances per co-
moving volume as dashed lines, for different annihilation cross sections, as a function of the dimensional
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parameter x = m/T , which increases with time. The larger the annihilation cross section, the longer
the DM particles remain in thermal equilibrium and the smaller their relic abundance. If one assumes
now a particle with weak interactions, like the WIMP, its annihilation cross section < σAv > will be of
order 10-26 cm3s-1, leading to a relic DM density in range of the observed one Ωχh2 ∼ 0.1 according to
equation 2.2. This coincidence, that a particle with at most weak interactions reproduces the observed
DM density, is called the "WIMP-miracle".

Figure 2.4 Comoving number density of WIMPs in the early Universe, as shown in [8]. The solid curve is the
equilibrium abundance and the dashed curves are the relic abundances per comoving volume after freeze-out for
different annihilation cross sections of the WIMP.

Depending on their freeze-out time or rather freeze-out temperature one distinguishes between cold, hot
and warm DM [24]. If DM particles freeze out at temperatures higher than their own mass, their velocity
will be relativistic and they are called hot DM. An example for such a DM candidate is the neutrino. Cold
DM freezes out at temperatures below their mass leading to non-relativistic particles like theWIMP. Thus
a cold DM particle is heavier than a hot DM particle. Warm DM is, concerning its properties, between
hot and cold DM with sterile neutrinos and gravitinos as examples. Simulations about the large-scale
structure of the universe favor cold DM [25]. At early times the universe was in a smooth initial state as
seen in the CMB. Structure formed hierarchically in a bottom-up scenario, where small objects collapsed
and merged in a continuous hierarchy to larger and more massive objects. This leads to the nowadays
observed distribution of galaxies and their clusters, which are reproduced in simulations with cold DM.
Hot DM instead would form structure in a top-down scenario, where superclusters would form first and
fragment into smaller objects, which does not result in the large-scale structure observed today.

Taking all requirements, simulations and observations into account, the WIMP as a massive particle at
non-relativistic speeds with weak interactions turns out to be an appropriate DM candidate. Thus the
class of dark matter models, described by the WIMP, is well motivated and many experiments and also
this work focus on it.
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2.3 Dark matter detection

Although there exists evidence for DM, its nature is still a puzzle to be solved. As essential properties,
like its mass and its cross section with SM particles, are unknown, many experiments are set up to
determine these properties. These experiments can be subdivided in three categories. The first method
is called direct detection. While the Solar System travels through space, it passes through the ambient
DM of the universe, which leads to a flow of DM through Earth and all build-up experiments. The
DM particles interact directly with nuclei of the detector, where a small recoil energy is transferred to
the detector nuclei. This induces a detectable signal in form of scintillation light, ionization charges
or heat, if the energy is above the detector threshold including the background noise, which is induced
by other environmental SM particles [26]. To keep the background small, most of the experiments are
operated underground, where interference from cosmic rays is minimized. Examples for direct detection
experiments are PICO-60 [27] [28], XENON1T [29], Lux [30], PandaX-II [31] and CRESST II [32].

The second category is indirect detection, where the products of DM interactions, which do not take
place in the detector, are measured. Annihilation of DM into gamma rays and neutrinos is the focus of
most indirect DM searches, but also annihilation into other SM particles can be measured or a decay of
DM, if DM particles are unstable. These interactions can happen somewhere in outer space, especially
in regions of high DM density like galaxy clusters, dwarf spheroidal galaxies or the center of our galaxy,
which makes them a common target for indirect DM detection experiments. But also very close objects
like the Sun or the Earth have a high DM density and are good targets for indirect DM searches, as signal
strength is proportional to the inverse square of the distance to the observed object and to the squared DM
density. The amount of accumulated DM in the Sun, the Earth and other comparable objects depends
on the DM capture and annihilation in these celestial bodies. While the Solar System travels through the
galaxy, DM becomes bound in its gravitational potential and looses energy through weak interactions
with nuclei of the celestial bodies. Via subsequent scatterings DM particles are then captured in the
interior of the Sun and the planets, where they thermalise and annihilate. This leads to an accumulation
of DM until an equilibrium between DM capture and annihilation is achieved. Almost all particles, into
which DM annihilates, are stopped in the celestial body, but neutrinos, whose spectrum depends on the
DM mass and the annihilation channel, can escape and their flux can be measured. The specific nature
of DM, its local density, the velocity distribution and the composition of the celestial body determine
the capture rate of DM and the expected neutrino event rate. Experiments looking for DM with indirect
searches are ANTARES [33], Super-Kamiokande [34], Baikal NT200 [35] and IceCube [13] [36] [37],
which will be described in detail in chapter 4.

The third approach is the search for DM with colliders, where DM particles are directly produced during
collisions in the experiment. As DM only interacts with SM particles on the weak scale, it may be
detected indirectly as missing energy and momentum, when other SM collision products are detected.
Experiments are the Large Hadron Collider [38] and the former Large Electron-Positron Collider [39].
The aim of all DM searches is to detect DM and to determine its properties or, in case of a non-observation,
to set constraints on them. This work focuses on indirect detection of DM in the Earth. For that reason
DM capture and annihilation in the Earth are particularly relevant, in order to be able to set constraints
on DM properties, and will be explained in the next chapter.
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3 Dark matter capture and annihilation in the Earth

In this chapter the process of DM capture and annihilation in the Earth is presented and the interactions
of DM with nuclei are explained, by reviewing the non-relativistic effective theory of DM-nucleon
interactions.

3.1 Dark matter, the Solar System and the Earth

In the Solar System the gravitational field is mainly determined by the Sun, which also influences DM
capture in the Earth. If the Earth is assumed to be in free space for simplicity of calculations, corrections
on the DM capture, compared to the Earth as part of the Solar System, have to be considered. The
influence on DM capture in the Earth by the Sun’s gravitational field [40], by DM diffusion in the Solar
System [41], by solar depletion [42] and by DM weak scattering in the Sun [43] has been thoroughly
studied. The relative error on the capture rate for a free space Earth is at most 35 % for specific DM
masses. For DM masses, close to masses of chemical elements of the Earth, the relative error is almost
zero. [43]. For that reason the Earth is considered to be in free space in this work and the prior described
effects of the Sun and the Solar System on the DM capture in the Earth are neglected. For the calculations
a model of the Earth has to be used. In this work the preliminary reference Earth model (PREM) [44] is
chosen, which is briefly described, together with the chemical element abundances, in appendix A.

The concept of DM capture and annihilation for the Earth, assumed to be in free space, is the following:
As the Earth passes through the galaxy, it is constantly pervaded by ambient DM particles of the DM
halo. Most of these DM particles simply transverse the Earth, but a few scatter off the nuclei in the Earth,
whereby some of them loose so much energy, that their speed gets smaller than the escape velocity at the
position of the scattering. Consequently these scattered DM particles become gravitationally bound to the
Earth. Subsequent scatterings let the particles loose more energy and finally sink to the Earth’s core [12].
The number of DM particles in the Earth is not only determined by this capture process, but also by anni-
hilation and evaporation, which both decrease the number of DMparticles in the Earth. The DMparticles,
captured in the center of the Earth, thermalise, except for very small DM-nucleon cross sections [45].
Below a minimumDMmass scatterings of the thermalised DM particles off ambient nuclei boost the DM
particles to speeds above the escape velocity of the Earth, so that they are kicked out of the Earth, they
evaporate. Therefor only DM particles with masses above this evaporation mass remain trapped in the
Earth, annihilate and have an impact on a potential signal received by a neutrino detector. For the Earth the
evaporation mass is determined to be about 12 GeV [11], which has been confirmed in a recent study [45].

The time-dependent number of DM particles in the Earth N(t) follows the differential equation:

dN
dt
= C − CEN − CAN2 . (3.1)

Here C is the capture rate, CE the evaporation rate and CA the annihilation coefficient, which is the
probability of DM pair annihilation per time. In this work the focus is on DM masses above the
evaporation mass or at most at the edge of it, so that evaporation can be neglected. Thus the term CEN
drops out of the differential equation 3.1, which can then be solved by:

N(t) =

√
C

CA
tanh

( t
τ

)
(3.2)
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with τ = (CCA)
− 1

2 . (3.3)

τ is the equilibrium time of the capture and annihilation rate in the Earth. Equations, that govern the
annihilation, scattering and capture of DM in the Earth, are described in the following sections.

3.2 Dark matter annihilation in the Earth

The total annihilation rate at the present time is given by:

ΓA =
1
2

CAN(t⊕)2 =
1
2

C tanh2
( t⊕
τ

)
, (3.4)

with the age of the Earth t⊕ = 4.54 · 109 yr [46]. The second part of the equation is obtained by inserting
the expression for N(t) from equation 3.2 into it. As a consequence of DM annihilation inside the Earth
a flux of neutrinos is produced, whose differential flux reads:

dΦν
dEν

=
ΓA

4πd2

∑
f

BR f
dN f

ν

dEν
. (3.5)

In this equation f runs over the different final states of DM annihilations, the so-called annihilation
channels, dN f

ν /dEν is the energy spectrum of neutrinos, produced in the annihilation channel f with
branching ratio BR f and d is the distance between the neutrino source and the detector, which equals the
radius of the Earth R⊕. The annihilation constant CA depends on the annihilation cross section < σAv >

and the thermal DM distribution in the Earth ε(r) [47]. By writing the total annihilation rate as [12]:

ΓA =
1
2

∫ R⊕

0
4πr2ε(r)2 < σAv > dr , (3.6)

inserting this relation into equation 3.4 and solving for CA, one receives:

CA =< σAv >
V2

V2
1

(3.7)

with Vj = 4π
∫ R⊕

0
r2 ε(r)

j

ε
j
0

dr . (3.8)

Here ε0 is the thermal DM distribution in the center of the Earth and Vj are the effective volumes for the
Earth. The expression for Vj can be simplified for a radial thermal DM distribution of

ε(r) = ε0e−
mχΦ(r )

Tc , (3.9)

with Φ(r) the total gravitational potential of the Earth at r and Tc ≈ 5·103 K the temperature of the Earth
in the core, to [9] [11]:

Vj ≈ 2.0 · 1025
(

jmχ

10GeV

)− 3
2

cm3 . (3.10)

With this expression for Vj the annihilation coefficient CA can be approximated to:

CA ≈ 5.30 · 10−49
( < σAv >

3 ∗ 10−26cm3s−1

) ( mχ

TeV

) 3
2 s−1 . (3.11)
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3.3 Scattering of dark matter particles in the Earth

As DM particles are expected to move non-relativistically and the momentum transfer in the DM-nucleus
scattering to be small compared to the target mass, the Galilean invariant non-relativistic effective theory
of DM-nucleon interactions is applicable and chosen in this work [48] [49]. In this effective theory
the Hamiltonian density of DM-nucleon interactions is expressed as a linear combination of quantum
mechanical operators, that are Hermitian and Galilean invariant. These operators consist of four building
units: the DM spin operator Ŝχ, the nucleon spin operator ŜN , the momentum transfer operator q̂ and the
transverse relative velocity operator v̂⊥ = ŵ+ q̂

2µN , where µN is the DM-nucleon reduced mass and ŵ the
relative velocity operator. Keeping only terms, that are at most linear in v̂⊥, the non-relativistic effective
theory of DM-nucleon interactions for DM particles up to spin 1/2 consists of 14 independent operators,
that are listed in table 3.1. There exist additional operators for DM particles with a higher spin [50] [51],
which are not part of this work, but could be included in the used methodology [16].

Ô1 = 1χ1N Ô9 = iŜχ ·
(
ŜN × q̂

mN

)
Ô3 = iŜN ·

(
q̂
mN
× v̂⊥

)
1χ Ô10 = iŜN · q̂

mN
1χ

Ô4 = Ŝχ · ŜN Ô11 = iŜχ · q̂
mN
1N

Ô5 = iŜχ ·
(

q̂
mN
× v̂⊥

)
1N Ô12 = Ŝχ ·

(
ŜN × v̂⊥

)
Ô6 =

(
Ŝχ · q̂

mN

) (
ŜN · q̂

mN

)
Ô13 = i

(
Ŝχ · v̂⊥

) (
ŜN · q̂

mN

)
Ô7 = ŜN · v̂⊥1χ Ô14 = i

(
Ŝχ · q̂

mN

) (
ŜN · v̂⊥

)
Ô8 = Ŝχ · v̂⊥1N Ô15 = −

(
Ŝχ · q̂

mN

) [(
ŜN × v̂⊥

)
·

q̂
mN

]
Table 3.1Operators of the non-relativistic effective theory of DM-nucleon interactions. The operator Ô2 is omitted,
as it is quadratic in v̂⊥ and therefor doesn’t appear in leading order in any interaction.

Using the above introduced operators the Hamiltonian for a DM interaction with a target nucleus T reads:

ĤχT =
∑
a

∑
i

Ca
i Ô

a
i , (3.12)

where i labels the possible interaction type, as seen in table 3.1, and a the nucleons in the target nucleus
with a ranging from 1 up to A, the mass number of the nucleus. Thus the operator Ôa

i describes the
interaction of type i between a DM particle and the a-th nucleon of the target nucleus. The coupling
strength of the operator Ôa

i is given by Ca
i . It can be expressed as a 2 x 2 matrix, because the nucleon

is an isospin doublet. With the identity 1 and the third Pauli Matrix τa3 in the ath nucleon isospin space
Ca
i , consisting of the isoscalar c0

i and isovector c1
i coupling strengths, is commonly expressed as:

Ca
i = c0

i 1
a
2x2 + c1

i τ
a
3 . (3.13)

The isoscalar and isovector coupling strengths are linearly related to the coupling strengths to the neutron
and the proton:

cn
i =

1
2
(c0

i − c1
i )

cp
i =

1
2
(c0

i + c1
i ) . (3.14)
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With the coupling strengths to the neutron and the proton Ca
i reads:

Ca
i = cn

i (1
a
2x2 − τ

a
3 ) + cp

i (1
a
2x2 + τ

a
3 ) . (3.15)

From the Hamiltonian density of equation 3.12 the differential cross section for DM-nucleon scattering
can be calculated [49][52]:

dσχT(q2,w2)

dq2 =
1

(2J + 1)w2

∑
τ,τ′

[ ∑
k=M,Σ′,Σ′′

Rττ
′

k

(
v⊥2
T ,

q2

m2
N

)
Wττ′

k (q
2)

+
q2

m2
N

∑
k=Φ

′′
,Φ′′M,Φ′,∆,∆Σ′

Rττ
′

k

(
v⊥2
T ,

q2

m2
N

)
Wττ′

k (q
2)

]
. (3.16)

Here q is the momentum transfer, w is the DM-nucleus relative velocity, J is the target nucleus spin, mN
is the nucleon mass and v⊥2

T
= w2 − q2/(4µ2

T
) the transverse velocity squared, with µT the DM-nucleus

reduced mass. The eight DM response functions Rττ
′

k
are listed in appendix B according to [49] [53].

They depend on q2/m2
N
, on v⊥2

T
and on the coupling strengths cτi . The eight nuclear response func-

tions Wττ′

k
are expressed in terms of reduced matrix elements of nuclear charges and currents and were

computed numerically in [12] and [52]. They are listed as analytic expressions for all elements, used in
this work, in appendix C.

3.4 Dark matter capture in the Earth

In order to get captured in the Earth, DM particles have to loose so much energy, that they slow down
from their initial velocity, given as the DM - nucleus relative velocity w, to a velocity smaller than the
local escape velocity v(r) at the distance r from the center of the Earth. By kinematics the fractional DM
energy loss in the DM-nucleus scattering ∆E/E , with E = mχw

2/2 is in the interval:

0 ≤
∆E
E
≤ 4

µT2

mχmT
. (3.17)

In addition the scattering from velocity w to at least velocity v(r) requires with w =
√

u2 + v(r)2 and u
the DM velocity at infinity:

∆E
E
≥

w2 − v(r)2

w2 =
u2

w2 . (3.18)

Thus the rate of scattering from a velocity w to a velocity v(r) becomes [11]:

Ω
−
v (w) =

∑
T

ηTwΘ

(
4
µT2

mχmT
−

u2

w2

) ∫ 4
µ2
T

mχmT
E

u2
w2 E

dσχT(ER,w
2)

dER
dER . (3.19)

The sum in this equation includes all elements of the Earth, listed in Appendix A, with radius dependent
number density ηT(r) and mass mT . The integral is performed over all kinematically allowed recoil
energies ER, whereat the differential cross section dσχT(ER,w

2)/dER is computed according to equa-
tion 3.16 with the identity q2 = 2mTER.

The differential capture rate per volume is obtained by a velocity integral over the scattering rate from
equation 3.19, where f (u) is the DM speed distribution at infinity boosted in the Earth’s restframe [11]:

dC
dV
=

∫
u≤uEarth

max

f (u)
u

wΩ−v (w)du . (3.20)
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For the speed distribution a Maxwell-Boltzmann distribution, truncated at the escape velocity 544 km/s
from the Milky Way [54] [55], and a local standard of rest velocity of 220 km/s [56] [57] are assumed.
Assuming spherical symmetry the DM capture rate can finally be calculated by:

C =
∫ R⊕

0
4πr2 dC

dV
dr . (3.21)

Inserting equations 3.20 and 3.19 into equation 3.21 the DM capture rate reads:

C =
∑
T

∫ R⊕

0
4πr2ηT(r)

ρloc
mχ

dr
∫
u≤uEarth

max

f (u)
u

w2du
∫ 2

µ2
T
w2

mT

mχ v2
2

dσχT(ER,w
2)

dER
dER . (3.22)

For the local DM density a value of 0.3 GeV/cm3 is assumed [58]. This equation is used together with
equation 3.16 for the calculations of this work.

In the non-relativistic effective theory of DM-nucleon interactions the particle physics DM model is
completely given by the DM mass and the set of the 28 coupling strengths from equation 3.13. They
define the types and strengths of interactions arising from a concrete DM model upon matching to the
non-relativistic effective theory. By collecting the coupling strengths c0

i and c1
i for i = 1, 3, ..., 15 in a

single vector c with components cα for α = 1, ..., 28 the capture rate can be written as [59] [60]:

C(c) = cTCc . (3.23)

Here C is a real symmetric 28 × 28 matrix, whose content depends on the Earth model, the local DM
density, the DM mass and the DM velocity distribution, but is independent of the underlying particle
physics model for a given DM mass.

The annihilation of DM produces SM particles. Most of these particles are stopped in the Earth, but
neutrinos can escape the center of the Earth and their flux can be measured. From this measurement
the total annihilation rate can be determined and thus equation 3.4 can be evaluated together with
equation 3.23. A large experimental setup to measure neutrinos is the IceCube neutrino observatory,
which is described in the next chapter. The IceCube collaboration sets upper limits on the total annihilation
rate for different DM masses by the non-observation of an exotic neutrino flux [13]. These upper limits
are used in this work in order to set upper limits on DM properties, which is described in chapter 5.
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4 The IceCube neutrino observatory

Indirect DM searches focus on DM annihilation products, that can be measured here on Earth. A very
prominent example for these experiments is IceCube, a neutrino telescope, located in the ice of Antarctica
at the geographic South Pole. In this work data is used, collected by IceCube in a first 327 days of detector
livetime search for dark matter annihilations in the Earth [13]. For that reason an overview of the IceCube
neutrino observatory is given in this chapter with a focus on the observation of an exotic neutrino flux
from the center of the Earth.

4.1 The detector

The IceCube telescope is designed to detect Cherenkov radiation, in order to measure neutrinos. Interac-
tions of neutrinos in the ice produce charged leptons, that travel through the detector. As these charged
particles pass through the ice at a speed greater than the phase velocity of light in ice, Cherenkov radiation
is produced [61]. The energy and direction of the charged leptons can be reconstructed by recording the
number of Cherenkov photons and their arrival time. Consequently also the parent neutrinos direction
and energy can be determined.

Installation of IceCube started in 2005 and full deployment was achieved in 2011 [62]. It has a size of
one cubic kilometer and is installed between 1450 m and 2450 m depth in the ice of the Antarctic [63].
IceCube is instrumented with 5160 digital optical modules (DOMs) in 86 strings. The DOMs are the
fundamental detector elements of IceCube. Each DOM consists of a photomultiplier tube (PMT) and an
electronic board assembly, which enables the DOMs to digitize and time-stamp the received photonic
signals and transmit them via the strings to the IceCube Lab at the surface [64]. 78 strings are ordered
in a hexagonal grid with 125 m horizontal spacing between each string. On each string are 60 DOMs,
which are vertically 17 m apart from each other, enabling IceCube to measure energies of neutrinos down
to Eν ∼ 50 GeV − 100 GeV with an optimal response at Eν ≥ 1000 GeV [62]. 8 strings in the center
of IceCube are located horizontally closer together (42 m - 72 m) and are each equipped with 50 higher
quantum efficiency DOMs, spaced 7 m vertically apart on the strings, which maximises the detection
efficiency for low energy neutrinos in the 10 GeV - 100 GeV energy range. This subarray of IceCube at a
depth of 2100 m to 2450 m, together with 7 central standard IceCube strings, is called DeepCore [65]. In
a depth band between 2000 m and 2100 m exists a high dust concentration leading to an absorbing and
scattering ice at that dust layer. This region is not instrumented with DeepCore DOMs. Instead 10 further
DOMs are installed as an overhead veto above this dust layer to reduce background noise from the vertical
direction, where the cosmic-ray angular distribution is at its maximum. In figure 4.1 the architecture of
the IceCube observatory is shown.

4.2 Measurement of neutrinos

High-energy neutrinos interact with matter mainly via inelastic scattering off quarks in target nuclei with
an exchange of a Z (neutral current) or W (charged current) boson [66]. Neutral current interactions leave
the neutrino state intact, whereas in a charged current interaction a charged lepton, that shares the neutrino
flavor, is produced. In this way muons can be produced in charged current interactions of muon neutrinos.
The produced muons create Cherenkov emission in the ice, resulting in so-called tracks in the detector.
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Figure 4.1 Setup of the IceCube observatory, taken from [66].

Hereby the interaction does not have to take place inside the detector as the tracks can be several kilo-
metres long. In contrast energetic electrons and taus, which are produced in charged current interactions
of electron neutrinos and tau neutrinos, will not create elongated tracks, as electrons scatter rapidly and
taus have a very short lifetime. Most neutrino searches focus on upward going neutrinos passing through
the whole Earth as a filter, because there is a large background due to atmospheric muons, produced by
cosmic rays in the atmosphere, which can be further reduced by focusing on point-like sources.

When a neutrino scatters off a target nucleus, this struck target will not remain intact and its fragments
will produce an hadronic particle shower, which also results in Cherenkov emission and is called cascade.
This light pattern is mostly spherical because of the high number of subsequent secondary particles. Due
to its shape the angular resolution of cascades is worse than for tracks, but the energy of the initiating
neutrino can be estimated with a better resolution, as the cascade can be fully contained in the detector
volume, whereas the muons loose energy gradually on their complete track in and outside the detector.

In general the energy of the secondary charged leptons can be estimated from the total number of
Cherenkov photons. This energy can be related to the neutrino energy by accounting for kinematic effects
and detection efficiency. The direction of the neutrinos is determined by using the timestamps of the
DOMs. The signals from all DOMs are collected in the IceCube Lab at the surface and sorted by their
known position and triggered timestamp into telltale patterns, that indicate the direction, energy and
flavor of the neutrino.
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Identification of neutrinos depends strongly on differentiation from background noise, as the background
rate due to atmospheric cosmic-rays is around 3000 muons per second at a depth of 1450 m, where the
detector of IceCube is located. Muon neutrinos, that interact outside the detector, produce the above
described tracks in the detector. These tracks can be pointed back to their sources with an angular
resolution smaller than 0.4 ◦. For these events the Earth is used as a filter to remove background noise.
As a consequence only muon neutrinos out of one half of the sky can be measured.

In order to get rid of these limitations, there exists the possibility to only concentrate on high-energy
starting events (HESEs), which are the above described cascades, induced by high-energy neutrinos, that
interact exclusively inside the detector. By dividing the instrumented volume of ice in an outer veto
shield and an inner zone, where the HESEs take place, this method can be implemented. In this way
neutrinos of all flavours, out of every direction, independent of charged or neutral current interaction, can
be measured. A big advantage of this method is, that the detector functions as a calorimeter absorbing
the entire energy of the measured neutrinos with a 10 % – 15 % resolution [65]. In contrast the angular
resolution deteriorates, compared to measured tracks, down to 10 ◦ to 15 ◦. An example for a HESE,
which is completely contained in the detector volume, is shown in figure 4.2 on the left side. On the right
side of figure 4.2 an upcoming muon track though the detector is depicted.

Figure 4.2 Signal patterns measured by IceCube. The color of the dots represents arrival time, starting with red
as an early arrival over all rainbow colors to purple as a late arrival. The size of the dots reflects the number of
detected photons. On the left side a cascade is depicted, initiated by an electron or tau neutrino, with a minimum
energy of Eν ≈ 1 PeV. On the right side an upgoing muon track with a deposited energy of Eν ≈ 2.6 PeV is shown,
taken from [66].

4.3 Detection results

IceCube is used for DM searches in dwarf spheroidal galaxies [67], in the galactic center [68], in the
halo [69], in the Sun [36] and in the Earth [13]. By measurements of the neutrino flux from objects in
the outer space constraints on the DM annihilation cross section as function of DM mass can be set. In
this work the focus is on DM searches in the Earth, where limits on the DM-nucleon cross section can
be derived. By the non-observation of a significant excess of neutrinos, compared to the background
noise, an upper limit on the size of an exotic neutrino flux from the observed object can be set. Using
the package WimpSim [70] this upper limit on the exotic flux can be converted into an upper limit on the
total DM annihilation rate inside Earth ΓA, which can be translated into constraints on the DM-nucleon
cross section. For the Earth the constraints on the spin-independent DM-nucleon cross section, obtained
by IceCube, are shown in figure 4.3, where they are compared with other experiments.
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Figure 4.3 Limits on the spin-independent DM-nucleon cross section as function of DM mass, assuming a DM
annihilation cross section of < σAv >= 3 · 10−26cm3s−1, are shown in black from IceCube data. Annihilation into
W+W− is assumed for DM masses above the rest mass of the W boson and annihilation into τ+τ− for lower DM
masses. The result is compared to limits set by SuperCMDSlite [71], LUX [72], Super-Kamiokande [73] and to an
IceCube search in the direction of the Sun [74]. The figure is taken from [13].

In order to convert the upper limits on the exotic neutrino flux into constraints on the DM-nucleon cross
section, some assumptions have to be made. The total annihilation rate ΓA is dependent on the DM mass
and the annihilation channel. Thus the first assumption has to be made about the annihilation channel,
where two hard channels and one soft channel is probed by IceCube for the Earth. In the hard channels
DM is assumed to annihilate into W+W−, when the DM mass is above the rest mass of the W boson of
80.377 GeV and into τ+τ− for DM masses below the rest mass of the W boson. Both the W bosons and
τ leptons quickly decay and the energy of the produced neutrinos peaks close to the annihilating DM
mass. As the neutrinos receive much energy a lot of them will be able to exceed the energy threshold
of IceCube. The opposite is the case for the soft channel, where DM annihilates into bb̄. The decay of
b results in low neutrino energies, so that it is more unlikely, that the energy threshold of IceCube can
be exceeded. For this reason limits are expected to be more stringent for the hard channels, which are
assumed in figure 4.3. A detailed analysis about the different annihilation channels and their spectra are
given in [75].

The annihilation cross section is set to the thermal relic value of < σAv >= 3 ·10−26cm3s−1, which is from
here on denoted as < σAv >th. The annihilation cross section has to be set to a certain value, because the
total DM annihilation rate and the DM-nucleon cross section are not directly linked in the Earth, as an
equilibrium between DM capture and DM annihilation can not be assumed. Several experiments, includ-
ing IceCube, set upper limits on the annihilation cross section < σAv >, whereby gamma-ray telescopes
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lead to the most constraining limits. The results of a combined analysis of MAGIC and Fermi-LAT
observations of dwarf spheroidal galaxies at the 95 % confidence level [76] are shown in figure 4.4. On
the left side are the upper limits for a DM annihilation into τ+τ−, which are applicable for DM masses
below the rest mass of the W boson according to the assumptions, and on the right side into W+W−,
which are applicable above the rest mass of the W boson. As seen here for DM masses below 80 GeV
the upper limits on < σAv >, for an annihilation into τ+τ−, are below the thermal relic annihilation cross
section < σAv >th. For a DM of 10 GeV the upper limit is about one order of magnitude smaller than
< σAv >th. For higher DM masses the upper limits on < σAv >, for an annihilation into W+W−, are
equal to or larger than < σAv >th. For a DM mass of 100 GeV the upper limit on < σAv > equals
approximately < σAv >th, for a DM mass of 1000 GeV approximately 10 < σAv >th and for a DM mass
of 10000 GeV approximately 100 < σAv >th. The results of a combined dark matter search towards
dwarf spheroidal galaxies with Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS [77] are pending,
which will eventually further lower the upper limits on < σAv >.

Figure 4.4 Upper limits on the DM annihilation cross section at the 95% confidence level from a combined analysis
of MAGIC and Fermi-LAT observations of dwarf spheroidal galaxies (dSphs). Results for DM annihilation into
τ+τ− are shown on the left and into W+W− on the right. Thick solid lines show the limits, obtained by combining
Fermi-LAT observations of 15 dwarf spheroidal galaxies with MAGIC observations of the dwarf spheroidal galaxy
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes) limits.
The thin-dotted line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68 %
and 95 % containment bands. The red-dashed-dotted line shows the thermal relic cross-section, taken from [77].

In figure 4.5 the upper limits on the spin-independent cross section as function of the annihilation cross
section are shown for two DM masses. With increasing annihilation cross section < σAv > the upper
limit on the spin-independent DM-nucleon cross section decreases until it reaches a lower bound, where
an equilibrium between DM capture and DM annihilation for the relevant mass is attained. For the results
in figure 4.3 the thermal annihilation cross section is chosen, although it is excluded for a DMmass of 50
GeV by the above presented Fermi / MAGIC limits.

Further assumptions have to be made, e.g. about the local DM density, which is set to 0.3 GeV/cm3 in
accordance with current estimates of 0.2 GeV/cm3 to 0.5 GeV/cm3 [58]. For the velocity distribution
of the DM particles in the halo a Gaussian distribution is assumed, which is based on the Standard
Halo Model. According to galaxy formation simulations additional macro structural components, like
a dark disc could exist, that effect the velocity distribution and increase it at low velocities [79]. This
could raise theDMcapture rate in the Earth, asmainlyDMwith low velocities can be captured in the Earth.



4 The IceCube neutrino observatory

20

Figure 4.5 Upper limits on the spin-independent DM-nucleon cross section as function of DM annihilation cross
section for 50 GeV DM annihilating into τ+τ− (in black) and for 1 TeV DM annihilating into W+W− (in blue).
Limits of Lux are shown as a comparison in dashed lines. The thermal relic annihilation cross section is shown as
a vertical red dashed line. Upper limits on the annihilation cross-section are also indicated as vertical dashed lines
from IceCube [78] and from a combined analysis of Fermi-LAT and MAGIC [76]. The figure is taken from [13].

Finally also the DM capture rate in the Earth has to be determined. It depends on the composition of the
Earth, the DM mass, the velocity distribution, that is described above, and the local DM density. For the
results, shown in figure 4.3, the DM capture rate is taken from [80] and is shown in figure 4.6. As seen in
the figure the DM capture rate increases considerably for the most abundant elements in the Earth. The
peaks of the DM capture rate influence directly the upper limits on the DM-nucleon cross section. For a
DM mass of about 50 GeV, which refers to the resonant peak of 56Fe, this leads to a lower upper limit on
the spin-independent DM-nucleon cross section than the one, obtained from the IceCube DM search in
the direction of the Sun.

Upper limits on the DM-nucleon cross-sections are also obtained from DM searches in the direction of
the Sun. For the spin-dependent DM-nucleon cross section these upper limits are competitive with those,
from direct detection experiments, in the DM mass region above 80 GeV [36], whereas they are weaker
than those, obtained from direct detection experiments, for the spin-independent cross-section as seen
in figure 4.3. Future analyses, combining several years of data, will improve the limits of several DM
searches. The upper limits from the Sun have shortly been improved for low DM masses [81] and for
the Earth a new analysis is already pending, which will lower the upper limits on the spin-independent
DM-nucleon cross section by about one order of magnitude [82].
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Figure 4.6 DM capture rate in the Earth as function of DMmass for a spin-independent cross section of 10−44 cm2,
based on [80]. The peaks indicate the resonant capture of the most abundant elements in the Earth, taken from [13].

As described in this chapter, the IceCube collaboration sets upper limits on the total DM annihilation
rate by the non-observation of an exotic neutrino flux and transfers its results to constraints on the
DM-nucleon cross section, using the above given assumptions. Details about the procedure to constrain
DM properties with IceCube observations with a focus on a formalism to set rigorous upper limits
on the coupling strengths of the non-relativistic effective theory of DM-nucleon interactions and the
corresponding DM-nucleon cross sections are presented in the next chapter.
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5 Constraining dark matter properties with
IceCube observations of the Earth’s center

In this chapter the theoretical background and method, to obtain constraints on DM properties, namely
on the coupling strengths of the non-relativistic effective theory of DM - nucleon interactions including
operator interference and on the corresponding DM-nucleon cross-sections, are described. Commonly,
as also in the IceCube results [13], the DM interactions with the nucleons are assumed to be identical
for protons and neutrons, called an isoscalar interaction, which is very restrictive and not always the
case [83] [84]. Instead interference between isoscalar and isovector interactions, where protons and neu-
trons are treated differently, can be included. This will result in higher upper limits on the cross section
for the reported upper limit on the DM annihilation rate [16]. Furthermore not only spin-independent
and spin-dependent DM-nucleon interactions can be considered. In the non-relativistic effective theory
of DM-nucleon interactions exists a large set of Galilean invariant operators with additional nuclear
response functions as seen in section 3.3. These operators have been included in an analysis to infer
upper limits on the coupling strengths of the effective theory without incorporation of interference for
IceCube observations of the Earth [12]. But as described above, interference between isoscalar and
isovector interactions leads to an increase in the upper limits on the cross section. In addition interference
between the different interaction types can exist, which leads to even more relaxed upper limits. A
method, to include the entire interference, has been introduced and applied on IceCube data for the Sun
[16]. The Earth contains additional chemical elements with relevant abundances, compared to the Sun,
and in contrast to the Sun equilibrium between DM capture and annihilation can’t be considered to be
reached. For that reason the method to obtain rigorous constraints on the effective theory of DM-nucleon
interactions including operator interference under consideration of the non-equilibrium of DM capture
and annihilation is applied on IceCube data for the Earth in this work and described in the following.
Hereby the investigation is restricted to DM spin up to 1/2 with 8 interactions in the effective field theory
for spin-0 DM and 28 interactions for spin-1/2 DM.

By the non-observation of an excessive neutrino flux, compared to the background, an upper limit on
the total DM annihilation rate ΓA(C) ≤ Γu.l.

A
is set for a given annihilation channel and DM mass by the

IceCube collaboration. This limit can be used via equation 3.4 to put an upper limit on the capture rate
for the given DM mass and annihilation channel: C ≤ Cu.l.. From this requirement upper bounds on the
coupling strengths cτi from equation 3.23 can be derived. These upper limits are, as described above,
commonly received under the assumption, that all other coupling strengths are zero, which in general
is not the case and leads to upper limits on the coupling strengths, that are too much constrained [16].
Instead a larger region in parameter space is allowed by the condition C ≤ Cu.l., which includes points
violating the commonly derived upper limits. This is demonstrated for 2 coupling strengths, spanning a
2-dimensional c-space in figure 5.1, where all points on and inside the ellipse are allowed. In this figure
a rigorous upper limit on the coupling strength cα is given by max{cα} and not by maxcα |cβ=0. This
concept can be extended to the whole 28-dimensional c-space, spanned by the 28 coupling strengths of
the effective theory.

In order to compute the maximum value of the α-th component of the vector c under the basic condition
ΓA(C) ≤ Γu.l.

A
including the whole 28-dimensional c space, a Lagrangian is constructed [16]:

L = cα − λ
[
ΓA(C) − Γu.l.

A

]
, (5.1)
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Figure 5.1 In green the allowed region by the condition C ≤ Cu.l. in the 2-dimensional parameter space is shown.
The point max{cα}|cβ=0 is commonly used as upper limit for the coupling strength cα, although e.g. the point,
marked with a red cross, with a higher ca value is allowed, too. The rigorous maximum value for cα is reached at
the point cmax with the value max{cα} for cα. The figure is taken from [16].

where λ is a Lagrange multiplier. For the total annihilation rate at the present time ΓA(C) as a function
of the capture rate equation 3.4 is rewritten as:

ΓA(C) =
C
2

tanh2 (κ
√

C) (5.2)

with κ = t⊕
√

CA . (5.3)

For cmax as the point, where the maximum value max{cα} = cmax
α for the coupling strength cα is obtained,

the optimization conditions are:

∂L
∂cβ

���
c=cmax

= δαβ − 2λ
∂ΓA(C)
∂C

���
cmax
Cβζcmax

ζ = 0 (5.4)

∂L
∂λ

���
c=cmax

= ΓA[C(cmax)] − Γu.l.
A = 0 . (5.5)

It follows from the first condition 5.4 with ξ = (2λ∂ΓA(C)/∂C
���
cmax
)−1:

cmax
β = ξ(C−1)αβ . (5.6)

cmax
β can be used to express the capture rate of equation 3.23. Substituting the result together with
equation 5.2 into the second condition 5.5; one obtains:

1
2
ξ2(C−1)αα tanh2

(
κξ

√
(C−1)αα

)
= Γu.l.

A . (5.7)

By calculating the root ξ0 of ξ2 numerically, the maximum value of the coupling strength cα can be
determined via:

cmax
α = ξ0(C

−1)αα . (5.8)
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The last two steps can be combined to one equation, by substituting ξ0 from equation 5.8 into the square
root of equation 5.7:

cmax
α tanh

(
κ√

(C−1)αα
cmax
α

)
=

√
2(C−1)αα)Γ

u.l.
A

. (5.9)

This equation is used in this work to determine numerically the upper limits cmax
α on the coupling

strengths cα and therefor also the maximum values max{cτi } of the coupling strengths cτi , corresponding
to them. The equation 5.9 can also be used for any subspace of the 28-dimensional c space, for example
when only a subset of the operators of the effective theory is used in a certain model. The results in
chapter 6 are shown for the case of no interference, where (C−1)αα = (Cαα)

−1, for interference between
the isoscalar and isovector interaction for each operator and for interference between all interactions for
each operator. Hereby the most stringent upper limits are received without interference according to
equation 5.8, as it holds for the C matrix: without interference (C−1)αα = (Cαα)

−1 ≤ (C−1)αα with
interference.

In equation 5.9 the results for cmax
α depend on the upper limits on the total DM annihilation rate Γu.l.

A
,

the matrix C and via κ from equation 5.3 on the annihilation constant CA, which in turn depends on the
annihilation cross section < σAv > through equation 3.11. The equilibrium time τ depends according
to equation 3.3 also via CA on < σAv >. For that reason the upper limits cmax

α change according to the
assumed annihilation cross section, which also implies a changing equilibrium time τ. In the results,
presented in chapter 6, the upper limits are shown once for the thermal relic annihilation cross section
of < σAv >th= 3 · 10−26cm3s−1 and once for different annihilation cross sections, that are chosen to
be multiples of < σAv >th. In addition the results are shown in comparison to other DM detection
experiments. This comparison is possible, as similar expressions, in order to obtain upper limits on the
coupling strengths, hold for direct detection experiments. Hereby the nuclear recoil event rate is given
by R(c) = cTRc and is bounded by R ≤ Ru.l.. But it is important to note, that the upper limits cmax

α

from direct detection experiments are independent of DM annihilation and the corresponding annihilation
cross section and thus also of the equilibrium time of DM capture and annihilation. Thus the formulae
change as in the case, if equilibrium was already attained [16]. The Lagrangian to compute the upper
limit on the αth component of the 28-dimensional vector c under the constraint C ≤ Cu.l., when DM
capture-DM annihilation equilibrium is reached, reads:

L = cα − λ
[
C(c) − Cu.l.] , (5.10)

with λ as a Lagrange multiplier. The optimization conditions are:

∂L
∂cβ

���
c=cmax

= δαβ − 2λCβζcmax
ζ = 0 (5.11)

∂L
∂λ

���
c=cmax

= C(cmax) − Cu.l. = 0 . (5.12)

cmax is the point on the ellipse where the maximum value max{cα} = cmax
α for cα is attained. From the

condition 5.11 the βth component of cmax can be obtained:

cmax
β =

1
2λ
(C−1)αβ . (5.13)

cmax
β can again be used to express the capture rate of equation 3.23. Substituting the result into the second
condition 5.12, one obtains for the Lagrange multiplier: λ = 1

2

√
(C−1)αα/Cu.l.. With this expression for

λ the maximum value of the coupling strength cα can be determined:

cmax
α =

√
(C−1)ααCu.l. . (5.14)
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This formula for cmax
α can be used for indirect detection, where DM capture and annihilation equilibrium

has already been attained like in the Sun [16], and for direct detection in an analogous form. Details
about the derivation of upper limits on the coupling strengths from the non-observation of a significant
excess in the number of nuclear recoil events in direct detection experiments are given in [15].

In order to compare results and depending on the application, a change of basis may be feasible, like from
the isoscalar-isovector basis to the neutron-proton basis. In an alternative basis the upper limits on the
coupling strengths from equation 5.8 and 5.14 respectively read:

c̃max
α = ξ0(C̃

−1)αα (5.15)

c̃max
α =

√
(C̃−1)ααCu.l. . (5.16)

The matrix C̃ in the new basis can be calculated ab initio or more conveniently by a basis transformation
of the results in the old basis. The basis transformation of the coupling strengths c-vector is obtained by:

c̃ = Tc . (5.17)

With the condition, that the capture rate is independent of the chosen basis one obtains:

C(c) = cTCc = c̃T C̃c̃ . (5.18)

With equation 5.17 for the basis transformation of the c-vector of the coupling strengths the matrix C̃ in
the new basis thus reads:

C̃ = (TT )−1CT−1 . (5.19)

According to equation 3.14 the T-Matrix for the transformation from the isoscalar-isovector basis
c = {c0

i , c
1
i } to the neutron-proton basis c = {cn

i , c
p
i } reads for a single operator Oi:

T2x2 =
1
2

(
1 −1
1 1

)
(5.20)

For the whole 28-dimensional c-space theT-matrix for all 14 operators is a 28x28 block diagonal matrix,
consisting of the 2x2-matrices T2x2 on the diagonal:

T28x28 =

©­­­­­«
T2x2 0 · · · 0

0 . . .
. . .

...
...

. . .
. . . 0

0 · · · 0 T2x2

ª®®®®®¬28x28

(5.21)

Based on these formulae the upper limits on the coupling strengths can be calculated in any basis, like the
neutron-proton basis, with the original calculated C-Matrix in the isoscalar-isovector basis as a starting
point. The impact of interference on the upper limits of the coupling strengths depends hereby strongly
on the chosen basis. This is shown in figure 5.2, where the green ellipse demonstrates the allowed region
in the parameter space for the O1 operator including interference. As seen there, the maximum values for
the coupling strengths coincide in the isoscalar-isovector basis in case of interference and no interference,
so that max{c0

1} = max{c0
1}|c1

1=0 and max{c1
1} = max{c1

1}|c0
1=0, whereas in the neutron-proton base the

maximum values for the coupling strengths are larger in case of interference: max{cn
1} ≥ max{cn

1}|cp
1=0

and max{cp
1} ≥ max{cp

1}|cn
1=0.
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Figure 5.2 In this picture the influence of the chosen basis on the impact of interference is shown. The green
ellipse demonstrates the allowed region in the parameter space for the O1 operator including interference. In the
isoscalar-isovector basis the axes of the ellipse are aligned with the axes of the coordinate system, so that the upper
limit on c0

1 coincides in case of interference and in case of no interference, where c1
1 = 0: max{c0

1} = max{c0
1}|c1

1=0.
Instead in the neutron-proton basis the axes of the ellipse are misaligned with the respective coordinate system and
therefor: cn

1 , 0 at the point for the upper limit on cp
1 including interference, so that: max{cp

1} ≥ max{cp
1}|cn

1=0.
The figure is taken from [16].

Commonly in the literature it is assumed, that the only non-vanishing coupling constant is the isoscalar
component c0

i . Also the IceCube collaboration presents its results, the spin independent and spin
dependent DM-nucleon cross section for a spin 1/2 DM particle, under this assumption. The constraints
on cN1 and cN4 in the neutron-proton basis with and without interference can be translated into constraints
on the spin independent (SI) and spin dependent (SD) cross section via [16]:

σSI
χN =

µ2
N
(cN1 )

2

π

σSD
χN =

3
16

µ2
N
(cN4 )

2

π
. (5.22)

With these equations the calculations of this work can be compared to published results. In general
the upper limits including interference will be less restrictive than the bounds, where interference is
neglected and DM couples with equal strength to protons and neutrons, but they are applicable to all
models considering the respective interference and impose a rigorous upper limit on the coupling strengths.
The results, that were attained by using the above presented formalism on IceCube observations of the
Earth’s center, are shown in the next chapter.
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6 Results from IceCube data

A search for an exotic neutrino flux from the center of the Earth, induced by DM annihilations, with
the IceCube Neutrino Observatory was conducted during 2011 and 2012, collecting data from 327 days
of detector livetime [13]. No excess beyond the expected background from atmospheric neutrinos was
detected, leading to an upper limit on the neutrino flux from DM annihilations in the Earth. Based on
this observation the IceCube collaboration published upper limits on the total DM annihilation rate and
the spin-independent cross section at the 90% confidence level for 11 DM masses between 10 GeV and
10 TeV, assuming a soft and two hard channels and a thermal relic annihilation cross section. The soft
channel hereby refers to annihilation into bb̄, while the two hard channels refer to annihilation intoW+W−

for DMmasses larger than the rest mass of the W boson and annihilation into τ+τ− for lower DMmasses.
Based on the reported upper limit on the total annihilation rate from IceCube, rigorous upper limits on
the coupling strengths of the non-relativistic effective theory and on the corresponding DM-nucleon cross
sections are derived according to the above described formalism. First the results are presented for the
thermal relic annihilation cross section, then for different annihilation cross sections, given as multiples
of the thermal annihilation cross section, and finally in comparison to the results from other experiments.

6.1 Constraints on the coupling strengths

In this section constraints on the coupling strengths under the assumption of the thermal relic annihi-
lation cross section are presented. They werde derived by evaluating equation 5.9 with the procedure
described in chapter 5 and are based on the reported upper limits on the total DM annihilation rate from
IceCube. The results, multiplied with the squared rest mass of the W boson mW , as function of the
DM mass [mχ = (10, 20, 35, 50, 100, 250, 500, 1000, 3000, 5000, 10000) GeV] in the isoscalar-isovector
basis assuming the thermal relic annihilation cross section and the hard channels are shown in figures 6.1
and 6.2. In each subfigure the blue lines show upper limits on the isoscalar coupling strength c0

i and the
red lines on the isovector coupling strength c1

i . The solid line shows the result under the assumption, that
the depicted coupling strength describes the only non-zero interaction, which means, that there exists no
interference. The results considering an isoscalar-isovector interference are depicted as dashed lines. So
in this case c0

i and c1
i can be non-zero, while all other coupling strengths vanish. The dotted line shows

the results, when all coupling strengths are non-zero and interference between all operators occurs. The
strongest constraints on the coupling strengths are obtained in case of no interference, which can also be
seen fromequation 5.8. The upper limits become themost relaxed for interference between all interactions.

For each coupling strength cτi , where i = 1, 3, ..., 15 and τ = 0, 1 the impact of interference is different.
The upper limits on the coupling strengths are relaxed under isoscalar-isovector interference by about
2 orders of magnitude for cτ4 , cτ6 , cτ7 , cτ9 , cτ10 and cτ14 and only by a small factor e.g. for cτ3 , cτ5 and cτ15. This
depends on the off-diagonal elements of the C matrix and is therefor, as seen in figure 5.2, dependent on
the chosen basis, here the isoscalar-isovector basis. The smaller the off-diagonal elements are compared to
the diagonal elements, the more the allowed region is aligned with the axes of the parameter space. So in
a geometrical perspective the orientation and elongation of the ellipses in the parameter space determine
the impact of interference on the respective coupling strength. The more the ellipses are elongated and
misaligned with the c0

i - c1
i axes, the stronger is the impact. This can be seen in figure 6.3, where the

allowed regions in the c0
i − c1

i parameter space at the 90 % confidence level for all operators are shown
for a DM mass of 50 GeV, as with this DM mass the upper limits are the most constraint for the majority
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of the interactions. As seen here the ellipses of cτ4 , cτ6 , cτ7 , cτ9 , cτ10 and cτ14 are elongated and lie on the
diagonal of the parameter space, which leads to a high impact of the isoscalar-isovector interference on
the upper limits. As a remark: By projecting the vertex and co-vertex of the ellipses on the c0

i − c1
i axes,

the upper limits in case of no interference are obtained. The impact of interference between all operators
on the upper limits is determined by the DM response functions, defined in appendix B, where products
between coupling strengths represent this interference. There exists no interference between all operators
for cτ7 and cτ10. For that reason the upper limits for interference among all operators are the same as for
isoscalar-isovector interference for these two coupling strengths. In general the following interference
between all interactions is possible: cτ1 cτ3 , cτ4 cτ5 , cτ4 cτ6 , cτ8 cτ9 , cτ12cτ15 and cτ11cτ12cτ15 resulting to the observed
impact on the upper limits of the coupling strengths under interference between all operators. It is
important to note, that points above the solid lines are not necessarily excluded, whereas points above the
dotted lines are for all DMmodels in conflict with the IceCubemeasurements under the given assumptions.
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Figure 6.1 Upper limits on the coupling strengths cτi , τ = 0, 1, i = 1, 3, ...7 of the non-relativistic effective theory
of DM-nucleon interactions at the 90% confidence level as function of the DMmass mχ assuming the hard channels
and the thermal relic annihilation cross section. In blue are the upper limits on the isoscalar coupling strength
c0
i and in red on the isovector coupling strength c1

i . For each coupling strength the solid line shows the results
considering no interference, the dashed line shows the results considering isoscalar-isovector interference, and the
dotted line shows the results considering interference between all operators Oτj , τ = 0, 1, j = 1, 3, ...15.
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Figure 6.2 Same as figure 6.1 for coupling strengths cτi , τ = 0, 1, i = 8, ..., 15.
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Figure 6.3 Allowed regions in the c0
i − c1

i parameter space at the 90 % confidence level, representing the values of
the coupling strengths for isoscalar-isovector interference, allowed by the upper limits on the total annihilation rate
by IceCube, for a DM mass of 50 GeV and the hard channels assuming the thermal relic annihilation cross section.
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A prominent feature of the upper limits on the coupling strengths in figures 6.1 and 6.2 is the significant
drop of the constraints on cτ1 , cτ3 , cτ5 , cτ8 , cτ11, cτ12 and cτ15 at a DMmass of 50 GeV. The reason for this lower
upper limit is the resonant capture of DM by 56Fe, the most abundant element in the Earth’s core (see
appendix A). The nuclear response functions of 56FeWττ′

M ,Wττ′

Φ′′
andWττ′

MΦ′′ from appendix C are, together
with the DM response functions from appendix B, directly connected to the relevant coupling strengths
via equation 3.16 for the DM-nucleon cross section. Therefor the most constraining upper limits for many
interactions are reached at a DM mass of 50 GeV, as already mentioned in section 4.3 for the special case
of the spin-independent cross section reported by IceCube. The other resonant peaks, reported there for
16O, 24Mg and 28Si, cannot be resolved in the calculations here, most probably due to the large binning of
the probed DM masses. But there are more significant dips in the upper limits on the coupling strengths
for other interactions, resulting from resonant peaks. For example there is also a strongly improved upper
limit on cτ6 and cτ13 at a DM mass of about 20 GeV - 30 GeV, which can be explained by resonant capture
of DM by 23Na, 27Al and 31P. The constraints on these coupling strengths are not very strong, so that also
elements with a small abundance can change results in this case significantly. Thus depending on the
interaction the most stringent constraints are obtained for different DM masses.

The IceCube collaboration presents its results for the DM search in the Earth in terms of the spin-
independent DM-nucleon cross section under the assumption, that the interaction is isoscalar [13]. They
are shown in figure 4.3. In order to compare the results of this work with the published results from
IceCube, the spin-independent DM-nucleon cross section σSI

χN
and additionally the spin-dependent DM-

nucleon cross section σSD
χN

are calculated according to equation 5.22 in the neutron-proton basis and
depicted in figure 6.4 as function of the DM mass. The cyan lines represent the constraints on the
DM-neutron cross sections and the violet lines on the DM-proton cross sections. Hereby the solid lines
show the upper limits on the DM-nucleon cross sections assuming that the only non-zero coupling con-
stant is the isoscalar component c0

1 for the spin-independent DM-nucleon cross section and the isoscalar
component c0

4 for the spin-dependent DM-nucleon cross section without interference. As the interaction
is isoscalar, the upper limits should be the same for the DM-proton cross sections and the DM-neutron
cross sections, so that the solid lines overlap. A small difference results however from the mass difference
of order 10−3 between neutron and proton, which is below the resolution limit of the figures. The dashed
lines show the results assuming that both c0

1 and c1
1 for the spin-independent DM-nucleon cross section

and c0
4 and c1

4 for the spin-dependent DM-nucleon cross section can be non-zero and interfere, whereas
all other coupling strengths vanish. The dotted lines show the upper limits on the DM-nucleon cross
sections under the assumption, that all coupling strengths can be non-zero and interfere. The upper limits
under the assumption of interference for the spin-independent DM-nucleon cross section are about 3 to
4 orders of magnitude larger than the ones without interference. For the spin-dependent DM-nucleon
cross section they are about 3 orders of magnitude larger than without interference in case of DM-proton
interaction and about 5 orders of magnitude larger in case of DM-neutron interaction. Consequently the
constraints respecting interference between all operators, which are applicable to all DM models, are
much more relaxed than the upper limits published by the IceCube collaboration, which are obtained
under the assumption of isoscalar interaction only.

The published results can however be directly compared with the calculated upper limits on the spin-
independent DM-nucleon cross section in case of no interference, in order to assess the accurateness of
computations. Between a DMmass of 20 GeV and 100 GeV the calculated upper limits are about a factor
of 2 to 3 smaller than the published ones, whereby the closest result is given for a DM mass of 50 GeV.
For DM masses below and above this interval the factor increases in each direction to about at most 1
order of magnitude. Thus the calculated upper limits on the spin-independent cross section in case of
no interference of this work are more constrained than the the published upper limits for all DM masses,
but within or at most at 1 order of magnitude. This difference can be explained on the one hand side
by the used Earth model. The internal structure and composition of the Earth differs between various
models, which in consequence leads to different DM capture rates for the elements in the Earth and thus
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to a different final result for the DM-nucleon cross sections. On the other hand also the accuracy of
the numerical calculations of the C matrix influences the results, e.g. by the precision of the numerical
algorithms of integration and by the accuracy of the DM velocity distribution. In order to obtain as exact
as possible results one should go beyond the leading order in the calculations for the DM capture rate,
which is however also limited by the given accuracy of the different nuclear response functions listed in
appendix C, that are calculated polynomial fits of nuclear shell models provided in [12] and [52]. Thus the
observed difference between the published and calculated results can be reasonably explained. Finally, as
mentioned before, the resonant peaks of 16O, 24Mg and 28Si in the published results cannot be resolved
in the calculations of this work, most probably due to the large binning of the probed DM masses, but
still the results are in agreement with the published results within or at most at 1 order of magnitude.
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Figure 6.4 Upper limits on the spin-independent DM-nucleon cross section σSI
χN

on the left and on the spin-
dependent DM-nucleon cross section σSD

χN
on the right at the 90% confidence level as function of the DM mass

mχ assuming the hard channels and the thermal relic annihilation cross section. In cyan are the upper limits on
the DM-neutron cross sections and in violet on the DM-proton cross sections. The solid line shows the results
considering no interference, i.e. c0

1 is the only non-zero coupling strength for the spin-independent DM-nucleon
cross section and c0

4 the only one for the spin-dependent DM-nucleon cross section. The dashed line shows the
results considering that c0

1 and c1
1 can be non-zero and interfere for the spin-independent DM-nucleon cross section

and c0
4 and c1

4 can be non-zero and interfere for the spin-dependent DM-nucleon cross section. The dotted line
shows the results considering interference between all interactions of the effective theory.

The accuracy of the nuclear response functions influences the upper limits under the assumption of
interference in a special way, as the ensuing matrices are needed for their calculation. The matrices have
to be positive definite, in order to be able to use the method described in chapter 5 to determine the upper
limits on the coupling strengths under interference with equation 5.9 and 5.14. Else there will be negative
entries on the diagonals of the inverse matrices and the upper limits on the coupling strengths become
imaginary. For some elements like 31P there exist nuclear response matrices, that are, due to accuracy,
not positive definite for zero and small momentum transfers, which are especially important for a rather
small celestial body like the Earth (The variable y of the polynomial fits for the nuclear response functions
is dependent on the squared momentum transfer q as seen in appendix C). Nevertheless the method can
be applied to the Earth, as also higher momentum transfers are incorporated and all elements together
determine the final calculated C matrix of the Earth, which thus becomes positive definite. Thus this
accuracy error, which is particularly relevant when the determinant is very small compared to the matrix
elements and the eigenvalues are very hierarchical leading to elongated allowed parameter spaces, has
a special impact on the upper limits under interference. Additional errors in the numerical calculations
occur, as mentioned before, e.g. from the numerical algorithms of integration and from the DM velocity
distribution.
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Away to calculate the propagation of all these numerical errors and their impact on the finalCmatrix and
on the upper limits on the coupling strengths under interference is presented in [15]. The accuracy of the
used nuclear response functions is of order 10−5. Taking only this accuracy into account and using the
method described in [15] the calculated upper limits on all coupling strengths for an isoscalar-isovector
interference differ from the true values by a factor of 10−2. To receive results for all coupling strengths
under isoscalar-isovector interference with a difference to the true values smaller than or equal to a
factor of order 1, the total numerical precision has to be smaller than or equal to 10−4. For a numerical
precision larger than 10−3 the difference between calculated and true values for the upper limits on the
coupling strengths under isoscalar-isovector interference becomes larger than 1 order of magnitude. In
the isoscalar-isovector basis the impact of the numerical precision is especially relevant for the upper
limits on the coupling strengths c4, c6, c7, c9, c10 and c14 under isoscalar-isovector interference, whereas
for the other coupling strengths the relative errors are 2 orders of magnitude smaller than for the pre-
vious mentioned ones. As seen in figure 6.3 the ellipses of c4, c6, c7, c9, c10 and c14 are elongated
and lie on the diagonal of the parameter space, which leads to a large error on the upper limits on the
coupling strengths under isoscalar-isovector interference due to numerical precision, but also the impact
of isoscalar-isovector interference on the upper limits is especially large for these coupling´strengths
as mentioned before. Changing to the neutron-proton basis the impact of the numerical precision is
particularly relevant for c1, c5 and c11 under isoscalar-isovector interference, but sill at the same order of
magnitude as for the most affected other coupling strengths in the isoscalar-isovector basis. Altogether
the robustness of the upper limits under interference can become questionable, if the numerical precision
is not high enough, and thus great care has to be taken when performing the calculations.

6.2 Upper limits on the coupling strengths for different annihilation cross
sections

An equilibrium between DM capture and DM annihilation can not be assumed for the Earth. For that
reason all upper limits on the coupling strengths and on the DM-nucleon cross sections depend on the
annihilation cross section < σAv >, which has to be set to a certain value. In most publications and also
in this work, up to this point, the thermal relic annihilation cross section < σAv >th = 3 · 10−26cm3s−1 is
chosen. As shown in chapter 4 several experiments set upper limits on the DM annihilation cross section
at the 95 % confidence level, which are depicted in figure 4.4 for a combined analysis of MAGIC and
Fermi-LAT observations of dwarf spheroidal galaxies. Depending on the DM mass these constraints are
between 0.1 < σAv >th for a DM mass of 10 GeV and 100 < σAv >th for a DM mass of 10000 GeV.
Nevertheless it is useful to investigate the impact of different annihilation cross sections on the upper
limits on the coupling strengths for all examined DM masses, which is done in this section. Hereby the
annihilation cross section is given as multiples of the thermal relic annihilation cross section.

The relation between the total DM annihilation rate ΓA and the DM capture rateC is given by equation 3.4.
In this equation the annihilation cross section < σAv > enters via equation 3.3 for the equilibrium time τ
in combination with equation 3.11 for the annihilation coefficient CA. An equilibrium between DM
capture and DM annihilation is reached, when tanh2 (t⊕/τ) ≈ 1 in equation 3.4 and thus ΓA ≈ 1

2C. As
the annihilation coefficient CA is proportional to < σAv >, the equilibrium is reached earlier for larger
< σAv >-values, which corresponds to a shorter equilibrium time according to equation 3.3. The equi-
librium between DM capture and DM annihilation is also dependent on the DM mass, which influences
the equilibrium time on the one hand via the annihilation coefficient, which is proportional to m3/2

χ , and
on the other hand via the DM capture rate, which depends on the DM mass according to equation 3.22.
An upper bound on the DM capture rate for each investigated DM mass is set by the reported upper
limits on the total DM annihilation rate. For these upper limits on the DM capture rate the corresponding
equilibrium times for each DM mass can be calculated, which results in that sense in a lower bounds
on the equilibrium time based on IceCube data, which are DM mass dependent. The reported total DM
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annihilation rate decreases with increasing DM mass and is approximately proportional to m−3
χ for DM

masses up to mχ = 1000 GeV, from where the proportionality slowly shifts to m−3/2
χ , which then holds

for DM masses above mχ = 3000 GeV. In case of DM capture - DM annihilation equilibrium these
proportionalities also hold for the DM capture rate. Thus in case of equilibrium the lower limits on the
equilibrium time, which correspond to the measured upper limits on the total DM annihilation rate, are
proportional to m3/4

χ up to mχ = 1000 GeV and almost constant starting at mχ = 3000 GeV. Consequently
according to the IceCube measurements it holds: the larger the DM mass is, the later equilibrium is
reached up to a DM mass of 3000 GeV, whereas for DM masses larger than 3000 GeV the equilibrium
time is almost constant. In the Earth DM capture - DM annihilation equilibrium has not yet been attained,
as mentioned before, and thus the exact values for the upper limits on the DM capture rate and their
proportionality to the DM mass have to be calculated numerically, but in general similar trends for the
different DM masses apply.

In order to investigate the impact of different annihilation cross sections on the upper limits on the
coupling strengths, equation 5.9 has to be evaluated. The right side of the equation equals the upper limits
from equation 5.14, which is applicable in case of DM capture - DM annihilation equilibrium, so that:

cmax
α tanh

(
κ√

(C−1)αα
cmax
α

)
=

√
2(C−1)αα)Γ

u.l.
A
= cmax,eq

α . (6.1)

This equation can be further recast with cmax,eq
α =

√
2(C−1)αα)Γ

u.l.
A

to the relation:

cmax
α

cmax,eq
α

tanh
(
κ
√

2Γu.l.
A

cmax
α

cmax,eq
α

)
= 1 . (6.2)

With this equation the relation between the upper limits on the coupling strengths for different annihilation
cross sections cmax

α and the upper limits on the coupling strengths assuming DM capture - DM annihilation
equilibrium cmax,eq

α can be calculated. The relation depends on the reported upper limits on the total DM
annihilation rate by IceCube, which themselves depend on the DM mass as described above, and on κ,
that depends on the DMmass and the annihilation cross section via the annihilation coefficient according
to equation 5.3. As the relation of cmax

α to its equilibrium value depends only on these parameters, the
effect on the upper limits on the coupling strengths is the same for all interactions. It is only dependent
on the DM mass, the annihilation cross section and the reported upper limits on the total annihilation
rate. Using equation 5.3 for κ the argument of tanh in equation 6.2 contains: t⊕

√
2Γu.l.

A
CA = t⊕/τeq,

where τeq is the respective equilibrium time in case of DM capture - DM annihilation equilibrium. Thus
the same dependencies on the DM mass and on the annihilation cross section apply for the relation cmax

α

to cmax,eq
α as for the DM capture - DM annihilation equilibrium, which have been described before: The

higher the annihilation cross section and the lower the DM mass are, starting at 3000 GeV, the more the
upper limits on the coupling strengths equal to their values in the equilibrium case. For DMmasses above
3000 GeV the influence of the DM mass is however negligible. Clearly approximately the same value for
cmax
α and cmax,eq

α is obtained for cmax
α /c

max,eq
α ≈ 1. As the tanh in equation 6.2 has to be approximately 1

for cmax
α /c

max,eq
α ≈ 1 the argument of it, determined by κ

√
2Γu.l.

A
, has to be so large, that the equation is

fulfilled with high accuracy and thus also the values of the upper limits on the coupling strengths cmax
α

and cmax,eq
α equal to each other with high accuracy. By increasing the annihilation cross section arbitrarily

far the relation cmax
α /c

max,eq
α ≈ 1 can be attained for any investigated DM mass. In table 6.1 the relation

cmax
α /c

max,eq
α is shown for the investigated DM masses and different annihilation cross sections, given as

multiples of the thermal relic annihilation cross section.
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cmax
α /c

max,eq
α

< σAv > as multiples of < σAv >th
100 101 102 103 104

m
χ
[G

eV
]

10 1.28556 1.01138 1 1 1
20 2.14615 1.32409 1.01686 1 1
35 2.41195 1.45583 1.04476 1.00002 1
50 2.53163 1.51690 1.06199 1.00006 1
100 2.65271 1.57947 1.08197 1.00016 1
250 4.52668 2.59242 1.54822 1.07172 1.00010
500 5.55158 3.15952 1.84735 1.18649 1.00278
1000 6.16082 3.49820 2.02982 1.26879 1.00939
3000 6.62012 3.75404 2.16881 1.33506 1.01865
5000 6.66237 3.77760 2.18165 1.34130 1.01971
10000 6.54341 3.71129 2.14553 1.32379 1.01681

Table 6.1 The relation cmax
α /c

max,eq
α between the upper limits on the coupling strengths for different DM annihilation

cross sections cmax
α and the upper limits under DM capture - DM annihilation equilibrium cmax,eq

α is shown for the
investigated DMmasses and different annihilation cross sections, given as multiples of the thermal relic annihilation
cross section.

The impact of the annihilation cross section on the upper limits on the coupling strengths cτi assuming
no interference as function of the DM mass is additionally visualized in figures 6.5, 6.6, 6.7 and 6.8.
In these figures the upper limits are depicted for 5 different annihilation cross sections, starting at the
thermal relic value in blue until the value, where the upper limits on the coupling strengths equal the
value in case of DM capture - DM annihilation equilibrium (C − ΓA)eq in green. As seen in table 6.1 and
in the figures an increasing < σAv >-value leads to lower upper limits on the coupling strengths, until
they reach the value for DM capture - DM annihilation equilibrium. Up to a DM mass of 3000 GeV it
holds: The higher the DM mass is, the stronger is the impact of the increasing < σAv >-value, as for
higher DM masses the upper limits on the coupling strengths, assuming the thermal relic annihilation
cross section, are further away from their equilibrium values. Or in other words: the upper limits on
the coupling strengths for lower DM masses reach their equilibrium values for lower annihilation cross
sections. For DM masses between 3000 GeV and 10000 GeV the effect of an increasing annihilation
cross section remains approximately the same, independent of the investigated DM mass.

These effects are illustrated at some examples in the following. The cmax
α value for a DM mass of

mχ = 50 GeV and for an annihilation cross section of < σAv > = 102 < σAv >th differs by 6.2% from
the equilibrium value cmax,eq

α , whereas e.g for a DM mass of mχ = 250 GeV the approximately same
difference of 7.2% is obtained for an annihilation cross section of < σAv > = 103 < σAv >th. Assuming
the thermal relic annihilation cross section as a starting point, the upper limits for a DM mass of 10 GeV
are reduced at most by a factor of about 1.28, for a DM mass of 50 GeV by a factor of about 2.53 and
for a DM mass of 10000 GeV by a factor of about 6.54. These factors are, as discussed before, the same
for all upper limits on the coupling strengths, independent if they are isoscalar or isovector and which
interaction is investigated. In some cases the change of the upper limits on the coupling strengths due to
an increasing annihilation cross section is so large, that the DM mass with the lowest upper limit under
the assumption of the thermal annihilation cross section, isn’t any more the DM mass with the most
stringent constraint, when the upper limits reach their equilibrium value. This is e.g. the case for cτ4 and
cτ7 . As a remark: By choosing the annihilation cross section high enough DM capture - DM annihilation
equilibrium can be attained for any investigated DMmasses. In this case also equation 5.14 can be used to
determine the upper limits on the coupling strengths, which reduces the numerical effort on computations.
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Figure 6.5 Upper limits on the coupling strengths cτi , i = 1, 3, 4, 5, τ = 0, 1 assuming no interference at the 90 %
confidence level for increasing values of the annihilation cross-section, given as multiples of the thermal relic
annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the point, where the upper limits reach the
value in case of DM capture - DM annihilation equilibrium (C−ΓA)eq in green. The isoscalar coupling strengths c0

i

are on the left side and the isovector coupling strengths c1
i on the right sight for each interaction i = 1, 3, 4, 5.
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Figure 6.6 Same as figure 6.5 for coupling strengths cτi , i = 6, ..., 9.
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Figure 6.7 Same as figure 6.5 for coupling strengths cτi , i = 10, ...13.
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Figure 6.8 Same as figure 6.5 for coupling strengths cτi , i = 14, 15.

The constraints on the coupling strengths under interference for different annihilation cross sections are
shown as addition in appendix D, where the same effects as described above can be observed. The
independence of the factors from the interaction or respective coupling strength also applies in case of
a basis change. However, when constraining the DM-nucleon cross-sections, the factors are subject to
equation 5.22 and have to be squared, as the coupling strengths themselves are squared in this equation.
Thus the factors, describing the relation σmax

χN
/σ

max,eq
χN

between the upper limits on the DM-nucleon cross
section for different DM annihilation cross sections σmax

χN
and the upper limits under DM capture - DM

annihilation equilibriumσ
max,eq
χN

, change to the values depicted in table 6.2. But as both coupling strengths
and factors are computed by the equations for the DM-nucleon cross-sections the effects of the changing
annihilation cross section for the different DM masses remain the same.

The upper limits on the DM-nucleon cross sections, which are based on the coupling strengths cN1 and
cN4 in the neutron-proton base, are depicted in figure 6.9. In the upper row are the upper limits on the
spin-independent DM-nucleon cross section and in the lower row on the spin-dependent DM-nucleon
cross section. On the left side are the upper limits on the DM-neutron cross sections and on the right side
the upper limits on the DM-proton cross sections. Hereby the solid lines show the upper limits on the DM-
nucleon cross sections assuming that the only non-zero coupling strength is the isoscalar component c0

1 for
the spin-independent and the isoscalar component c0

4 for the spin-dependent DM-nucleon cross section.
The dashed lines show the results assuming that both c0

1 and c1
1 for the spin-independent DM-nucleon cross

section and c0
4 and c1

4 for the spin-dependent DM-nucleon cross section can be non-zero and interfere,
whereas all other coupling strengths vanish. The dotted lines show the upper limits on the DM-nucleon
cross sections under the assumption, that all coupling strengths can be non-zero and interfere. In any case
the upper limits are depicted for 4 different annihilation cross sections, starting at the thermal relic value,
which is depicted in cyan, until the value, where DM capture - DM annihilation equilibrium is reached,
which is shown in green. As seen here the same effects occur for changing annihilation cross sections as
in the isoscalar-isovector basis and the DM-nucleon cross sections are reduced for increasing values of
the annihilation cross section by the factors depicted in table 6.2.
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σmax
χN
/σ

max,eq
χN

< σAv > as multiples of < σAv >th
100 101 102 103 104

m
χ
[G

eV
]

10 1.65266 1.02289 1 1 1
20 4.60595 1.75321 1.03400 1 1
35 5.81749 2.11945 1.09151 1.00004 1
50 6.40917 2.30098 1.12782 1.00012 1
100 7.03688 2.49474 1.17067 1.00031 1
250 20.4908 6.72066 2.39700 1.14859 1.00020
500 30.8200 9.98255 3.41272 1.40777 1.00557
1000 37.9557 12.2374 4.12017 1.60984 1.01886
3000 43.8260 14.0928 4.70374 1.78238 1.03764
5000 44.3872 14.2702 4.75958 1.79908 1.03981
10000 42.8162 13.7736 4.60329 1.75242 1.03391

Table 6.2 The relation σmax
χN
/σ

max,eq
χN

between the upper limits on the DM-nucleon cross section for different DM
annihilation cross sections σmax

χN
and the upper limits under DM capture - DM annihilation equilibrium σ

max,eq
χN

is
shown for different annihilation cross sections and the investigated DM masses.
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Figure 6.9 Upper limits on the spin-independent DM-nucleon cross section on top and the spin-dependent DM-
nucleon cross section at the bottomat the 90%confidence level for increasing values of the annihilation cross-section,
given as multiples of the thermal relic annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in cyan, up to the
point, where the upper limits reach the value in case of DM capture - DM annihilation equilibrium (C − ΓA)eq, in
green. Results for the DM-neutron cross sections are on the left and for the DM-proton cross sections on the right.
Solid lines represent the results considering no interference, i.e. c0

1 is the only non-zero coupling strength for the
spin-independent cross section and c0

4 the only one for the spin-dependent cross section. The dashed lines show
the results considering interference between the isoscalar and isovector interactions, i.e. c0

1 and c1
1 can be non-zero

and interfere for the spin-independent cross section and c0
4 and c1

4 for the spin-dependent cross section. The dotted
lines show the results considering interference between all interactions of the effective theory.
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6.3 Comparison of results with other experiments

Many DM detection experiments search for DM interactions with nuclei. By applying the method and
formulae of chapter 5 to the null search results of these experiments, rigorous model independent upper
limits on the coupling strengths of the non-relativistic effective theory of DM-nucleon interactions can
be set and thus the results of the different experiments can be compared. In this section the upper limits
on the coupling strengths of this work, derived by the non-observation of an exotic neutrino flux from the
Earth’s center, are compared to the results of three other experiments. The first one is also conducted by
the IceCube collaboration. Besides the indirect DM search in the Earth IceCube conducts an indirect DM
search in the direction of the Sun, in which the equilibrium between DM capture and DM annihilation
has already been attained [36]. Upper limits on the coupling strengths resulting from the non-observation
of a neutrino flux excess in this search, have been derived in [16]. The two other experiments are direct
detection searches, namely XENON1T [29] and PICO-60 [27] [28]. XENON1T uses xenon as target
material and PICO-60 initially CF3I and then C3F8. For both experiments the upper limits on the coupling
strengths are derived from the non-observation of a significant excess in the number of nuclear recoil
events. These constraints can be calculated by using an analogous form of the equations of chapter 5.
Details about this formalism are presented in [15]. In figures 6.10, 6.11, 6.12 and 6.13 the upper limits
on the coupling strengths cτi for i = 1, 3, ..., 15 and τ = 0, 1 are depicted at the 90 % confidence level
as function of the DM mass from the non-observation of a signal at XENON1T in brown, at PICO-60
in magenta, at IceCube in direction of the Sun in yellow (called IC Sun) and at IceCube in direction of
the Earth’s center in blue (called IC Earth). For both IceCube experiments the thermal relic annihilation
cross section and DM annihilation into W+W− for DM masses larger than the rest mass of the W boson
and DM annihilation into τ+τ− for lower DMmasses are assumed. The solid lines show the results under
the assumption, that the depicted coupling strength describes the only non-zero interaction, which means
that there exists no interference. The results considering an isoscalar-isovector interference are depicted
as dashed lines. So in this case c0

i and c1
i can be non-zero and interfere, while all other coupling strengths

vanish. The dotted lines show the results, when all coupling strengths are non-zero and interference
between all operators occurs.

As seen in the figures for most interactions the most stringent upper limits on the coupling strengths as-
suming no interference are obtained from XENON1T. However for DM masses between about 300 GeV
and 2500 GeV IC Sun gives stronger constraints on cτ4 , c0

6 , cτ7 and c0
14 than XENON1T. In addition

the upper limits on cτ4 and cτ7 for DM masses lower than about 20 GeV are the most constrained by
PICO-60, whereby the lower the mass is, the more constraining PICO-60 gets compared to XENON1T.
This holds for all interactions, so that the upper limits on cτ9 , cτ10 and cτ14 from PICO-60 and XENON1T
become almost the same for a DM mass of 10 GeV. Upper limits on the coupling strengths assuming no
interference from IC Earth are especially strong for a DM mass of about 50 GeV, which is based on the
resonant capture of DM due to the high abundance of 56Fe in the Earth’s core. At this DMmass the upper
limits on cτ1 , cτ3 , cτ11, cτ12 and cτ15 obtained from IC Earth are more stringent than the ones from IC Sun
and PICO-60 or at least at the same order of magnitude. Also for high DM masses of about 10000 GeV
the IC Earth upper limits on the coupling strength cτ1 are comparable to the upper limits from IC Sun and
PICO-60. But they are always weaker than the XENON1T constraints on all coupling strengths.

The impact of interference between the isoscalar and isovector interaction on the upper limits on the
coupling strengths is significant for many interactions, so that the constraints are clearly relaxed com-
pared to the upper limits under the assumption of no interference. For the upper limits from XENON1T
and PICO-60 the impact of isoscalar-isovector interference is especially relevant for cτ4 , cτ6 , cτ7 , cτ9 , cτ10,
cτ13 and cτ14, where the constraints are relaxed by about 2 orders of magnitude for XENON1T and 4
orders of magnitude for PICO-60. For these coupling strengths the constraints under isoscalar-isovector
interference from IC Earth are relaxed by about 2 orders of magnitude, besides in the case of cτ13, where
the impact on the upper limits is relatively small for IC Earth. The upper limits on the coupling strengths
assuming isoscalar-isovector interference from IC Sun are however not as much affected by the impact of
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the interference as the results from the other experiments. For that reason the most stringent upper limits
under isoscalar-isovector interference on cτ4 , cτ6 , cτ7 , cτ9 , cτ10 and cτ14 for DM masses of 20 GeV to 10000
GeV and on cτ13 for DM masses of 100 GeV to 10000 GeV are obtained from IceCube Sun. AS a remark:
IC Sun does not provide upper limits for DM masses below 20 GeV in contrast to the other experiments.

For some coupling strengths the upper limits under interference between all operators are more relaxed
than the constraints under isoscalar-isovector interference. As described in section 6.1 the impact of
interference between all operators on the constraints is determined by the DM response functions, defined
in appendix B, and differs for each coupling strength. The upper limits under interference between all
operators are especially strong relaxed compared to the results under isoscalar-isovector interference for
PICO-60 in case of cτ4 , cτ11 and cτ12, namely by about 2 orders of magnitude. Thus the upper limits
assuming interference between all operators from PICO-60 become weaker than the constraints under all
operator interference from IC Earth for these coupling strengths. Also the constraints on some coupling
strengths from XENON1T become more relaxed assuming all operator interference. Thus the most
stringent upper limits on c0

1 , c0
11, c0

12 and c0
15 under interference between all operators for DM masses of

about 300 GeV to 3000 GeV are given by IC Sun, in addition to the most stringent upper limits already
obtained under isoscalar-isovector interference.
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Figure 6.10 Upper limits on the coupling strengths cτi , i = 1, 3, τ = 0, 1 at the 90 % confidence level as function
of the DM mass from the non-observation of a signal at XENON1T in brown, at PICO-60 in magenta, at IceCube
in direction of the Sun in yellow (called IC Sun) and at IceCube in direction of the Earth’s center in blue (called
IC Earth). The thermal relic annihilation cross section and DM annihilation into W+W− for masses larger than
the rest mass of the W boson and DM annihilation into τ+τ− for lower DM masses are assumed for both IceCube
experiments. The solid lines show the results without interference. The dashed lines show the results considering
an isoscalar-isovector interference and the dotted lines show the results, when all coupling strengths are non-zero
and interference between all operators occurs. The isoscalar strengths c0

i are depicted on the left side and the
isovector strengths c1

i on the right sight.
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Figure 6.11 Same as figure 6.10 for coupling strengths cτi , i = 4, ..., 7.
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Figure 6.12 Same as figure 6.10 for coupling strengths cτi , i = 8, ..., 11.
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Figure 6.13 Same as figure 6.10 for coupling strengths cτi , i = 12, ..., 15.
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The effect of isoscalar-isovector interference on the upper limits on the coupling strengths can be illus-
trated by plotting the allowed regions at the 90 % confidence level in the c0

i - c1
i parameter space, which is

done in figure 6.14 for XENON1T in brown, PICO-60 in magenta, IC Sun in yellow and IC Earth in blue
for the thermal relic annihilation cross section < σAv >th= 3 · 10−26cm3s−1. In addition the allowed
regions from IC Earth are also depicted for 10 < σAv >th in teal and for an annihilation cross section,
where DM capture - DM annihilation equilibrium (C − ΓA)eq is attained, in green. The ellipses are drawn
for a DM mass of 50 GeV, as for most interactions the most stringent upper limits from IC Earth are
obtained at this DM mass. As a remark it is mentioned, that the allowed regions from XENON1T do
not include the point c0

i = c1
i = 0 because of the large number of signal events, observed by XENON1T

compared to the background. This may be interpreted as a hint for DM, which is however not part of this
work, where the focus lies on the derivation of rigorous upper limits on the coupling strengths, and can
thus also not be seen in the allowed regions. As described in section 6.1 the orientation and elongation
of the ellipses in the parameter space determine the impact of the isoscalar-isovector interference on the
constraints on the coupling strengths. The more the ellipses are elongated and misaligned with the c0

i -
c1
i axes the stronger is the impact, but also the stronger is the relative error on the constraints.

The plots of all interactions are zoomed in to the center, where the smallest allowed regions are. In
most cases the bounds on the allowed region of one experiment are outside the zoomed-in area, so that
it appears only in the background of the allowed regions of the other experiments, like for IC Sun at
O1. If the three allowed regions from IC Earth, resulting from the different annihilation cross sections,
are outside this zoomed-in area, a light blue background is displayed, as e.g. at O4. For the operators
O1, O3, O5, O8, O11, O12, O13 and O15 the allowed region from XENON1T lies completely within the
allowed regions from the other experiments. This is also the case, if one plots the allowed regions for
all other DM masses of 10 Gev - 10000 GeV, besides in case of O13, where the allowed regions from
IC Sun and XENON1T intersect starting at about 100 GeV up to 10000 GeV. For the here depicted DM
mass of 50 GeV an intersection of the allowed regions from the different experiments occurs for the
operators O4, O6, O7, O9, O10 and O14. As seen for these interactions different experiments can not only
be compared, instead the allowed regions from the different experiments can be combined, in order to
put more stringent constraints on the upper limits, as allowed points must lie inside the intersection of
the allowed regions from all experiments. In principle the combined allowed region is almost simply
the intersection of the allowed regions from all experiments, but points close to the boundary of the
intersection region may be excluded by more than 90 % confidence level, when combining the results of
the experiments. A method to derive rigorous model independent upper limits on the coupling strengths
from combining several experiments has been introduced in [15], but goes beyond the scope of this work.
As the combined allowed regions are however similar to the pure intersection, qualitative conclusions can
be made for the upper limits without interference and under isoscalar-isovector interference, though no
exact results can be presented. The upper limits in case of no interference are obtained by projecting the
vertex and co-vertex of the ellipses on the c0

i − c1
i axes. These upper limits are determined by the result

of the most constraining experiment. Thus a combination of experiments will not improve these limits
significantly. In case of isoscalar-isovector interference the allowed region can be stronger constrained
by the combination of experiments. This is most notably, when the allowed regions of the experiments
are orthogonal to each other in the parameter space as for O4, O6, O7, O9, O10, O13 and O14. For these
interactions the differential cross section from equation 3.16 is driven by the spin-dependent nuclear
response functions Wττ′

Σ′
or Wττ′

Σ′′
from appendix C. The complementarity between XENON1T, PICO-60

and IC Sun for these interactions is based on the fact, that xenon has one unpaired neutron, while fluorine
and hydrogen have one unpaired proton. For the other operators O1, O3, O5, O8, O11, O12 and O15
the differential cross section is driven by the nuclear response functions Wττ′

M or Wττ′

Φ′′
, that have a large

hierarchy between xenon and the elements of the other experiments. For that reason the allowed region
from XENON1T lies within the allowed regions from the other experiments for these operators.
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Figure 6.14 Allowed regions at the 90 % confidence level in the c0
i − c1

i parameter space from XENON1T in
brown, PICO-60 in magenta, IC Sun in yellow and IC Earth for the thermal relic annihilation cross section
< σAv >th= 3 · 10−26cm3s−1 in blue, for 10 < σAv >th in teal and for an annihilation cross section, where DM
capture - DM annihilation equilibrium (C − ΓA)eq is attaiend, in green, for a DM mass of 50 GeV.
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The allowed regions are plotted for a DMmass of 50 GeV, as the upper limits from IC Earth are especially
strong at this DM mass due to the high abundance of 56Fe in the Earth’s core, as mentioned before. The
nuclear response functions Wττ′

M or Wττ′

Φ′′
of 56Fe drive the differential cross section at this DM mass for

the operators O1, O3, O5, O8, O11, O12 and O15. For O3, O11 and O12 the allowed regions from IC Earth
are smaller than the allowed regions from PICO-60 and IC SUN at this DM mass assuming the thermal
relic annihilation cross section. Additionally under the assumption of an annihilation cross section of
10 < σAv >th the allowed regions for O1 and O15 from IC Earth are smaller than the allowed regions
from PICO-60 and IC Sun. But all allowed regions for the operators O1, O3, O5, O8, O11, O12 and O15
are, even for an annihilation cross section, where DM capture - DM annihilation equilibrium is attained,
larger than the allowed regions from XENON1T due to the hierarchy of Wττ′

M and Wττ′

Φ′′
between xenon

and the other elements. The allowed regions for the operators O4, O6, O7, O9, O10, O13 and O14 from
IC Earth are larger than the allowed regions for these operators from the other experiments, as in the used
Earth model only 23Na, 27Al and 31P, whose abundances are low in the Earth, possess the spin-dependent
nuclear response functions Wττ′

Σ′
or Wττ′

Σ′′
. As a remark: Several elements with low abundances in the

Earth, like e.g. hydrogen, which also possesses the nuclear response functions Wττ′

Σ′
and Wττ′

Σ′′
, are not

part of the used Earth model PREM (see appendix A) and could potentially have an impact on the allowed
regions especially for the respective operators, but in general their influence on the upper limits should be
small compared to the elements with higher abundances. The impact of interference is dependent on the
chosen basis. But as a basis change is basically a rotation in the parameter space the relative orientation of
the allowed regions to each other remains the same. Thus the statements above hold also when changing
for example to the neutron-proton basis.

For higher DM masses the upper limits from IC Earth are weaker than for a DM mass of 50 GeV, but
the impact of the equilibrium time and thus of the chosen annihilation cross section on the upper limits
becomes stronger with higher DM masses according to table 6.1. For that reason the upper limits on the
coupling strengths cτi , i = 1, 3, τ = 0, 1 from IC Earth at the 90 % confidence level assuming no inter-
ference for increasing values of the annihilation cross-section, starting at the thermal relic annihilation
cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the point, where the upper limits reach the
values in case of DM capture - DM annihilation equilibrium (C − ΓA)eq in green, are compared to the
upper limits of the other experiments in figures 6.15, 6.16, 6.17 and 6.18, where XENON1T is depicted
in brown, PICO-60 in magenta and IC Sun in yellow. The impact of the increasing annihilation cross
section on the coupling strengths from IC Earth is described in the following. For the operator O1 the
upper limits are under the assumption of the thermal relic annihilation cross section for a DM mass of
about 10000 GeV already comparable to the upper limits from IC Sun and PICO-60 as mentioned before.
Assuming DM capture - DM annihilation equilibrium the upper limits on c0

1 are more stringent or at
least comparable to the upper limits from IC Sun for all investigated DM masses and the constraints on
c1

1 for all DM masses higher than 35 GeV. The upper limits on c0
1 and c1

1 are under the assumption of
equilibrium also more stringent than the upper limits from PICO-60 for a DM mass of about 50 GeV
and starting from a DM mass of about 200 GeV until 10000 GeV. The assumption of DM capture - DM
annihilation equilibrium leads also for other interactions to comparable upper limits to other experiments.
Assuming equilibrium, the upper limits on c0

11 become comparable to the upper limits from PICO-60 for
a DM mass of 10000 GeV and the upper limits on c1

11 to the upper limits from PICO-60 and IC Sun.
Also the upper limits on the coupling strengths c0

12 and c1
12 are shifted for higher DM masses under the

assumption of equilibrium down to values comparable to IC Sun and PICO 60. For c0
12 the upper limits

under the equilibrium assumption are more stringent than the ones from PICO-60 starting at a DM mass
of 300 GeV and for c1

12 starting at a DMmass of about 1200 GeV. For a DMmass of 10000 GeV the upper
limits on c0

12 and c1
12 are comparable to the ones from IC Sun. For all other interactions the assumption

of higher annihilation cross sections, until DM capture - DM annihilation equilibrium is reached, does
not lead to additional constraints, that are comparable to the upper limits from the other experiments. In
any case the upper limits from IC Earth remain less stringent than the upper limits from XENON1T.
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Figure 6.15Upper limits on the coupling strengths cτi , i = 1, 3, 4, 5, τ = 0, 1 assuming no interference from IC Earth
at the 90 % confidence level as function of the DM mass for increasing values of the annihilation cross-section,
given as multiples of the thermal relic annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the
point, where the upper limits reach the values in case of DM capture - DM annihilation equilibrium (C − ΓA)eq in
green, compared to the upper limits from XENON1T in brown, PICO-60 in magenta, and IC Sun in yellow. The
isoscalar strengths c0

i are depicted on the left side and the isovector strengths c1
i on the right sight.
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Figure 6.16 Same as figure 6.15 for coupling strengths cτi , i = 6, ..., 9.
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Figure 6.17 Same as figure 6.15 for coupling strengths cτi , i = 10, ..., 13.
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Figure 6.18 Same as figure 6.15 for coupling strengths cτi , i = 14, 15.

In addition the upper limits on the coupling strengths from IC Earth in comparison to the upper limits
from the other experiments at the 90 % confidence level assuming isoscalar - isovector interference
and interference between all operators for increasing values of the annihilation cross-section as multi-
ples of the thermal relic annihilation cross section are shown in appendix E. As seen in figure E.5 the
upper limits on c0

1 under interference between all operators from IC Earth assuming DM capture - DM
annihilation equilibrium are comparable to the upper limits fromXENON1T for aDMmass of 10000GeV.

In figure 6.19 the upper limits on the spin-independent and spin-dependent DM-nucleon cross-section,
obtained from the four experiments, are shown. The constraints from IC Sun are depicted in yellow, from
XENON1T in brown and from PICO-60 in magenta. For IC Earth the results assuming the thermal relic
annihilation cross-section are shown in cyan and assuming DM capture - DM annihilation equilibrium
in green. The most stringent upper limits on the DM-nucleon spin-independent cross section assuming
no interference are obtained from XENON1T. For the DM-nucleon spin-dependent cross section without
interference the most stringent constraints below about 20 GeV are obtained from PICO-60, between
about 300 GeV and 2500 GeV from IC Sun and for all other DM masses from XENON1T. This is similar
to the results in the isoscalar-isovector basis for cτ1 and cτ4 . As a remark the spin-independent DM-nucleon
cross-section corresponds to the coupling strength cN1 and the spin-dependent DM-nucleon cross-section
to the coupling strength cN4 in the neutron-proton basis according to equation 5.22. Assuming isoscalar-
isovector interference the most stringent upper limits on the spin-independent DM-nucleon cross section
are obtained from XENON1T for all DMmasses as in the isoscalar-isovector basis. However for the spin-
dependent DM-nucleon cross section the basis change to the neutron-proton basis leads to most stringent
constraints from other experiments than in the isoscalar-isovector basis. For the spin-dependent DM-
neutron cross section the most stringent upper limits are obtained from IC Sun for DM masses between
about 300 GeV and 2500 GeV, whereas for all other DMmasses the most stringent constraints are obtained
from XENON1T. This is in contrast to the isoscalar-isovector basis, where all most stringent upper limits
are obtained from IC Sun. The reason for this change can be seen for a DMmass of 50 GeV in figure 6.14
at O4. With the basis change to the neutron-proton basis the allowed regions are rotated by 45 degrees and
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are almost aligned with the cn
4 - cp

4 parameter axes. The allowed region from XENON1T is very "thin"
and elongated, which leads in the new neutron-proton basis under isoscalar-isovector interference to very
stringent upper limits on the spin-dependent DM-neutron cross section and less stringent upper limits on
the spin-dependent DM-proton cross section. Thus the most stringent upper limits on the spin-dependent
DM-neutron cross section under isoscalar-isovector interference are obtained from XENON1T, whereas
the most stringent upper limits on the spin-dependent DM-proton cross section under isoscalar-isovector
interference are obtained from IC Sun for the investigated DMmass of 50 GeV. This effect also applies to
the other DM masses, for which the most stringent constraints on the spin-dependent DM-neutron cross
section under isoscalar-isovector interference are obtained from XENON1T. In general the upper limits
under interference are always basis dependent through the rotation of the allowed regions in the parameter
space at a basis change. Thus the basis dependence also applies to the interference between all operators,
which leads to comparable outcomes as in case of isoscalar-isovector interference.
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Figure 6.19 Upper limits on the spin-independent DM-nucleon cross section on top and the spin-dependent DM-
nucleon cross section at the bottom at the 90%confidence level from the four experiments are shown. The constraints
from IC Sun are depicted in yellow, from XENON1T in brown and from PICO-60 in magenta. For IC Earth the
results assuming the thermal relic annihilation cross-section are shown in cyan and assuming DM capture - DM
annihilation equilibrium in green. Results for the DM-neutron cross sections are on the left and for the DM-proton
cross sections on the right. Solid lines represent the results considering no interference, i.e. c0

1 is the only non-zero
coupling strength for the spin-independent cross section and c0

4 the only one for the spin-dependent cross section.
The dashed lines show the results considering interference between the isoscalar and isovector interactions, i.e. c0

1
and c1

1 can be non-zero and interfere for the spin-independent cross section and c0
4 and c1

4 for the spin-dependent
cross section. The dotted line shows the results considering interference between all interactions of the effective
theory.

The comparison of the results for the DM-nucleon cross sections from IC Earth with the results from the
other experiments is similar to the comparison of the results for the coupling strengths in the isoscalar-
isovector basis, which is based on the fact, that the DM-nucleon cross sections are proportional to the
respective squared coupling strengths and the allowed regions of all experiments stay in the same position
to each other under a basis change. However this basis change can lead to differences in the results between
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the experiments under the assumption of interference as explained before. The effect of the increasing
annihilation cross section on the upper limits on the couplings strengths from IC Earth is the same in
every basis and also for the constraints on the DM-nucleon cross sections as described in section 6.2.
The factors, describing the impact of the changing annihilation cross sections on the upper limits on the
DM-nucleon cross sections, can be seen in table 6.2. The upper limits from IC Earth are always larger
than the most constraining ones independent of the assumption on the interference and on the annihilation
cross section, but for a DM mass of 10000 GeV the upper limits on the spin-independent DM-proton
cross-section under the assumption of interference between all operators and under DM capture - DM
annihilation equilibrium are at the same order as the most constraining upper limits from Xenon1T, which
is also the case for c0

1 in the isoscalar-isovector basis. The results for interference between all operators
are as mentioned before applicable to any model. Thus also results from IC Earth can be relevant under
the assumption of DM capture - DM annihilation equilibrium and could be used for a combination of
results from different experiments like in [15].
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7 Constraining dark matter properties with Earth’s
internal heat flow

The IceCube experiment, its results and the analysis in this work are based on DM annihilations into
neutrino final states. But DM also annihilates into other SM particles, that remain in the Earth’s core
and are a potential heat source inside Earth. In this chapter the possibility to set upper limits on the
DM-nucleon cross sections by setting a constraint on the heat flow, induced by DM annihilations in the
Earth’s core, is investigated.

7.1 Internal heat flow of the Earth

The Earth is heated by the Sun. This heat is partly reflected by the atmosphere, the surface and the
clouds and the rest is absorbed at low depths and re-radiated [85]. This assumption of an Earth-Sun heat
equilibrium leads to an Earth’s blackbody temperature of about 280 K, which coincides with the observed
one between 250 K and 300 K. If the incident sunlight was instead absorbed by the Earth, a heating rate
of about 170000 TW of the Earth would exist. In addition to this externally driven heat equilibrium, there
exists an internal heat flow of Earth, which has minimal effects on the overall heat of the Earth, but can
be measured underground and has been studied before [86].

In the experiments boreholes are drilled deep into the ground and temperature gradients are measured.
Multiplying this temperature gradient with the thermal conductivity of the surrounding material yields a
heat flux [87]. Compared to the radius of the Earth the deepest boreholes of about 12 kilometers are still
rather close to Earth’s surface and the measured temperature gradients are fairly high with values between
10 K/km and 50 K/km. With these temperature gradients all rock in the deeper parts of the Earth would
be molten in contradiction to seismic measurements. Thus they cannot hold for larger depths. Current
estimates place temperature gradients for the Earth’s interior between 0.6 K/km and 0.8K/km. Averaging
over all measurements the internal heat flux is about 0.087 W/m2, which gives, by integrating over the
surface of the Earth, an internal heat flow of approximately 44.2 TW [88]. This heat flow is independent
of the solar flux and anything above Earth’s surface and its measurement is unique to Earth compared to
other planets [14].

While the value of the heat flow is well known, its complete origin is under theoretical debate. The decay
of Uranium and Thorium in the crust produces a significant amount of heat in the Earth, namely about
40 % of the total [88]. The decay of other radioactive elements like potassium adds to this, although
there is much less in the crust, but potentially more in the mantle or the outer core. The origin of the
remaining heat is yet undetermined and is based on processes in the core or even the mantle. This is
underpinned by models of the core’s heat output, that give values between 2.3 TW and 21 TW [89].
Thus there exists a residual internal heat flow in the Earth, for which so far no origin is known and
which can therefor potentially be used as an upper limit on the heat flow from DM annihilations. A con-
servative choice to constrain the heat flow, induced byDM annihilations in the Earth’s core, is 20 TW [14].
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7.2 Constraints on the DM-nucleon cross sections from Earth’s residual
internal heat flow

The heat flow resulting from DM annihilations can be used to set model-independent constraints on
the DM-nucleon cross sections σSI

χN
. This has been done in [14] for the spin-independent DM-nucleon

cross section, whereby the cross section is assumed to be larger than for typical weakly interacting DM
particles. Figure 7.1 is taken from this paper. It shows on the left side the constraints in the σSI

χN
-mχ

plane from astrophysical observations in green, from high-altitude detectors in light red and from under-
ground detectors in yellow. Very large cross sections are constrained by astrophysical limits from the
stability of the Milky Way disk [90], from cosmic rays[91] and from the CMB [92]. Small cross-sections
are examined by underground detectors like XENON1T and PICO-60. For these experiments the cross
section of DM has to be large enough to cause a nuclear recoil, but small enough to allow the DM to pass
through the Earth to the detector, in order to be detected [14]. In between is the window, where σSI

χN
can be relatively large. In some extent this window has been excluded by high altitude experiments, but
not completely and these exclusions are partly doubtful according to [14]. Thus the authors of the paper
investigate the cross sections in this window. The investigation is based on DM capture and annihilation
in the Earth, whereby SM final states are assumed, that deposit nearly all their energy in the Earth’s
core. Through this process a heat flow would be produced, that is, with 3260 TW, more than 2 orders of
magnitudes larger than the residual measured value of Earth’s internal heat flow and thus a large area in
the σSI

χN
-mχ plane can be excluded.

Figure 7.1 On the left side the constraints in the σSI
χN

-mχ plane are shown from astrophysical detectors in green,
from high-altitude detectors in light red and from underground detectors in yellow. On the right sight the violet
area in the σSI

χN
-mχ plane shows the spin-independent DM-nucleon cross sections, for which DM annihilations

lead to an internal heat flow, which is more than 2 orders of magnitude larger than the residual measured internal
heat flow in the Earth. Above the dashed line DM capture is only efficient enough to lead to a heat flow equal to or
larger than the residual measured Earth’s internal heat flow. The figures are taken from [77].

This area is shown in figure 7.1 on the right side. The upper bound on this area is set by the condition,
that the spin-independent DM-nucleon cross section has to be small enough, that DM has sufficient
time to drift to the core after been captured. The lower bound results from the condition, that the
capture of DM has to be efficient, which means that the cross section has to be so large, that 90 % of
the DM particles, traversing the Earth, are captured in order to efficiently produce heat. In addition
a Poisson probability is used to compute a lower bound on the cross section, where the capture rate
is not so efficient, so that the heat flow from DM annihilations equals to or is larger than the residual
measured Earth’s internal heat flow. In this paper constraints from neutrino experiments are not included,
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resonant scattering is neglected and an equilibrium between DM capture and DM annihilation is assumed.

The focus in this chapter will be to fine-tune the upper limits on the DM-nucleon cross sections under
the constraint, that the upper limit on the heat flow from DM annihilations in the Earth’s core is bounded
by the residual measured Earth’s internal heat flow. Hereby the DM capture rate will be computed by
the formalism presented in chapter 3, which includes resonant scattering, and the upper limits on the
DM-nucleon cross sections will be computed with the formalism of chapter 5, which leads to rigorous
model-independent results, where DM capture - DM annihilation equilibrium is not assumed. In addition
an upper limit on the heat flow, induced by DM annihilations in the Earth’s core, based on the results
from IceCube, will be calculated, which sets an upper limit on a potential DM contribution to the residual
measured Earth’s internal heat flow.

In order to set the constraints on the DM-nucleon cross-sections by using the residual measured Earth’s
internal heat flow as upper limit on the heat flow from DM annihilations, some assumptions have to
be made. The first one is an estimate of the kinetic heating due to DM capture. Since DM particles
are considered to move non-relativistically with a velocity of approximately 10−3c, the maximum energy
transfer to the nucleons during scattering is about 10−6 of the possible annihilation energy mχc2. Thus the
contribution of kinetic heating is negligible. How much energy is transferred through DM annihilations
into heat in the Earth’s core depends on the annihilation channels and their branching ratios. The basic
channels into which DM annihilates are: qq̄, l l̄, νν̄,W+W−, Z Z and Higgs particles or mixed Higgs/gauge
boson final states [75]. Only neutrinos can escape from the Earth’s core and thus do not participate in
the heating of it. By contrast all other particles deposit all their energy, apart from small corrections due
to particle rest masses, in the Earth’s core. Thus the possible annihilation energy mχc2 is reduced by the
energy of the neutrinos. Besides the direct annihilation into νν̄, neutrinos originate as final states from
the decays of the SM particles, produced in the DM annihilations. Charged leptons, apart from electrons,
produce neutrinos. In the case of quarks, hadronization will produce hadrons, whose subsequent decay
can produce neutrinos. The decay of gauge bosons and Higgs particles produces leptons or quarks,
which follow the previously described evolution. All these neutrinos will reduce the available energy for
heating through DM annihilations. Some examples are listed in the following for νµ and ν̄µ as final states
from [75], where the mass dependence on mχ is based on oscillations and on energy losses of primary
particles: For a DM annihilation into bb̄, like in the soft channel of IceCube, νµ and and ν̄µ have a mass
dependent average energy of 10 % of the total available annihilation energy mχc2, for an annihilation
into τ+τ− between 22 % and 32 % of mχc2 and for an annihilation into W+W− between 34 % and 36
% of mχc2, as in the hard channels of IceCube. For an annihilation directly into νν̄ the neutrino energy
is 100 % of mχc2. Thus the used DM model with its annihilation channels and their branching ratios
determines the possible heat deposit into Earth’s core due to DM annihilations. For this analysis the same
assumption as in [14] will be made, that all energy is used for the heating of Earth’s core, which results
in the most stringent upper limits on the DM-nucleon cross sections. Adaptions to specific DM models
can be made by using the annihilation channel dependent neutrino energy losses. Under this assumption
the heat flow Γheat can be transferred into the total DM annihilation rate ΓA via:

ΓA =
1
2
Γheat
mχ

. (7.1)

This relation can be used in equation 3.4, so that:

1
2
Γheat
mχ
=

1
2

CAN(t⊕)2 =
1
2

C tanh2
( t⊕
τ

)
. (7.2)

With this equation the upper limits on the coupling strengths according to equation 5.9 can be determined
and with these the constraints on the DM-nucleon cross sections according to equation 5.22.
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7.3 Results from Earth’s residual internal heat flow

As a first step the mass dependent upper limits on the total DM annihilation rate are calculated with
equation 7.1 by using the residual measured Earth’s internal heat flow of 20 TeV as upper limit on the
heat flow from DM annihilations. The results are shown in table 7.1.

mχ

[GeV] 10 20 35 50 100 250 500 1000 3000 5000 10000

Γu.l.
A

[1018s−1]
6240 3120 1780 1250 624 250 125 62.4 20.8 12.5 6.24

Table 7.1 Upper limits on the total DM annihilation rate Γu.l.
A

, calculated by using the residual measured Earth’s
internal heat flow as upper limit on the heat flow from DM annihilations, for the investigated DM masses mχ.

By evaluating equations 5.9 and 5.22 with the procedure described in chapter 5, rigorous upper limits
on the spin-independent and spin-dependent DM-nucleon cross section, based on the calculated upper
limits on the total DM annihilation rate, were derived, which are depicted in figure 7.2. The cyan lines
represent the constraints on the DM-neutron cross sections and the violet lines on the DM-proton cross
sections. Hereby the solid lines show the upper limits assuming that c0

1 is the only non-zero coupling
strength for the spin-independent and c0

4 for the spin-dependent cross sections. The dashed lines show
the results assuming that both c0

1 and c1
1 for the spin-independent cross sections and c0

4 and c1
4 for the

spin-dependent cross sections can be non-zero and interfere, whereas all other coupling strengths vanish.
The dotted lines show the upper limits on the DM-nucleon cross sections under the assumption, that all
coupling strengths can be non-zero and interfere.
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Figure 7.2 Upper limits on the spin-independent DM-nucleon cross section σSI
χN

on the left and on the spin-
dependent DM-nucleon cross section σSD

χN
on the right as function of the DM mass mχ, derived by using the

residual measured Earth’s internal heat flow as upper limit on the heat flow from DM annihilations assuming that
all energy of the DM particles is used for heating in Earth’s core. In cyan are the upper limits on the DM-neutron
cross sections and in violet on the DM-proton cross sections. The solid line shows the results considering no
interference, the dashed line shows the results considering isoscalar-isovector interference and the dotted line
shows the results considering interference between all interactions of the effective theory.

There is no impact of an increasing annihilation cross section on the upper limits, as DM capture - DM
annihilation equilibrium for such a relatively large DM-nucleon cross section has already been attained.
This can be seen in equation 7.2, where it holds for the thermal relic annihilation cross section < σAv >th:
tanh2 (t⊕/τ) = 1 for all investigated DM masses, given the numerical precision of the computations.
Thus also the less computational demanding form to derive the upper limits on the coupling strengths
of equation 5.14 could be used for the computations. The impact of interference is the same as before
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in case of the IceCube upper limits. Assuming interference relaxes the constraints and leads to rigorous
model-independent upper limits on the DM-nucleon cross sections.

In order to compare the results of this work with the results from [14] the spin-independent DM-nucleon
cross-section assuming no interference is used. The resonant capture of DM leads to a peak in the upper
limits on the spin-independent DM-nucleon cross section assuming no interference for a DM mass of
approximately 50 GeV. At this DMmass the results are comparable to the ones from the paper. But in the
paper the peak in the upper limits, computed by a Poisson distribution, is very broad leading to deviations
to the results of this work. For a DM mass of 10 GeV the upper limits on the cross section in the paper
are 3 orders of magnitude smaller than the results of this work, for a DMmass of 100 GeV and 1000 GeV
they are 2 orders of magnitude smaller and for a DM mass of 10000 GeV they are 1 order of magnitude
smaller. Thus the detailed calculations of this work lead to weaker upper limits on the spin-independent
DM-nucleon cross section than previously computed in [14]. But this result does not have an impact on
the main focus of the paper to close the window between the upper limits from underground experiments
and the upper limits from astrophysical observations.

The upper limits on the DM-nucleon cross sections, that are derived by using the residual measured
Earth’s internal heat flow as upper limit on the heat flow from DM annihilations, are by far weaker than
the upper limits derived from IceCube data. As the upper limit on the DM total annihilation rate, derived
from the residual measured Earth’s internal heat flow, is between 5 orders of magnitude for a DM mass
of 10 GeV and 10 orders of magnitude for a DM mass of 10000 GeV larger than in case of IceCube
date, also the upper limits on the DM-nucleon cross-sections become larger. They are between 5 orders
of magnitude weaker for a DM mass of 10 GeV and 8 orders of magnitude weaker for a DM mass of
10000 GeV than in case of IceCube data, where DM capture - DM annihilation equilibrium cannot be
assumed, which increases the bounds especially for higher DM masses. As a remark the assumption on
the annihilation channels can change the bounds in both cases and thus, dependent on the concrete used
DM model and respective assumptions, the results can be adapted.

By using the upper limits on the total DM annihilation rate from IceCube data Γu.l.
A

, assuming the hard
channels, an upper bound on the internal heat flow of the Earth Γu.l.

heat, induced by DM annihilations
in Earth’s core, can be set. This is done straight forward by solving equation 7.1 for Γheat, under the
assumption, that all DM energy is deposited in Earth’s core, which leads to the maximal limits on the
heat flow. The results are shown in table 7.2.

mχ

[GeV] 10 20 35 50 100 250 500 1000 3000 5000 10000

Γu.l.
heat

[103W] 96500 5770 2640 1790 1040 72.6 22.4 10.4 4.50 3.40 2.58

Table 7.2 Upper limits on the internal heat flow of the Earth Γu.l.
heat, induced by DM annihilations in Earth’s core,

calculated by using the upper limit on the total DM annihilation rate from IceCube data assuming the hard channels,
for the investigated DM masses mχ.

The highest upper limit on the internal heat flow of the Earth is derived for a DM mass of 10 GeV. Even
at this DM mass the internal heat flow is about 5 orders of magnitude smaller than the Earth’s residual
measured internal heat flow of 20 TW. Thus based on IceCube data only a very small fraction of Earth’s
residual measured internal heat flow could be based on a potential heat flow in the Earth induced by DM
annihilations in the Earth’s core.
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8 Conclusion and Outlook

During Earth’s journey through the galaxy, DM particles from the galactic halo become captured in the
gravitational field of the Earth via weak interactions with nucleons. Through subsequent scatterings the
DM particles loose energy and sink to Earth’s core, where they thermalise and self-annihilate into SM
particles. From these only neutrinos can escape Earth’s core and can be measured directly in detectors.
All other particles remain in the Earth and can contribute to the residual measured internal heat flow of
the Earth. In this work measurements from the Earth are used to determine rigorous model independent
upper limits on the coupling strengths of the non-relativistic effective theory of DM-nucleon interactions
and on the corresponding DM-nucleon cross sections, taking into account interference among operators.
Hereby the main part of the work is based on data, collected by the IceCube observatory in a search
for DM annihilations in the Earth. Through the non-observation of an exotic neutrino flux from the
Earth’s center upper limits on the total DM annihilation rate for different DM masses can be set. From
these constraints the upper limits on the coupling strengths including interference at the 90 % confidence
level can be determined with the formalism presented in this work. Hereby the whole parameter space
of the effective theory of all possible 28 interactions and their interference for spin-1/2 DM, for DM
masses between 10 GeV and 10000 GeV, has been investigated. The most stringent constraints are ob-
tained in case of resonant capture, which arises for many interactions at a DMmass of 50 GeV due to 56Fe.

In published limits the DM-nucleon interaction is commonly assumed to be isoscalar, which is very
restrictive, as in many DM models the DM-nucleon interaction is not the same for protons and neutrons.
Under the assumption of isoscalar-isovector interference the upper limits on several coupling strengths
are relaxed by about two orders of magnitude according to the calculations of this work. Hereby the
impact of interference is dependent on the chosen basis, which is in this work for the coupling strengths
the isoscalar-isovector basis. The corresponding upper limits on the DM-nucleon cross sections in the
neutron-proton basis are relaxed by three orders of magnitude and in case of the spin-dependent DM-
neutron cross section even by five orders of magnitude when assuming isoscalar-isovector interference.
In published limits only the spin-independent and spin-dependent interaction are considered, but in order
to be applicable to any DM model all interactions and interference between them have to be included.
This can lead to further relaxation of the upper limits depending on the considered coupling strength.

For the Earth an equilibrium between DM capture and DM annihilation can not be assumed, which leads
to upper limits, that are dependent on the assumed annihilation cross section. An increasing annihilation
cross section leads to lower upper limits on the coupling strengths. Hereby it holds up to a DM mass of
3000 GeV: the higher the DM mass is, the stronger is the impact on the upper limits and the later DM
capture - DM annihilation equilibrium is attained. For DM masses between 3000 GeV and 10000 GeV
the effect of an increasing annihilation cross section remains approximately the same, independent of the
investigated DM mass. The factors, by which the upper limits are reduced, compared to the commonly
assumed thermal relic annihilation cross section, are independent of the considered interaction and the
chosen basis. The most stringent upper limits are obtained for values of the annihilation cross section,
where DM capture - DM annihilation equilibrium is attained. In this case the upper limits on the coupling
strengths can be lowered for a DM mass of 50 GeV by a factor of about 2.5 and for a DM mass of 10000
GeV by a factor of about 6.5, compared to the upper limits obtained under the assumption of the thermal
relic annihilation cross section. For the upper limits on the DM-nucleon cross sections these factors have
to be squared.
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The results of this work are compared to the results of three other experiments: an IceCube search into
the direction of the Sun, where DM capture - DM annihilation equilibrium has already been attained,
and two direct detection experiments: XENON1T and PICO-60. For most interactions the most stringent
upper limits on the coupling strengths assuming no interference are obtained from XENON1T. As the
results from the IceCube search in the direction of the Sun are not as much affected by the impact of
interference as the results from the other experiments, several coupling strengths are the most constraint
by this experiment under interference. The upper limits from the IceCube search in the center of the Earth
are almost for the whole parameter space of the effective theory less restrictive than the most constraining
upper limits from the other experiments. But for a DM mass of 10000 GeV under the assumption of
interference between all operators and an annihilation cross section, where DM capture - DM annihilation
equilibrium has been attained, the upper limits on the coupling strength c0

1 and on the spin-independent
DM-proton cross section are at the same order of magnitude as the most constraining upper limits from
the other experiments, namely from Xenon1T.

In the Earth an internal heat flow can be measured, for which to some extent the origin is unknown so
far. Using this residual measured heat flow as a constraint on the heat flow, induced by DM annihilations,
upper limits on the DM-nucleon cross sections can be derived. These constraints are, as before, based on
DM capture and annihilation in the Earth. In contrast to the previous results neutrinos are not measured
or take part in the heating, instead all other SM particles, into which DM annihilates, contribute to Earth’s
residual measured heat flow. The resultant upper limits are at least 5 orders of magnitudes weaker than
the previous computed ones, based on the non-observation of an exotic neutrino flux. Thus, based on
IceCube data, also only a very small fraction of Earth’s residual measured heat flow could be based on
DM annihilations.

New results from the IceCube collaboration for a 8-years DM search in the Earth are pending. They will
improve the upper limits on the spin-independent DM-nucleon cross section by approximately 1 order of
magnitude, making them, under the assumption of a large annihilation cross section, competitive to the
most constraining upper limits from the other experiments for a wide range of DM masses and different
assumptions on the interference. One can expect, that with the new results also all upper limits on the
coupling strengths will become more restrictive. Thus an analysis of the new IceCube data can lead to
more stringent results, that could be comparable to other experiments in a wider range of the parameter
space of the non-relativistic effective theory of DM-nucleon interactions. In order to fine-tune a new
analysis, a more sophisticated Earth model than used in this work could be applied, which includes also
less abundant elements and the atmosphere of the Earth. An effective way to constrain the parameter
space of the non-relativistic effective theory of DM-nucleon interactions is the combination of the results
from different experiments, especially in case of operators depending on spin-dependent nuclear response
functions, as allowed regions of these operators are, depending on the target material, often rectangular
to each other. Thus an analysis of the pending IceCube data from observations of Earth’s center with an
improved Earth model including the combination of results from different experiments could follow this
work.
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A Earthmodel

Several assumptions have to be made, in order to derive upper limits on the coupling strengths of the
non-relativistic effective theory of DM-nucleon interactions and the corresponding DM-nucleon cross
sections including interference between the different interactions. In this work these constraints are set
based on IceCube observations of Earth’s center. Therefor the composition of the Earth has to be known
exactly, because it strongly influences the DM capture rate via equation 3.22. The used Earth model is
called preliminary reference Earth model (PREM) [44]. It is a one-dimensional model of the average
Earth properties as function of the radius. It includes elastic properties, density, attenuation, pressure, and
gravity. PREM is based on a large data set of astronomic-geodetic data, free oscillation and long-period
surface wave data and body waves. To be in agreement with the entire data set PREM incorporates
anelastic dispersion and anisotropy and therefore the model is frequency-dependent and for the upper
mantle transversely isotropic.

From this model the density and mass as function of the radius are used, whereat the chemical composi-
tion of the Earth is divided into two regions. The inner region goes out to 54.4 % of Earth’s radius with
a total mass portion of 32.2 % of Earth’s mass. The remaining part of the radius and mass belongs to
the outer region. The inner region is called Earth’s core and the outer region Earth’s mantle. For the
calculations the Earth is a perfect sphere with a radius of 6379.1 km and a total mass of 5.9722 ∗ 1024 kg.
The chemical composition in the core and the mantle is shown in table A.1.

Elements
[%]

16O 23Na 24Mg 27Al 28Si 31P 32S 40Ca 52Cr 56Fe 58Ni

Core 0.000 0.000 0.000 0.000 6.000 0.200 1.900 0.000 0.900 85.500 5.200
Mantle 44.00 0.270 22.800 2.350 21.000 0.009 0.025 2.530 0.260 6.260 0.196

Table A.1 Chemical composition of the Earth, following PREM
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B DM response functions

The DM response functions, used in equation 3.16, are listed here according to [49] [53]. The DM
particle spin Jχ is set to 1/2 in this work.
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C Nuclear response functions

The nuclear response functions, used in equation 3.16, are listed here as analytic expressions according to
[12] [52], for all elements of this work, contained in the used Earth model PREM. They were determined
by using the mathematica package DMFormFactor from [53], in order to evaluate the reduced matrix
elements of nuclear charges and currents in the harmonic oscillator basis. This requires as an input
one-body density matrix elements (OBDMEs) for ground-state to ground-state transitions of the target
nuclei, that were computed by using the shell model code Nushell@MSU [93] [94]. In the harmonic
oscillator basis the nuclear response functions depend on the momentum transfer through the variable
y = (bq/2)2 with the harmonic oscillator basis length parameter b =

√
41.467/(45A−1/3 − 25A−2/3 fm.

Only non-zero nuclear response functions are listed.

Oxygen (16O)

W00
M (y) = 0.000032628(395.084 − 200.042y + y2)2e−2y

W00
Φ′′
(y) = 0.000032628(3.66055 − y)2e−2y

W00
MΦ′′(y) = (−0.0471874 + 0.0367831y − 0.00664641y2 + 0.000032628y3)e−2y (C.1)

Sodium (23Na)

W00
M (y) = (42.0965 − 63.4498y + 32.5913y2 − 6.57878y3 + 0.483166y4)e−2y

W01
M (y) = (−1.83028 + 3.81972y − 2.50445y2 + 0.597822y3 − 0.04545y4)e−2y

W10
M (y) = (−1.83028 + 3.81972y − 2.50445y2 + 0.597822y3 − 0.04545y4)e−2y

W11
M (y) = (0.0795776 − 0.212207y + 0.182941y2 − 0.0543892y3 + 0.00523012y4)e−2y

W00
Σ′′
(y) = (0.0126672 − 0.0262533y + 0.0401886y2 − 0.010514y3 + 0.00078605y4)e−2y

W01
Σ′′
(y) = (0.0107811 − 0.020986y + 0.0360971y2 − 0.00876213y3 + 0.000626718y4)e−2y

W10
Σ′′
(y) = (0.0107811 − 0.020986y + 0.0360971y2 − 0.00876213y3 + 0.000626718y4)e−2y

W11
Σ′′(y) = (0.00917577 − 0.0167053y + 0.0332751y2 − 0.00765719y3 + 0.000597676y4)e−2y

W00
Σ′
(y) = (0.0253345 − 0.0750847y + 0.100235y2 − 0.0384261y3 + 0.00466396y4)e−2y

W01
Σ′
(y) = (0.0215622 − 0.0652627y + 0.0941439y2 − 0.0379511y3 + 0.00472138y4)e−2y

W10
Σ′
(y) = (0.0215622 − 0.0652627y + 0.0941439y2 − 0.0379511y3 + 0.00472138y4)e−2y

W11
Σ′ (y) = (0.0183515 − 0.0567009y + 0.0887794y2 − 0.0374699y3 + 0.00477955y4)e−2y

W00
Φ′′
(y) = ((0.612149 − 0.49308y + 0.107832y2)e−2y

W01
Φ′′
(y) = (−0.075893 + 0.060682y − 0.0110124y2)e−2y

W10
Φ′′
(y) = (−0.075893 + 0.060682y − 0.0110124y2)e−2y

W11
Φ′′(y) = (0.00940911 − 0.00747826y + 0.00163204y2)e−2y

W00
Φ′
(y) = (0.000495589 − 0.00010394y + 0.00000544981y2)e−2y

W01
Φ′
(y) = (−0.0000552785 − 0.000369894y + 0.0000393968y2)e−2y
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W10
Φ′
(y) = (−0.0000552785 − 0.000369894y + 0.0000393968y2)e−2y

W11
Φ′ (y) = (0.00000616583 + 0.00008381y + 0.0002848y2)e−2y

W00
∆
(y) = (0.0335711 − 0.0268568y + 0.00656896y2)e−2y

W01
∆
(y) = (0.0161021 − 0.0128817y + 0.00362952y2)e−2y

W10
∆
(y) = 0.0161021 − 0.0128817y + 0.00362952y2)e−2y

W11
∆
(y) = (0.00772326 − 0.00617861y + 0.0021619y2)e−2y

W00
MΦ′′(y) = (−5.07498 + 5.86765y − 2.09908y2 + 0.226345y3)e−2y

W01
MΦ′′(y) = (0.62922 − 0.727336y + 0.243236y2 − 0.0210943y3)e−2y

W10
MΦ′′(y) = (0.220651 − 0.382932y + 0.17682y2 − 0.0226015y3)e−2y

W11
MΦ′′(y) = (−0.0273574 + 0.0474719y − 0.0213121y2 + 0.00280825y3)e−2y

W00
Σ′∆
(y) = (−0.0291634 + 0.0548817y − 0.0305345y2 + 0.00476387y3)e−2y

W01
Σ′∆
(y) = (−0.013988 + 0.0263236y − 0.0171362y2 + 0.00306717y3)e−2y

W10
Σ′∆
(y) = (−0.024821 + 0.0482732y − 0.02884y2 + 0.00481368y3)e−2y

W11
Σ′∆
(y) = (−0.0119052 + 0.0231539y − 0.0164035y2 + 0.00310235y3)e−2y (C.2)

Magnesium (24Mg)

W00
M (y) = (0.123467(9.63385 − 7.49299y + y2)2e−2y

W00
Φ′′
(y) = 0.0260816(2.5 − y)2e−2y

W00
MΦ′′(y) = (−1.36673 + 1.6097y − 0.567072y2 + 0.056747y3)e−2y (C.3)

Aluminium (27Al)

W00
M (y) = (87.0146 − 146.097y + 83.5367y2 − 18.5981y3 + 1.43446y4)e−2y

W01
M (y) = (−3.22283 + 7.00266y − 4.92756y2 + 1.33587y3 − 0.11524y4)e−2y

W10
M (y) = (−3.22283 + 7.00266y − 4.92756y2 + 1.33587y3 − 0.11524y4)e−2y

W11
M (y) = (0.119366 − 0.31831y + 0.337291y2 − 0.132526y3 + 0.018155y4)e−2y

W00
Σ′′
(y) = (0.0309465 − 0.0367242y + 0.0265347y2 − 0.00241606y3 + 0.0110011y4)e−2y

W01
Σ′′
(y) = (0.0260233 − 0.0210567y + 0.0158643y2 + 0.000606077y3 + 0.0105713y4)e−2y

W10
Σ′′
(y) = (0.0260233 − 0.0210567y + 0.0158643y2 + 0.000606077y3 + 0.0105713y4)e−2y

W11
Σ′′(y) = (0.0218834 − 0.00944476y + 0.011506y2 + 0.000953537y3 + 0.0104813y4)e−2y

W00
Σ′
(y) = (0.0618929 − 0.210848y + 0.244466y2 − 0.0942682y3 + 0.0243737y4)e−2y

W01
Σ′
(y) = (0.0520466 − 0.18713y + 0.233007y2 − 0.0985082y3 + 0.0259327y4)e−2y

W10
Σ′
(y) = (0.0520466 − 0.18713y + 0.233007y2 − 0.0985082y3 + 0.0259327y4)e−2y

W11
Σ′ (y) = (0.0437667 − 0.165622y + 0.221193y2 − 0.101991y3 + 0.0277477y4)e−2y

W00
Φ′′
(y) = (2.80498 − 2.24306y + 0.455491y2)e−2y

W01
Φ′′
(y) = (−0.180417 + 0.137389y − 0.0239615y2)e−2y

W10
Φ′′
(y) = (−0.180417 + 0.137389y − 0.0239615y2)e−2y
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W11
Φ′′(y) = (0.021493 − 0.0156159y + 0.00596886y2)e−2y

W00
Φ′
(y) = (0.0000680703 − 0.000376682y + 0.00340251y2)e−2y

W01
Φ′
(y) = (−0.0010092 + 0.00298228y + 0.00281525y2)e−2y

W10
Φ′
(y) = (−0.0010092 + 0.00298228y + 0.00281525y2)e−2y

W11
Φ′ (y) = (0.0149622 − 0.00563307y + 0.00440385y2)e−2y

W11
Φ′ (y) = (0.021493 − 0.0156159y + 0.00596886y2)e−2y

W00
∆
(y) = (0.126043 − 0.100835y + 0.0237577y2)e−2y

W01
∆
(y) = (0.0850285 − 0.0680228y + 0.016845y2)e−2y

W10
∆
(y) = (0.0850285 − 0.0680228y + 0.016845y2)e−2y

W11
∆
(y) = (0.05736 − 0.045888y + 0.012102y2)e−2y

W00
MΦ′′(y) = (−15.6228 + 19.3589y − 7.23234y2 + 0.79705y3)e−2y

W01
MΦ′′(y) = (1.00112 − 1.15934y + 0.40275y2 − 0.0364952y3)e−2y

W10
MΦ′′(y) = (0.578632 − 1.00438y + 0.491252y2 − 0.0730693y3)e−2y

W11
MΦ′′(y) = (−0.0370794 + 0.0852545y − 0.0449284y2 + 0.00866992y3)e−2y

W00
Σ′∆
(y) = (−0.0883243 + 0.185775y − 0.104001y2 + 0.0163635y3)e−2y

W01
Σ′∆
(y) = (−0.0595834 + 0.125323y − 0.0717204y2 + 0.011398y3)e−2y

W10
Σ′∆
(y) = (−0.0742731 + 0.170242y − 0.105744y2 + 0.0188197y3)e−2y

W11
Σ′∆
(y) = (−0.0501045 + 0.114845y − 0.0729898y2 + 0.0131315y3)e−2y (C.4)

Silicon (28Si)

W00
M (y) = 0.281695(7.44089 − 6.37784y + y2)2e−2y

W00
Φ′′
(y) = 0.0739103(2.5 − y)2e−2y

W00
MΦ′′(y) = (−2.68415 + 3.37434y − 1.281y2 + 0.144292y3)e−2y (C.5)

Phosphorus (31P)

W00
M (y) = (38.2357 − 69.0704y + 43.4498y2 − 11.0707y3 + 0.982271y4)e−2y

W01
M (y) = (−1.23341 + 2.75859y − 2.2227y2 + 0.75098y3 − 0.0864898y4)e−2y

W10
M (y) = (−1.23341 + 2.75859y − 2.2227y2 + 0.75098y3 − 0.0864898y4)e−2y

W11
M (y) = (0.0397876 − 0.1061y + 0.105547y2 − 0.0464186y3 + 0.0076155y4)e−2y

W00
Σ′′
(y) = (0.00414265 − 0.0032891y + 0.00743249y2 − 0.00269138y3 + 0.00277379y4)e−2y

W01
Σ′′
(y) = (0.00363025 − 0.00197639y + 0.00581303y2 − 0.00148204y3 + 0.00215207y4)e−2y

W10
Σ′′
(y) = (0.00363025 − 0.00197639y + 0.00581303y2 − 0.00148204y3 + 0.00215207y4)e−2y

W11
Σ′′(y) = (0.00318122 − 0.000938087y + 0.00467858y2 − 0.000679619y3 + 0.0016697y4)e−2y

W00
Σ′
(y) = (0.0082853 − 0.0298521y + 0.0465999y2 − 0.0355087y3 + 0.0117227y4)e−2y

W01
Σ′
(y) = (0.0072605 − 0.0270656y + 0.0425594y2 − 0.0323588y3 + 0.0103814y4)e−2y

W10
Σ′
(y) = (0.0072605 − 0.0270656y + 0.0425594y2 − 0.0323588y3 + 0.0103814y4)e−2y
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W11
Σ′ (y) = (0.00636245 − 0.0245117y + 0.0389045y2 − 0.0294649y3 + 0.00919363y4)e−2y

W00
Φ′′
(y) = (1.19696 − 0.957567y + 0.191514y2)e−2y

W01
Φ′′
(y) = (0.0996532 − 0.0797226y + 0.0159445y2)e−2y

W10
Φ′′
(y) = (0.0996532 − 0.0797226y + 0.0159445y2)e−2y

W11
Φ′′(y) = (0.00829666 − 0.00663733y + 0.00132747y2)e−2y

W00
∆
(y) = 0.000365072(2.5 − y)2e−2y

W01
∆
(y) = 0.0000992141(2.5 − y)2e−2y

W10
∆
(y) = 0.0000992141(2.5 − y)2e−2y

W11
∆
(y) = 0.000026963(2.5 − y)2e−2y

W00
MΦ′′(y) = (−6.7651 + 8.81641y − 3.52846y2 + 0.433726y3)e−2y

W01
MΦ′′(y) = (−0.563231 + 0.734013y − 0.293763y2 + 0.03611y3)e−2y

W10
MΦ′′(y) = (0.21823 − 0.378265y + 0.211864y2 − 0.0381899y3)e−2y

W11
MΦ′′(y) = (0.0181688 − 0.0314925y + 0.0176388y2 − 0.00317951y3)e−2y

W00
Σ′∆
(y) = (−0.00434794 + 0.00957203y − 0.00830496y2 + 0.00206873y3)e−2y

W01
Σ′∆
(y) = (−0.00118162 + 0.00260135y − 0.002257y2 + 0.000562209y3)e−2y

W10
Σ′∆
(y) = (−0.00381015 + 0.00886346y − 0.00751584y2 + 0.00183203y3)e−2y

W11
Σ′∆
(y) = (−0.00103547 + 0.00240878y − 0.00204255y2 + 0.000497883y3)e−2y (C.6)

Sulfur (32S)

W00
M (y) = 0.580305(5.92494 − 5.43118y + y2)2e−2y

W00
Φ′′
(y) = 0.0765941(2.5 − y)2e−2y

W00
MΦ′′(y) = (−3.12284 + 4.11173y − 1.6721y2 + 0.210827y3)e−2y (C.7)

Calcium (40Ca)

W00
M (y) = 0.000016743(1378.8 − 1387.54y + 281.953y2 − y3)2e−2y

W00
Φ′′
(y) = 0.0000376718(13.117 − 8.74678y + y2)2e−2y

W00
MΦ′′(y) = (−0.454214 + 0.759976y − 0.432314y2 + 0.0971138y3 − 0.00730079y4

+ 0.0000251146y5)e−2y (C.8)

Chromium (52Cr)

W00
M (y) = (53.7944 − 132.417y + 118.148y2 − 47.0832y3 + 8.66093y4 − 0.668565y5

+ 0.0178903y6)e−2y

W01
M (y) = (−4.13803 + 13.369y − 14.9627y2 + 7.37066y3 − 1.70602y4 + 0.174317y5

− 0.00604326y6)e−2y
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W10
M (y) = (−4.13803 + 13.369y − 14.9627y2 + 7.37066y3 − 1.70602y4 + 0.174317y5

− 0.00604326y6)e−2y

W11
M (y) = (0.318309 − 1.27324y + 1.7912y2 − 1.08692y3 + 0.312679y4 − 0.0414801y5

+ 0.00204138y6)e−2y

W00
Φ′′
(y) = (2.80823 − 4.49316y + 2.44718y2 − 0.519936y3 + 0.0376034y4)e−2y

W01
Φ′′
(y) = (−0.932576 + 1.49212y − 0.813183y2 + 0.173068y3 − 0.012546y4)e−2y

W10
Φ′′
(y) = (−0.932576 + 1.49212y − 0.813183y2 + 0.173068y3 − 0.012546y4)e−2y

W11
Φ′′(y) = (0.309696 − 0.495514y + 0.270215y2 − 0.0576078y3 + 0.00418588y4)e−2y

W00
MΦ′′(y) = (−12.2909 + 24.96y − 17.7122y2 + 5.32514y3 − 0.663953y4 + 0.0259371y5)e−2y

W01
MΦ′′(y) = ((4.08166 − 8.2889y + 5.88422y2 − 1.77113y3 + 0.221244y4 − 0.0086537y5)e−2y

W10
MΦ′′(y) = (0.945455 − 2.64727y + 2.39138y2 − 0.909919y3 + 0.149586y4

− 0.00876145y5)e−2y

W11
MΦ′′(y) = (−0.313973 + 0.879125y − 0.794315y2 + 0.302513y3 − 0.0498139y4

+ 0.00292318y5)e−2y (C.9)

Iron (56Fe)

W00
M (y) = (62.3888 − 160.428y + 152.644y2 − 67.2779y3 + 14.478y4 − 1.43665y5

+ 0.0525291y6)e−2y

W01
M (y) = (−4.45633 + 14.6422y − 18.2579y2 + 10.8919y3 − 3.2296y4 + 0.446836y5

− 0.0220016y6)e−2y

W10
M (y) = (−4.45633 + 14.6422y − 18.2579y2 + 10.8919y3 − 3.2296y4 + 0.446836y5

− 0.0220016y6)e−2y

W11
M (y) = (0.318309 − 1.27323y + 1.99188y2 − 1.54562y3 + 0.622264y4 − 0.122277y5

+ 0.00921525y6)e−2y

W00
Φ′′
(y) = (4.22872 − 6.76595y + 3.79067y2 − 0.867433y3 + 0.069506y4)e−2y

W01
Φ′′
(y) = (−0.778655 + 1.24585y − 0.741661y2 + 0.194658y3 − 0.0183967y4)e−2y

W10
Φ′′
(y) = (−0.778655 + 1.24585y − 0.741661y2 + 0.194658y3 − 0.0183967y4)e−2y

W11
Φ′′(y) = (0.143378 − 0.229404y + 0.144606y2 − 0.0422756y3 + 0.00486921y4)e−2y

W00
MΦ′′(y) = (−16.2427 + 33.8776y − 25.2342y2 + 8.30471y3 − 1.20334y4 + 0.0604243y5)e−2y

W01
MΦ′′(y) = (2.99085 − 6.23805y + 4.81422y2 − 1.74483y3 + 0.288128y4 − 0.015993y5)e−2y

W10
MΦ′′(y) = (1.16019 − 3.24853y + 3.31473y2 − 1.54264y3 + 0.325832y4 − 0.0253084y5)e−2y

W11
MΦ′′(y) = (−0.213631 + 0.598168y − 0.622338y2 + 0.308014y3 − 0.0735211y4

+ 0.00669858y5)e−2y (C.10)
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Nickel (58Ni)

W00
M (y) = (66.9246 − 175.389y + 169.877y2 − 76.127y3 + 16.6597y4 − 1.6839y5

+ 0.0628067y6)e−2y

W01
M (y) = (−2.30773 + 7.63937y − 10.3404y2 + 6.95311y3 − 2.30652y4 + 0.350525y5

− 0.0185041y6)e−2y

W10
M (y) = (−2.30773 + 7.63937y − 10.3404y2 + 6.95311y3 − 2.30652y4 + 0.350525y5

− 0.0185041y6)e−2y

W11
M (y) = (0.0795762 − 0.318305y + 0.548985y2 − 0.503018y3 + 0.250492y4 − 0.0603789y5

+ 0.00545169y6)e−2y

W00
Φ′′
(y) = (5.4697 − 8.75152y + 4.88454y2 − 1.10715y3 + 0.0875404y4)e−2y

W01
Φ′′
(y) = (−0.231284 + 0.370054y − 0.264922y2 + 0.0935201y3 − 0.0110873y4)e−2y

W10
Φ′′
(y) = (−0.231284 + 0.370054y − 0.264922y2 + 0.0935201y3 − 0.0110873y4)e−2y

W11
Φ′′(y) = (0.00977975 − 0.0156476y + 0.0136707y2 − 0.00592935y3 + 0.00140426y4)e−2y

W00
MΦ′′(y) = (−19.1326 + 40.3764y − 30.3339y2 + 10.0435y3 − 1.4629y4 + 0.0741493y5)e−2y

W01
MΦ′′(y) = (0.809015 − 1.7073y + 1.48687y2 − 0.692274y3 + 0.145722y4 − 0.00939131y5)e−2y

W10
MΦ′′(y) = (0.659741 − 1.84727y + 2.0953y2 − 1.10461y3 + 0.25912y4 − 0.0218459y5)e−2y

W11
MΦ′′(y) = (−0.0278969 + 0.0781112y − 0.0956406y2 + 0.0607914y3 − 0.0211633y4

+ 0.00276687y5)e−2y (C.11)
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D Additional figures to section 6.2 under the
assumption of interference

Additional figures to section 6.2 are presented here concerning the impact of the annihilation cross section
on the coupling strengths under the assumption of interference. The upper limits on the coupling strengths
cτi , i = 1, 3, ..., 15 under the assumption of isoscalar-isovector interference for different annihilation cross
sections are shown in figures D.1, D.2, D.3 and D.4. For the assumption of interference between all
interactions the constraints on the coupling strengths cτi , i = 1, 3, ..., 15 for different annihilation cross
sections are shown in figures D.5, D.6, D.7 and D.8.
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Figure D.1 Upper limits on the coupling strengths cτi , i = 1, 3, τ = 0, 1 under the assumption of isoscalar-
isovector interference for increasing values of the annihilation cross-section, given as multiples of the thermal relic
annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the point, where the upper limits reach the
values in case of DM capture - DM annihilation equilibrium (C − ΓA)eq, in green. The isoscalar strenghts c0

i are on
the left side and the isovector strengths c1

i on the right sight for each interaction i = 1, 3.
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Figure D.2 Same as figure D.1 for coupling strengths cτi , i = 4, ..., 7.
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Figure D.3 Same as figure D.1 for coupling strengths cτi , i = 8, ..., 11.
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Figure D.4 Same as figure D.1 for coupling strengths cτi , i = 12, ..., 15.
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Figure D.5 Upper limits on the coupling strengths cτi , i = 1, 3, 4, 5, τ = 0, 1 under the assumption of interference
between all interactions for increasing values of the annihilation cross-section, given as multiples of the thermal
relic annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the point, where the upper limits reach
the value in case of DM capture - DM annihilation equilibrium (C − ΓA)eq, in green. The isoscalar strengths c0

i

are on the left side and the isovector strengths c1
i on the right sight for each interaction i = 1, 3, 4, 5.
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Figure D.6 Same as figure D.5 for coupling strengths cτi , i = 6, ..., 9.
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Figure D.7 Same as figure D.5 for coupling strengths cτi , i = 10, ..., 13.
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Figure D.8 Same as figure D.5 for coupling strengths cτi , i = 14, 15.
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E Additional figures to section 6.3 for different
annihilation cross sections under the
assumption of interference

Additional figures to the comparison of the upper limits on the coupling strengths from IC Earth
for different annihilation cross sections with the upper limits from other experiments of chapter 6.3
are presented here under the assumption of interference. The upper limits on the coupling strengths
cτi , i = 1, 3, ..., 15, τ = 0, 1 from IC Earth at the 90 % confidence level assuming isoscalar - isovector in-
terference for increasing values of the annihilation cross-section, starting at the thermal relic annihilation
cross section < σAv >th= 3 · 10−26cm3s−1 in blue, up to the point, where DM capture - DM annihilation
equilibrium (C − ΓA)eq is attained, in green, are compared to the upper limits from the other experiments
in figures E.1, E.2, E.3 and E.4, where XENON1T is depicted in brown, PICO-60 in magenta and IC
Sun in yellow. For the assumption of interference between all interactions the constraints on the coupling
strengths for different annihilation cross sections in comparison to the other experiments are shown in
figures E.5, E.6, E.7 and E.8. As seen in figure E.5 the upper limits on c0

1 under interference between
all operators from IC Earth assuming DM capture - DM annihaltion equilibrium are comparable to the
upper limits from XENON1T for a DM mass of 10000 GEV.
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Figure E.1 Upper limits on the coupling strengths cτi , i = 1, 3, τ = 0, 1 assuming isoscalar - isovector interference
from IC Earth at the 90 % confidence level as function of the DM mass for increasing values of the annihilation
cross-section, given as multiples of the thermal relic annihilation cross section < σAv >th= 3 · 10−26cm3s−1 in
blue, up to the point, where DM capture - DM annihilation equilibrium (C − ΓA)eq is attained, in green, compared
to the upper limits from XENON1T in brown, PICO-60 in magenta, and IC Sun in yellow.
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Figure E.2 Same as figure E.1 for coupling strengths cτi , i = 4, ..., 7.
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Figure E.3 Same as figure E.1 for coupling strengths cτi , i = 8, ..., 11.
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Figure E.4 Same as figure E.1 for coupling strengths cτi , i = 12, ..., 15.
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Figure E.5 Upper limits on the coupling strengths cτi , i = 1, 3, 4, 5, τ = 0, 1 assuming interference between
all operators from IC Earth at the 90 % confidence level as function of the DM mass for increasing values of
the annihilation cross-section, given as multiples of the thermal relic annihilation cross section < σAv >th=
3 · 10−26cm3s−1 in blue, up to the point, where the upper limits reach the value in case of DM capture - DM
annihilation equilibrium (C − ΓA)eq, in green, compared to the upper limts from XENON1T in brown, PICO-60 in
magenta, and IC Sun in yellow.
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Figure E.6 Same as figure E.5 for coupling strengths cτi , i = 6, ..., 9.
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Figure E.7 Same as figure E.5 for coupling strengths cτi , i = 10, ..., 13.
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Figure E.8 Same as figure E.5 for coupling strengths cτi , i = 14, 15.
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