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ABSTRACT

Large-scale neutrino telescopes will be powerful tools to observe multitude of mys-
terious phenomena happening in the Universe. The dark matter puzzle is listed as
one of them. In this study, indirect detection of dark matter via neutrino signals is
presented. The upward muon, the contained muon and the hadronic shower fluxes
are calculated, assuming annihilation/decay of the dark matter in the core of the
astrophysical objects and in the Galactic center. Direct neutrino production and
secondary neutrino production from the decay of Standard Model particles produced
in the annihilation/decay of dark matter are studied. The results are contrasted to
the ones previously obtained in the literature, illustrating the importance of prop-
erly treating muon propagation and energy loss for the upward muon flux. The
dependence of the dark matter signals on the density profile, the dark matter mass
and the detector threshold are discussed.

Different dark matter models (gravitino, Kaluza-Klein and leptophilic) which
can account for recent observations of some indirect searches are analyzed regarding
their detection in the kilometer size neutrino detectors in the near future. Muon
and shower rates and the minimum observation times in order to reach 20 detection
significance are evaluated, with the result suggesting that the optimum cone half
angles chosen about the Galactic center are about 10° (50°) for the muon (shower)
events. A detailed analysis shows that for the annihilating dark matter models such
as the leptophilic and Kaluza-Klein models, upward and contained muon as well
as showers yield promising signals for dark matter detection in just a few years of
observation, whereas for decaying dark matter models, the same observation times
can only be reached with showers. The analytical results for the final fluxes are also
obtained as well as parametric forms for the muon and shower fluxes for the dark

matter models considered in this study.
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CHAPTER 1

INTRODUCTION

The dark matter (DM) puzzle, which is still an open question in cosmology, has
persisted for more than seven decades [1, 2]. The presence of DM is inferred from
gravitational effects on visible matter at astronomical scales. Observations of galac-
tic rotation curves [3], orbital velocities of galaxies within clusters [1], anisotropies
of the cosmic microwave background (CMB) [4, 5, 6, 7], distance measurements
from Type Ia supernovae (SN) [8, 9], baryon acoustic oscillations (BAO) [10, 11]
and large scale structure [12] all imply the existence of cold (non-relativistic) dark
matter (CDM) with an abundance of 23% of the total density of the Universe
(Qepar = 0.233 £ 0.013). In addition, the combination of the CMB, SN and BAO
data predicts that only 4% of the total density of the Universe can be attributed to
the baryonic matter (Qpgryons = 0.0462 = 0.0015) whose particle content is given by
the Standard Model (SM) of particle physics.

The current density of CDM is explained in the context of cold relic scenario.
According to that, DM particles are abundant and in thermodynamic equilibrium
in the early Universe and then “freeze out” or decouple from the hot plasma due
to the Hubble expansion and form the DM today. The freeze-out occurs at the
temperature T (freeze-out temperature) which typically satisfies m, /Ty ~ 20 — 30
for a DM particle with mass m, [13]. It can be shown that the current density of
DM is inversely proportional to the annihilation cross section at freeze-out (see, e.g
Ref. [14]). The higher the annihilation cross section at the time of freeze-out, the
smaller is the current density of DM in the Universe. Thus, the observed density
of DM in the Universe today constrains the annihilation cross section in the early
Universe, specifically at the time of freeze-out. Considering the results of the above
mentioned observations, the thermal average of annihilation cross section times the

relative velocity satisfies (ov) = 3 x 1072 cm?® s7! at the time of freeze-out [13].
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On dimensional grounds, a DM particle of mass in the range of 100 GeV to several
TeV with weak scale couplings can have annihilation cross sections of that order at
freeze-out, providing a natural explanation for the observed density of DM today
(15, 16].

An interesting coincidence, independent of the DM issue, is that the TeV scale
is the characteristic scale of new physics beyond the SM according to naturalness
arguments [17] which imply that above the TeV scale there should be cancellations
in the loop-level corrections to the SM Higgs mass. Collider experiments such as the
Large Hadron Collider (LHC) at CERN will explore this new scale physics in the
near future [18]. The detection and characterization of DM particles is possible in
these LHC searches. However, collider searches will not be sufficient to determine
the stability of DM particles on cosmological time scales and their current abundance
in the Universe [16]. Therefore, apart from the colliders, the two independent but
complementary approaches; direct and indirect searches (see e.g, [19]) are necessary
in exploring the nature of DM.

Direct searches look for energy deposition via nuclear recoils from DM scattering
by using different target nuclei and detection strategies and can provide valuable
data on the couplings of DM to the SM particles. On the other hand, indirect DM
searches look for DM annihilation (or decay) products, either photons [20, 21, 22, 23,
24, 25, 26] or anomalous cosmic rays, such as positrons and antiprotons [27, 28, 29,
30, 31, 32, 33, 34|, or neutrinos [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48].

Theoretical studies of the indirect DM detection via neutrino signals have re-
cently received a lot of attention [49, 50, 51, 52|, including DM accumulation in
the astrophysical objects (the Earth or Sun) [15, 53, 54, 55, 56, 57, 58] and in the
Galaxy [59, 60, 61, 62, 63, 64, 65, 66], and subsequent annihilation (or decay) to
neutrinos, which are produced at energies of the order of the mass of the DM. These
neutrinos with energies, F, < m,, propagate without being absorbed or deflected
in transit toward the Earth in the free space. However, during their travel, vac-
uum (and matter) oscillation effects mix the three flavors and the interactions in

the astrophysical objects may yield absorption effects. Finally, the ones that reach
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the Earth interact on their way to the detector or inside the detector producing
observable muon and shower fluxes. Next generation neutrino telescopes will have
the capabilities to probe energies, £, > 100 GeV [39, 41, 67, 68, 69] and they will
be potentially useful to discover DM in the Universe.

In this study, we present a comprehensive picture of the detection of DM signals
in the next generation large-scale neutrino telescopes based on our results given in
Refs. [70, 71, 72]. We mainly focus on DM signals from Galactic center (GC), and
from astrophysical objects (the Sun and the Earth). We consider different signal
topologies, such as upward muon and contained muon events, as well as shower
events. We study the energy distributions for the muon and shower fluxes and
we also calculate the total event rates to be observed in kilometer scale neutrino
detectors. We also study the neutrino signals from annihilating and decaying DM
particles and the model parameter space for each DM particle to be probed by these
large-scale neutrino telescopes in the near future. The organization of the chapters
is as follows.

In the second chapter, the evidence that has been collected for the last seven
decades implying the presence of DM in the Universe is reviewed. The detection
strategies including the direct and indirect searches are presented with the current
limits on the DM-nucleon cross sections. In the following section, the DM candidates
which were proposed to account for recent observations of several indirect searches
are presented. Among the indirect searches, the large-scale neutrino telescopes will
play a major role in the quest of DM. Therefore, in the last section of this chapter,
the on-going and future large scale neutrino telescopes are described.

The third chapter presents a brief review of neutrino physics, starting with the
description of neutrinos in the SM of particle physics. In the following section, neu-
trino oscillations and the current limits on the oscillation parameters are presented.
The evidence for neutrino oscillations indicates that neutrinos are massive and an
extension of the SM is required. In addition, the neutrino oscillations mix differ-
ent neutrino flavors as the neutrinos travel in the free space or in matter and the

final fluxes for different neutrino flavors are affected accordingly. The DM signals
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in the neutrino telescopes are due to charged leptons produced in neutrino-nucleon
interactions and thus depend on the incident neutrino spectra. Therefore, in the
following sections, the theoretical framework for neutrino-nucleon scatterings and
the neutrino spectra from the decay of SM particles are described.

So far, current neutrino telescopes have been very successful in the detection of
the predicted atmospheric neutrino signal. The fourth chapter starts with presenting
the most recent data of atmospheric muon neutrino flux from AMANDA-II experi-
ment [73]. In the following sections, the required theoretical tools for calculating the
DM signals in the neutrino detectors are presented, including the dependence of the
signal on the nature of DM (annihilating or decaying), on the choice of the DM den-
sity profile, on the location of neutrino production (Sun, Earth or Galactic center).
Possessing quite different topologies in neutrino detectors, contained muon, upward
muon and shower events are described separately, and the theoretical framework for
calculating energy distributions and total counts for each topology is presented.

Neutrino signals in underground or underwater detectors from DM annihilation
in the GC or in the astrophysical objects are the subject of the fifth chapter. The
results for the neutrino induced upward and contained muon flux, as well as the
neutrino induced muon and shower event rates calculated for different annihilation
channels of DM are given. The muon propagation and energy loss in the Earth
is taken into account for the upward muon flux calculation [70]. The results are
compared with the backgrounds due to atmospheric muon neutrinos and the rates
of contained and upward muon events relevant to IceCube and future neutrino de-
tectors like KM3NeT are discussed. The results from this study are also compared
with those obtained using other theoretical frameworks widely used in the literature,
[53, 57] and the importance of the inclusion of the muon propagation in the rock
for the upward muon events is discussed. A brief summary and discussion of the
results obtained in this chapter are given in the last section.

In chapter six, results for the neutrino induced contained and upward muon
flux, hadronic shower flux and the muon and shower event rates for different DM

models are presented. The considered DM models are those which can explain
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the results from other indirect DM searches. In that respect, annihilation of the
lightest Kaluza-Klein particle [74, 75], annihilation of leptophilic DM particle |76,
77, 78, 79, 80, 81, 82, 83], two-body and three-body decay channels of gravitino
[59, 60, 84, 85, 86, 87|, as well as the decay of the leptophilic DM [77] are studied.
Furthermore, detection significances of the DM signals at IceCube+DeepCore [67,
88, 89] detector are evaluated. The above mentioned DM models are also compared
in terms of their energy spectra and the total counts of the muon and shower events.
In the last section, a short summary and discussion of the results are presented.

In Appendix A, a brief review of the current cosmological model, ACDM is
presented. The definitions of some relevant cosmological parameters are given and
the thermal cold relic density calculation and the so-called “WIMP Miracle” are
reviewed.

The DM signals from the astrophysical objects depend on the details of the
interplay between the capture and the annihilation processes taking place in the
cores of the astrophysical objects. In Appendix B, the earlier derivation of the
capture rates in the astrophysical objects by Gould [90, 91] is reviewed. The effect

of different nuclear species on the DM capture rate is analyzed.
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CHAPTER 2

DARK MATTER (DM)

In cosmology, dark matter (DM) has been a very exciting and popular research
area for the last 70 years and is hypothesized to explain the discrepancy between
the mass of galaxies, clusters of galaxies measured via dynamical and gravitational
effects and the mass inferred from the visible “luminous” matter. Its existence
was first revealed by Fritz Zwicky in 1930 during his study of the Coma cluster
[1, 2]. If the DM is a thermal relic, its abundance depends on two parameters;
its mass and the annihilation cross section (see Appendix A). Depending on the
mass, DM can be relativistic (Hot Dark Matter, HDM), non-relativistic (Cold Dark
Matter,CDM) or can have an intermediate mass (Warm Dark Matter, WDM) which
shares the properties of both HDM and CDM. Among the particles in the SM of
particle physics, only neutrinos can be part of DM as HDM. However, they can
only form 2% of the DM. Thus, potentially the DM particles are expected to have
either warm (sterile neutrinos, light gravitinos, non thermal neutralinos, etc.) or
CDM (e.g weakly interacting massive particles; WIMPs) properties. In this study,
we will mostly concentrate on the neutrino signals from the neutralino, lightest
Kaluza-Klein particle, leptophilic particle and gravitino DM particles.

In the standard CDM model (SCDM), the DM relic density is given by Eq.
(A.38). In this model, DM particles are assumed to be massive and interact very
weakly with the ordinary matter. The most important motivation to consider such
a model actually lies in the growth of the cosmological perturbations. According
to the model, the presence of DM can develop potential wells before the matter-
radiation equality since it is decoupled from the radiation earlier and thus causes
the observed contrast in density today. SCDM can be extended to ACDM model
where the Universe is dominated by the dark energy and most of the matter content

is not known. This model is very successful in the sense that (1) the observations of
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large-scale structure are in agreement with its predictions, (2) high-energy physics
proposes many candidates and (3) if the DM particles interact via weak interactions,
then they have the correct relic density suggested by the thermal cold relic scenario
(see, Eq. (A.38) and following arguments). So far, some N-body numerical compu-
tations which simulate the structure formations in the Universe have suggested the

DM density profiles to be in the form [92]

plr) = & a|(F—/a
(r/rs)7[L + (1/rs)*]B—

(2.1)

where the parameters for different density profiles are presented in the Table (2.1).
Several different groups have obtained different results for the spectral shapes espe-
cially in the innermost regions of galaxies and galaxy clusters, i.e the precise value of
the power-law index -~ is still under debate. However, Klypin, Zhao and Somerville
93] found a good agreement between NFW profiles and observational data due
to microlensing events for our galaxy and M31 whereas considering DM models in
which DM annihilates into charged leptons, the current data from indirect detection
experiments (i.e observed positron excess) can better be explained by DM density

profiles with v = 0 (core models) [34].

Table 2.1: Typical values for the parameters in Eq. (2.1) for different DM density
profiles.

Model a [ v rs(kpe)
Navarro-Frenk-White (NFW) [92] 1 3 1 20
Moore [94] 1.5 3 15 28
Kravstov [95] 2 3 04 10
Isothermal with core radius [96] 2 2 0 3.5

The characteristic density ps; can be determined from the total mass and the size
of the galaxy. In Fig. 2.1, different DM density profiles are compared in terms of
the dependence of the linear density (r?p(r)) on the distance from the GC (r) .

n our calculations, we fix p; for a given density profile by requiring p(r=8.5 kpc)=0.3 GeV /cm?
which gives an estimated value for the DM density in our Solar System [96, 97].
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Compared to isothermal (dotted line) and Kravstov (dashed line) profiles, Moore
(dot-dashed line) and NFW (solid line) profiles exhibit cuspier halo structures.
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Figure 2.1: Linear density r?p(r) as a function of the distance from the Galactic

center (r) for Kravstov (dashed line), Moore (dot-dashed line), isothermal (dotted
line) and NFW (solid line) density profiles.

According to several independent observations that we will discuss later in this
chapter, DM is assumed to be cold non-baryonic matter which accounts for 23%
of the density of the Universe, about five times more than the ordinary baryonic
matter which accounts for only 4%. It does not interact with the ordinary matter via
electromagnetic forces, and it does not take part in the production of the elements
in the early Universe. Its presence can mostly be observed through its gravitational
attraction unless it undergoes annihilation processes with its anti-particle or decays
and produces observable by-products (photons, neutrinos, etc.).

In the following sections, we discuss some signatures of DM in the Universe,

direct and indirect detection techniques.
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2.1 Dark Matter Signatures in the Universe

2.1.1 Dark Matter in Galaxies

One of the best evidences for the presence of DM comes from the rotation curves of
the stars in the spiral galaxies. Spiral galaxies have flat disks in which stars follow
circular orbits and the rotation curves depict the orbital velocities of these stars as
a function of the distance from the center of the galaxy. The orbital velocities v(r)

can be calculated by using the Keplerian law

GN My, (r) = rv?(r) (2.2)

where Mgy, (1) is the dynamical mass contained inside the orbit. The surface bright-
ness of the spiral galaxies exhibit an exponential decrease with the distance measured
from the GC. So, if there were no non-luminous matter, the dynamical mass of a
spiral galaxy would reach an asymptotic value beyond the optical disk (with radius
R,;) and the orbital velocities approach zero at far distances;

My, (r) — constant, wv(r) L if r < Rjy. (2.3)

\/F

The rotation curve measurements for different spiral galaxies, however, show a very
different behavior. The orbital velocities tend towards a non-vanishing value v.
This indicates the existence of a non-luminous matter with density profile in the

form

p X — (2.4)

at large distances from the center.

2.1.2 Dark Matter in Galaxy Clusters

Galaxy clusters are structures which contain from hundred to several thousands of
galaxies. The mass of a cluster can be determined via the application of the virial
theorem and/or studying the profile of X-ray emission of the hot radiation from the

intracluster gas. Then, the mass of the galaxy cluster can be inferred independent
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of the total emitted radiation. High mass to luminosity ratios relative to that of the
Sun as a measure give evidence for DM in the galaxy clusters.

The first hint of DM in the Universe was obtained by Zwicky during his study
of Coma cluster in 1930 [1]. He inferred that mass to luminosity ratio of the cluster
was about two orders of magnitude larger than the mass to luminosity ratio of the
Sun. In addition to the dynamical properties, another means of measuring DM is via
the gravitational lensing, a general relativistic effect which causes the light coming
from a distant source (such as a quasar) to bend near a massive object (such as a
cluster of galaxies). Strong distortion of the trajectories of the light from far galaxies
as they pass through a gravitational lens has been observed and by measuring the
geometry of the distortion the mass of the cluster that causes the distortion was
obtained. In almost all cases, the mass to light ratios agree well with the dynamical
DM measurements of the clusters. Unfortunately, it is not always possible to detect
significant distortion in the image of a single background source due to a massive
foreground object. However, even in these cases, a statistical measurement technique
called the weak lensing can be used to detect minute distortions [98]. It includes
the systematic alignment of background sources around the lensing object so that
the mass of the lensing object can be determined. Using this method, so far in
several searches the mean distribution of DM has been characterized which shows a
strong correlation with the DM densities predicted by the other large scale structure
measurements.

It was shown in Ref. [99] that the combination of all the above mentioned studies
indicate that about 80% of the matter is composed of DM and the density profiles
can be described by NFW profiles.

2.1.3 Dark Matter Signatures in CMB Radiation

The cosmic background radiation (CMBR) is a relic radiation from the early Uni-
verse which was about 400,000 years after the Big-Bang. The CMBR was emitted
after the recombination epoch when the neutral atoms were formed and the Uni-

verse became transparent to photons. The photon temperature was about 3000 K
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at the time of recombination, however, it has redshifted due to the expansion of the
Universe over the last 13 billion years. Today it is observed as a blackbody radiation
peaked at T' = 2.726 K which corresponds to a microwave frequency of 160.2 GHz.
After the discovery and the confirmation of CMBR in 1964 [100], NASA Cosmic
Background Explorer (COBE) [101, 102] made further searches and observed for
the first time the fluctuations (anisotropies) in CMBR which was later detected
by BOOMERANG [103], Degree Angular Scale Interferometer (DASI) [104] and
the Cosmic Background Imager (CBI) [105] experiments. So far, the most detailed
measurements have been done by the COBE’s successor, the Wilkinson Microwave
Anisotropy Probe (WMAP) [5]. WMAP’s measurements support the ACDM model
according to which the Universe is flat, dominated by dark energy and has a consid-
erable amount of DM which constitutes about 30% of the density of the Universe.
The anisotropies in CMBR are at a level of about one part in 10° and can be ex-
plained as the acoustic oscillations in the photon-baryon plasma which took place
before the recombination. The matter can be attracted towards the small overdense
regions in the primordial plasma and the heat produced by photon-baryon interac-
tions creates a large amount of outward pressure. DM interacts weakly with matter
and mostly populate the central regions of the overdense regions. The strongly cou-
pled photon-baryon plasma, while moving away from the center of perturbation, is
pulled back by the gravity and oscillations take place. Until recombination, photons
and baryons move outward together and after photons decouple from baryons they
diffuse away, leaving a shell of baryons at a fixed radius called the sound horizon
and the DM at the center of the perturbation (see Ref. [98] for a review). The
acoustic oscillations are supposed to leave their imprint in the visible matter by
Baryon Acoustic Oscillation (BAO) [10] clustering which refers to an overdensity or
clustering of baryonic matter at certain length scales (~ 150 Mpc) related to sound
horizon due to acoustic waves propagated in the early Universe. BAO were stud-
ied by the Sloan Digital Sky Survey (SDSS) [12] by observing more than 200,000
galaxies. SDSS detected BAO length scales of the order of ~ 150 Mpc which are
consistent with the WMAP results.
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In short, according to the observations ranging from the galactic scale to cosmo-
logical scale, a form of “non-luminous” matter which only interacts gravitationally
must prevail in the Universe (see, e.g [98] for a review). Current data from WMAP
imply that DM is five times more abundant than the ordinary matter in the Uni-
verse [10, 11]. The best fit values for the density parameters (see Appendix A) from
WMAP data combined with BAO and SN measurements read [10, 11]

12

Q.h?
O k% ~ 0.02267 F 0.0006

0.1131 7 0.0034

Q) ~ 0.726 T 0.015. (2.5)

2.2 Dark Matter Detection Strategies

As mentioned in the previous section, there is plenty of evidence that can safely make
one believe in the existence of the DM in the Universe. However, its detection is still
an issue. Several independent experiments have been running over the years to “see”
this mysterious matter that is supposed to reside in the Universe. These experiments
can be grouped into two independent but complementary classes : direct and indirect

detection experiments.

2.2.1 Direct Detection Searches

If the galaxy is composed of DM particles, they should pass through the Earth
and interact with the matter. In direct detection searches, the signatures of these
interaction are looked for. In that respect, these searches can provide valuable data
on the DM’s couplings to the SM. In principle, they all look for energy deposition
via nuclear recoils from DM scattering by using different target nuclei and detection
strategies, and expect to observe the same DM mass and cross sections. Most of the
direct detection experiments can detect recoil energies of the order of ~ 1-10 keV

106].
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There are vast number of direct detection experiments in operation or in con-
struction. We can classify them according to the detection strategies that they
use [19]. In general, they all tend to measure the effects due to the recoil of
DM and a target nucleus. The observed signals are in the form of phonons
(heat), ionization or scintillation. There are those which measure only scintillation
(DAMA, NAIAD, KIMS, DEAP/CLEAN), only phonons (CRESST-I,CUORE),
ionization and phonons (CDMS,EDELWEISS,EURECA), ionization and scintilla-
tion (ZEPLIN,XENON,WARP,LUX), scintillation and phonons (CRESST-II).

The DM signal rates at the detectors depend mainly on the DM density and the
velocity distributions in the solar neighborhood and the DM-nucleon cross sections.
The DM particles can scatter off of nuclei either via spin dependent or spin inde-
pendent (scalar) interactions. The cross sections for the spin dependent scattering
are proportional to the spin content of the nucleon that arises in general due to
axial-vector interactions between DM and the quarks in the nucleons. Thus, very
little or nothing is gained by using heavier target nuclei. However, for the scalar
interactions the cross section increases considerably with the mass of the target nu-
clei, typically for DM heavier than the target nuclei, the scalar cross sections can
scale as N* [53, 106] where N is the number of nucleons in the target nucleus.

Currently, the strongest upper bounds on the spin-independent (~ 10~"pb) and
spin-dependent (~ 1072pb) DM-nucleon cross section of a DM particle with mass
~ 100 GeV come from the XENON Dark Matter Search (XENON) [107] and the
Cryogenic Dark Matter Search (CDMS) [108, 109] experiments. Recently, CDMS-II
have observed two events in the signal region and put tighter constraints on DM-
nucleon spin-independent cross sections (~ 4 x 10~¥pb) for DM particle with mass
~ 100 GeV [109].

Among the direct DM searches, the very first positive signal was reported by the
DArk MAtter (DAMA) collaboration after the detection of an annual modulation
(expected to be due to the motion of the Earth around the Sun) in the 13 years
of combined data of the DAMA /Nal and DAMA /Libra experiments [110]. The
compatibility of the DAMA results with those of all other searches which have
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reported null results has been studied in the literature (see, e.g [111] for a review).
One possible explanation to this is given in the context of inelastically scattering
DM (IDM) models where the DM particle, x, with mass m, is postulated to have
an excited state, x* with mass difference 6 = m} —m, ~ 100keV and where the
inelastic scattering with a nucleon N, y + N — x* 4+ N is more dominant than the
elastic scattering. For elastic collisions, in order to provide a particular recoil energy
Eg, the DM is required to have a minimum velocity of v¢, = \/mNEiR/Q,u2 where 1
is the reduced mass of the DM-nucleus system. However, the minimum DM velocity
required for an inelastic collision is somewhat higher, i.e v = vel.+§/\/2my Fp.
Therefore, for IDM models, only-high velocity DM particles can be excited, low Egr

inel
min

events can not be seen and since v'7¢ decreases with increasing target mass, my,
targets with high mass are favored as is the case for the DAMA experiments. For
IDM models with spin independent interactions, the current CDMS results constrain
the DAMA results significantly, however, for several other versions of the IDM where
the DM has spin dependent couplings, DAMA results are compatible with all other
experimental bounds [111].

Other than IDM, the DAMA results can also be explained by a light elastically
scattering DM. For those scenarios, the DAMA results favor DM with mass ~ 5—10
GeV both for spin dependent and spin independent interactions [19]. Recently,
CoGeNT collaboration has also observed an excess of events which is compatible
with DM particles with spin independent interaction with mass ~10 GeV. In the
near future, these possible DM signals will be better understood by CoGeNT, CDMS

and XENON100 experiments.

2.2.2 Indirect Detection Searches

Indirect searches mostly rely on the detection of photons, electrons, positrons and
neutrinos from the DM annihilations (xx — - -) or decays (y — ---). In the CDM
scenarios, since the DM is considered to be non-relativistic the signals are expected
to have a cutoff at an energy of the order of DM mass (m, ). The final state particles

can be monoenergetic due to the direct production channel (for example, xx — 77)
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or can have an energy distribution due to the secondary productions.

The very first indirect detection makes use of the gamma-ray astronomy which
is conducted by both ground based and space based telescopes. There are four
large ground based Atmospheric Cherenkov Telescopes (ACTs): HESS [25], MAGIC
[112], VERITAS [113] and CANGAROO-III [114] which can detect photons with
energies in between 20 GeV and several TeV (see, e.g [19] and references therein).
In addition to ACTSs, the space based Large Area Telescope (LAT) which is the
main instrument on Fermi Gamma-ray Space Telescope (FGST) [20] also detects
rays in the 20 MeV to 300 GeV energy range with a much better sensitivity than its
predecessor Energetic Gamma Ray Experiment Telescope (EGRET) [115]. FGST
was launched on June 11, 2008 and has been collecting data since then. It also
detects electron and positron fluxes and is expected to discover subhalos and test
the signals from other indirect searches.

Other than the photons, antimatter (positrons, antiprotons, etc.) is an interest-
ing potential discovery signal of DM due to lack of antimatter in the Universe. Thus,
the detection of an excess in positron and antiproton flux with a unique spectrum
presenting a cutoff with respect to the approximated power-law spectrum expected
from astrophysical sources would lead to the discovery of the DM. Space based Pay-
load of Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA)
[116], Advanced Thin Ionization Calorimeter (ATIC) [117] and balloon born Po-
lar Patrol Balloon and Balloon borne Electron Telescope with Scintillation fibers
(PPB-BETS) [31] and High Energy Antimatter Telescope (HEAT) [29] telescopes
have been exploring these excesses.

For some years, observations of an excess in the positron fraction et /(et +e7)
by HEAT, a bright 511 keV gamma-ray line from the GC by the European Space
Agency (ESA) satellite INTEGRAL [22] and a possible unaccounted-for component
of the foreground of WMAP around the GC, the “WMAP Haze” [23], have been
considered as possible hints of DM annihilations. Furthermore, there has also been a
great interest in the high energy (~ 200 GeV - 10 TeV) gamma ray signal observed
by HESS telescope within a cone half angle of 0.1° about the GC [24] and some
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possible DM explanations have been proposed to account for that signal [74, 77].

More recently, PAMELA reported an excess in the positron fraction in the energy
range of 10-100 GeV with respect to what is expected from cosmic ray secondaries,
which confirmed the HEAT excess. Also ATIC and PPB-BETS observed a bump
in the et+e~ flux from 200 to 800 GeV, but this was not confirmed by the air
Cherenkov telescope HESS [32] nor by the FGST. FGST found a slight excess in
the et +e~ flux between 200 GeV and 1 TeV [33]. The positron excess observed
by PAMELA may be explained by the presence of particular astrophysical sources
(77, 118, 119, 120, 121, 122], or by the annihilation [76, 123] or decay [84] of DM
particles. If the observed anomalies in the PAMELA and FERMI data are due to DM
annihilation, a larger annihilation rate than expected for typical thermal relics must
be assumed. This enhancement may happen due to either large inhomogeneities in
the DM distribution near Earth (subhaloes) [54, 124] and/or a larger annihilation
cross section of the DM particles. This last possibility may happen if the DM
particles are not thermal relics in which case annihilation cross sections can take
large values without changing the present DM density in the Universe [19, 123], or if
there is an enhancement of the annihilation cross section only at very low velocities
[30, 125, 126, 127, 128], which would not affect the annihilation in the early Universe
and thus would not conflict with the cold relic scenario.

The low velocity enhancement is often called the Sommerfeld enhancement,
which is an elementary effect in nonrelativistic quantum mechanics (see Ref. [126]
for a review). A typical example is a DM particle with mass m, interacting with
a light force carrier ¢ with fine structure constant ax. In the low velocity limit,
the annihilation of DM particles via the exchange of ¢ can be characterized by an
attractive Yukawa type potential. The range of the force is determined by the in-
verse mass of the force carrier, md_)l. For massless ¢, the annihilation cross section

is enhanced by the Sommerfeld enhancement factor

g T [Urel
o 1 — e_waX/U'rel

(2.6)
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which reduces to
TOox

S = (2.7)

Urel

in the low velocity limit, i.e v, < 1. However, for massive ¢ the Sommerfeld
enhancement saturates at a value ~ axm, /my due to the finite range of the Yukawa
potential. At the time of freeze-out in the early Universe, v,,; ~ 0.3 and taking ¢ to
be massless is a reasonable assumption. Then, Eq. (2.6) gives S &~ 1 + max /20,
which ensures that at the time of freeze out there was no enhancement for the
annihilation cross section which would alter the thermal relic density observed today.
In the present Universe, however, v, ~ 1072 and Sommerfeld enhancement can be
effective and lead to an increase in the annihilation cross section of DM above the
value at the time of freeze-out (~ 3 x 10?°cm?/s) which is required for a thermal
relic. Whatever its origin may be, the needed enhancement to explain the data is
quantified by a “boost factor”, B, ranging from 10 to 10* [47, 65, 66, 129, 130].
Besides the positron excess, PAMELA Collaboration has also reported the non-
observation of any anomaly in the antiproton flux [131] which also puts an additional
constraint on the proposed DM models. Indirect searches for DM annihilations via
neutrinos with experiments such as AMANDA (Antarctic Muon And Neutrino De-
tector Array) [132] and IceCUBE [133, 134] also constrain DM models. The cubic
kilometer size neutrino telescope (KM3NeT), planned to be built at the bottom of
the Mediterranean Sea [41], will provide additional constraints. With its different
view of the sky, in particular for the neutrino signals from the GC, it will be comple-
mentary to IceCUBE. In the following section, we will describe some DM candidates
that can account for the signals observed by the indirect searches described here and
after this section we will present a brief description of the past, present and the fu-
ture developments in the the large-scale neutrino detectors that are relevant to DM

search.
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2.3 Dark Matter Candidates (neutralino, gravitino v3/2, Kaluza-Klein)

The problems that can not be answered in the context of SM motivate physics
beyond the SM. These problems can be grouped into two [14]. The first group
consists of the experimental data which can not be explained by the SM predictions
(DM, neutrino masses, etc.). The second group is composed of experimental data
that can be explained by SM, but only after some fine-tuning of the parameters in the
model (gauge hierarchy problem, strong CP problem, new physics flavor problem,
etc.). Among the second class, the gauge hierarchy problem is the leading motivation
for DM candidates, such as WIMPs (weakly interacting massive particles). In SM,
the loop-level corrections to the Higgs boson mass introduce large corrections which
is proportional to the Planck mass which is about sixteen orders of magnitude larger
than the weak scale mass (myeqr ~ 1 TeV). The question of why these two mass
scales are very different than each other is still an unresolved issue (see, e.g Ref.
[135] for a review). However, from the theoretical point of view, the problem is
most elegantly solved in supersymmetry by introducing new particles with weak
scale masses.

In supersymmetry, every SM particle has a super-partner which has the same
quantum numbers and gauge interactions, but differs in spin by 1/2. In the loop-level
calculations, the new spin-statistics from the supersymmetry part introduces similar
corrections to the Higgs boson mass as the ones from SM part but with opposite sign.
Therefore, doubling SM particle spectrum stabilizes the gauge hierarchy problem.
In addition, this introduces a list of neutral particles as possible DM candidates
which contains spin 3/2 fermion (gravitino), spin 1/2 fermions (neutralinos) and
spin 0 scalars (sneutrinos). Having large annihilation and scattering cross sections,
the sneutrinos are not considered to be good DM candidates since they would be
under-abundant and also excluded by the direct detection experiments for all masses
up to weak scale. On the other hand, the lightest neutral spin 1/2 neutralino can be
a DM with the correct relic density, only for certain values of parameters constrained

by cosmology [14].
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In addition to the neutralino, the gravitino, the supersymmetric counterpart of
the graviton, is also an excellent candidate for the cold DM in the Universe. As-
signing gravitino to be the lightest supersymmetric particle (LSP), however, causes
some severe problems due to the late decay of the next-to-lightest supersymmetric
particle (NLSP). In supersymmetric models, gravitino DM interacts only gravita-
tionally and its interactions are suppressed by the Planck scale. Due to a discrete
symmetry called R-parity invoked in order to prevent the proton decay, NLSP can
only decay into gravitinos and SM particles with a small decay rate. As a result,
NLSP becomes long lived and present in the Universe at the time of Bing Bang
nucleosynthesis. If the NLSP is a neutralino, it can decay into hadrons, leading
to the dissociation of the primordial elements [136], or if the NLSP is a stau, the
formation of a bound state with *He enhances the production of %Li by a factor of
300-600 [137], which is in strong conflict with observations [138].

One possible solution to this problem is given by allowing a small breaking of
R-parity without violating any experimental bounds. With the presence of R-parity
violation, the neutralino LSP becomes too-short lived to be considered as a DM,
however, the gravitino LSP can still have sufficiently long life time (10%3-10?"s) which
is typically orders of magnitude larger than the age of the Universe (~ 10'7s) [85]
and NLSP decays into SM particles via R-parity violating interactions before the
onset of the primordial nucleosynthesis.

Even though it is long lived, the gravitino after R-parity breaking is no longer
invisible and can decay into SM particles, yet at a very slow rate. For instance,
the gravitino DM with mass of a few 100 GeV and lifetime ~ 10%s can explain
anomalous excesses in the positron fraction data [84, 86]. If the gravitino is lighter
than the WT bosons, it decays mainly into a photon and a neutrino, whereas if it
is heavier than the gauge boson masses, new decay modes arise. The gravitino can
decay into a WT boson and a charged lepton, or into a Z boson and a neutrino.
The branching fractions for all these channels are determined by the size of the
R-parity breaking mixing parameters and can be found in the literature [85, 86]. In

addition to the two-body decay channels, the gravitino (13/2) has also three-body
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decay channels. The three-body decay channel of gravitino, 13/ — [*1"v, where
the gravitino decay into leptons (/) and neutrino (v) is well motivated due to the fact
that it can be a viable explanation for the positron excess observed by PAMELA
as mentioned before. For certain values of the parameters the three-body decay
can dominate over the two-body decay and the gauge boson production, which may
yield overproduction of antiprotons, can be suppressed [87]. Thus, the gravitino can
possess a pure leptophilic nature (i.e the DM annihilation/decay products are only
leptons). Some other leptophilic DM models in which DM annihilates or decays
only into charged leptons are also well studied in the literature [76, 77|, with an aim
to explain the observed anomalous positron excess.

An interesting alternative for the new-scale physics is the models with extra
dimensions. One such a model is the Universal Extra Dimensions (UED) in which
all particles propagate in flat, compact extra dimensions of size 107 m or smaller
[139]. In contrast to supersymmetry, UED models do not solve the gauge hierarchy
problem and are assumed to be a low-energy approximation of a more complete
theory [14]. In minimal UED, there is one extra dimension of size R compactified
on a circle and every SM particle has infinite number of partners which obey the
same spin statistics. At a given Kaluza-Klein (KK) level n, the partner particle
mass is ~ nR™' [42, 75]. The discrete parity known as KK-parity assures the
stability of the lightest KK particle (LKP), rendering it a viable DM candidate. In
general, the LKP is considered to be the first KK excitation of the hypercharge gauge
boson which is denoted as B™) [140]. This LKP couples to all fermions (and the
Higgs) proportionally to their hypercharges with coupling g, and is approximately
decoupled from the gauge bosons when the effects of electroweak symmetry breaking
are negligible [75]. Taking g1 to be close to weak scale coupling, the annihilation
cross section of B turns out to be o ~ O(pb) for the mass of LKP of the order of
TeV [75]. The cold relic density criteria imposes that the B mass must lie in the
range 600 GeV < m < 1.4 TeV [14].
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2.4 Large Scale Neutrino Telescopes

The very first neutrino searches were conducted in 1960s in two deep mines; one in
India and the other in South Africa where both experiments used scintillation de-
tectors (see, e.g Ref. [134] for a review). In addition to the detection of atmospheric
neutrinos by these two experiments, by 1967 Davis’ geochemical experiment also
detected solar neutrinos [141]. In the following decade, the scintillation detectors
evolved and by the late 1980s, Monopole, Astrophysics and Cosmic Ray Observa-
tory (MACRO) had observed over 1000 neutrinos over a period of six years [142].
In the meantime, the Frejus experiment measured the atmospheric muon neutrino
spectrum and set an upper limit on extraterrestrial neutrinos up to TeV energies
[143]. Later on the researchers started to use a new technique for detecting neutri-
nos, which was first suggested by Markov in 1960 [144]. The technique relies on the
charged particle detection via the observation of Cherenkov radiation emitted in the
water or ice (see, e.g [134]). The first-generation of neutrino detectors which followed
this new strategy were Irvine-Michigan-Brookhaven (IMB) [145] and Kamiokande
[146] detectors where both of them used kilo-tons of purified water tanks monitored
by thousands of photomultiplier tubes (PMTs) which are optimized to GeV ener-
gies. In addition to collecting data which led to the “solar neutrino puzzle”, IMB
and Kamiokande also detected some neutrinos in the MeV range from supernova
1987A. Then, the second-generation 50000 ton Super-Kamiokande [147], which is a
scaled-up version of Kamiokande, and 1000 ton heavy-water (Dy0)-based Sudbury
Neutrino Observatory (SNO) [148] detectors confirmed the neutrino oscillations in
both solar and atmospheric neutrinos. This was the first evidence which showed
that neutrinos are massive in conflict with the SM of particle physics.

In the search of cosmic neutrinos whose spectra extend to energies where the
atmospheric neutrino flux becomes negligible, the neutrino detectors are required
to have larger (kilometer-scale) volumes. The detection of these high energy neu-
trinos has a considerable impact on understanding the most violent processes in

the Universe, such as jets originated from AGNs or Gamma Ray Bursts (GRBs),
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interaction of ultra-high energy cosmic rays with the cosmic microwave background
photons, etc. In addition, the observations of high energy neutrinos will also help
in exploring the properties of DM in the Universe. To detect these high energy
neutrinos, large scale neutrino telescopes have been being built in deep seas or in
lakes or in ice. In these detectors, the neutrinos with energies ~ 10 GeV and above
can be detected by observing the Cherenkov radiation from the charged leptons
(muons and electrons) resulted in neutrino-nucleon interactions in or near the de-
tector. The Cherenkov light is detected by PMTs embedded in transparent pressure
spheres which, in most designs, are attached to vertical strings. In general, the
spheres are 10-20 meters apart along a string and the spacing between the strings
is about 30-100 meters which allows large volumes to be covered. However, large
spacing between the PMTs make it difficult for the detector to be sensitive to the
phenomena below 10-100 GeV [149).

In the search for cosmic neutrinos, atmospheric muons and atmospheric neu-
trinos yield significant background signals that need to be reduced or if possible
eliminated. Therefore, neutrino telescopes mainly look for neutrinos coming from
the other hemisphere, using the Earth as a shield against the atmospheric muons.
However, atmospheric neutrinos which are produced in the interaction of the cosmic
rays introduce an irreducible background. In that respect, the energy distribution
of observed neutrinos plays a crucial role since the neutrino spectra from cosmic
sources or DM are expected to be harder than the atmospheric one [132]. The
PMTs, which record the arrival time of the Cherenkov light with an accuracy of a
few nanoseconds, can also measure the amplitude of the Cherenkov light and the
neutrino energy can be estimated from the amount of light detected in these optical
sensors. In addition, the pattern of Cherenkov light can be used to identify the fla-
vor of the incident neutrino. Muon (electron) neutrinos produce muons (electrons)
via charged current (CC) interactions. In the detector, a muon travels in an almost
straight line and loses energy by ionization whereas an electron produces an elec-
tromagnetic shower by going through multiple scatterings. Thus, muons produce

track-like events and electrons produce cascades. For track-like events, the effec-
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tive volume for detection exceeds the actual detector volume, however, the effective
volume for cascade detection is close to the geometrical volume of the detector.

In the search of point-like neutrino sources, having a good angular resolution is
also crucial. Compared to telescopes in the ice, water based telescopes, in general,
have better angular resolutions due to lack of dust and/or bubbles which can make
light to scatter as is the case in the ice. On the other hand, the drawbacks of the
water based telescopes are the additional light produced by beta decay of *°K salt
that exists in the sea water, bioluminescent light from biological organisms and the
instability of the deep-sea currents [150]. In the following section, the deep-sea and

the ice-based detectors will be introduced.

2.4.1 Deep-Sea Neutrino Telescopes

The very first effort to transform large volumes of natural water into a neutrino
telescope was made by the Deep Underwater Muon and Neutrino Detector (DU-
MAND) collaboration [151]. The plan was to build a deep-ocean detector in the
sea off the main island of Hawaii, however, the project was in 1995 after a pressure
vessel leaked during the first string deployment [134]. The first atmospheric neutri-
nos underwater were detected by the BAIKAL collaboration which was the first to
deploy three strings at a depth of 1100 m in the Siberian Lake Baikal [152].

The first neutrino telescope project in the Mediterranean Sea was the Neu-
trino Extended Submarine Telescope with Oceanographic Research (NESTOR) that
started in 1989 [153]. The telescope has a tower-like structure residing at the deep-
est part of the Mediterranean Sea (in the Ionian Sea at a depth of about 4000 m).
The completed tower consists of 12 floors and 144 Optical Modules (OMs) and a
height of 220 m. The OMs are in pairs of one upward and one downward looking
OMs. In March 2003, a fully equipped prototype with 12 OMs was deployed and
more than 5 million events were recorded. The zenith distribution of atmospheric
muons was made.

In addition to NESTOR, since 1998 the Neutrino Mediterranean Observatory

(NEMO) collaboration has also made a considerable progress in developing and
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validating key technologies for a deep-sea cubic-kilometer scale neutrino telescope
[154]. The basic design of the NEMO detector is composed of 16 storeys each of
which hosts 4 OMs. Similar to NESTOR, half of the OMs look vertically downwards
and the other half look upwards. During the period between 2002 and 2006 (The
NEMO Phase-I) the Collaboration collected data for the down-going atmospheric
muons and also obtained angular distributions by using a fully equipped underwater
test detector deployed at the depth of 2100 m undersea 25 km off-shore Catania
port. The agreement between the data and the Monte Carlo simulations were also
reported. As a continuation of the first phase, in the NEMO Phase-II a 16 storey
tower will be deployed in the harbour area of Portopalo di Capo Passero with a
goal of finalizing the validation of the deployment and connection techniques and
the efficiency of the detector at the depth of 3500 m.

Among all the other deep sea neutrino telescopes, Astronomy with a Neutrino
Telescope and Abyss Environmental Research (ANTARES) telescope is currently
the most sensitive one located 40 km off Toulon in the French coast at a depth of
2500 meters [155, 156]. It consists of 12 450-meter-long lines each of which has 25
floors separated by 14.5 meters vertically. Each floor contains three optical modules
separated by 120° from each other on a horizontal plane and looking 45° vertically
downwards to optimize the detection of Cherenkov photons from upgoing tracks.
The detector construction was completed in 2008. ANTARES is designed for the
detection of all three neutrino flavors coming from either Galactic or extra-Galactic
sources. In addition, it is also sensitive to the detection of neutrinos produced in the
cores of the astrophysical objects (Sun or Earth) via DM annihilation. The total sky
coverage of ANTARES is close to 3.57sr which exhibits an overlap of about 0.57sr
with that of the IceCUBE experiment at the South Pole. Thus, both detectors
provide complete coverage of the high-energy neutrino sky.

With an aim to unify the three pilot projects (ANTARES, NEMO, NESTOR),
a kilometer-cube neutrino telescope, KM3NeT is planned to be built as a future re-
search infrastructure in the Mediterranean Sea [155, 157]. KM3Net will be operating

to detect neutrinos from distant astrophysical sources which consist of supernovae,



36

colliding stars, gamma ray bursters and will be a very powerful tool in the quest
of DM. For the muon events, its projected angular resolution is as low as 0.1° for
neutrino energies above 10 TeV [155]. It will be sensitive to all neutrino flavors
and have an energy threshold of a few 100 GeV. Due to its location in Northern
Hemisphere, it will be complementary to lceCUBE operating at the South Pole, for

example in the searches of neutrino signals from the GC.

2.4.2 Ice-based Neutrino Telescopes

In addition to the water based detectors, the neutrino detectors which are built
in the ice play also an important role in detecting high energy neutrinos over the
atmospheric neutrino background. For instance, the Antarctic Muon And Neutrino
Detector Array (AMANDA) [39] which was constructed between 1996 and 2000
at the South Pole uses the polar ice as a medium to detect charged leptons via
Cherenkov light. It consists of 677 PMTs attached to 19 strings at depths of 1500-
2000 m. The average angular resolution reached by AMANDA detector for track-like
events is about 2°. For the present AMANDA-II detector, the muon effective area
is about 10* m? for 1 TeV muons.

The kilometer scale IceCube detector (see Fig. 2.2), the successor of AMANDA,
is still under construction at the South Pole [134]. The complete detector will consist
of 86 kilometer-size strings that contain a total of 5160 digital optical modules
(DOMSs) whose separation is 17 m along each string. IceCube will make use of a
volume of about 1 km? of clear ice at the depths of 1450-2450 m. Altough it will
detect neutrinos with energies in excess of 100 GeV, the sub-detector called Deep
Core which will be making up the bottom half of the IceCube detector will decrease
the threshold to ~ 10 GeV with the help of closely spaced (~ 7 m) high quantum-
efficiency DOMs [40]. Deep Core consists of an infill of 6 strings with 60 DOMs. The
outer DOMs in IceCube and 10 DOMs in the top portion of Deep Core will be used
to veto events originating outside the central detector. This design, in effect, will
greatly reduce the atmospheric muon background in the analysis of downward-going

muons.
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Figure 2.2: From [40]. The IceCube detector, consisting of AMANDA and DeepCore
detectors
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In addition, IceCube also includes a surface air shower array (IceTop) to detect
cosmic-ray air showers, with a threshold of 300 TeV. The array consists of 160
ice-filled tanks each of which hosts two IceCube DOMs.

So far, AMANDA and IceCube 22-string data sets have not found any significant
deviations from the expected atmospheric background neutrino flux [132]. However,
IceCube 22-string has improved the limits of Super-Kamiokande and AMANDA
by a factor of 3 to 5 for the muon flux due to muon neutrinos produced in the
Sun during the annihilation of DM (for DM masses, m, > 250 GeV). These limits
can also be transformed into upper bounds for the DM-nucleon spin-dependent
(SD) cross sections assuming that DM annihilates mainly into W*+W = and bb, i.e.,
osp < 3 x 107%(4 x 1072) pb for m, = 0.25(5) TeV, giving more stringent limits

than the direct detection experiments [158].
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CHAPTER 3

NEUTRINO PHYSICS

In the previous chapter, we described the large-scale neutrino telescopes that will
play very important role in detecting signals from DM which depend on the inter-
actions of neutrinos with matter and the initial neutrino spectra. Therefore, in this
chapter, we present the theoretical framework for neutrino-nucleon interactions and
the neutrino spectra from the decays of SM particles. We start with a short historical
background for the discovery of neutrino and different flavors of neutrino, followed
by the SM description of neutrino, and vacuum and matter oscillation effects on
mixing of neutrino flavors.

The neutrino was first postulated by Wolfgang Pauli in 1930 to satisfy the con-

servation of energy, momentum and angular momentum in beta decay [159],

n’ —pt+e + 7. (3.1)

Pauli originally called this particle “neutron”. However, in 1932 James Chadwick
discovered a much more massive nuclear particle and named it a “neutron” as well
[160]. Enrico Fermi was the first to propose the theory for the beta decay and resolve
the confusion by introducing the name “neutrino” (meaning the little neutral one)
in 1934 [161]. The neutrino was first detected in 1956 in the neutrino experiment
which is now known as the Cowan-Reines neutrino experiment [162]. The neutri-
nos produced by the beta decay were shot into protons resulting in neutrons and

positrons

v.+p—n’+et. 3.2
p

In the final stage, positron interacts with an electron and they annihilate into two

gamma rays (positron annihilation) and neutron is captured by the medium, releas-
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ing a gamma ray (neutron capture). Detection of both positron annihilation and
the neutron capture gives a unique signature of the interaction given in Eq. (3.2). It
was shown by the discovery of the muon neutrino in 1962 that the neutrinos could
appear in different flavors [163]. After the discovery of the tau lepton in 1975 at
the Stanford Linear Accelerator Center [164], an associated neutrino was looked for
until the DONUT collaboration at Fermilab announced its discovery in 2000 [165].

In SM of particle physics, particle masses arise from Yukawa interaction terms
(¢rLH) which couple right-handed fermion (¢g) with its left-handed doublet (L)
and the Higgs field (H). A left-handed doublet constitutes a left handed lepton and

its corresponding neutrino, i.e.,

v
L = , (3.3)
14
L
where the left-handed neutrino state is
1
vy = 5(1 — Y5V . (3.4)

In SM, right-handed neutrinos do not exist, so Yukawa interactions leave the neutri-
nos massless. The neutrinos are also electrically neutral and interact only through
the weak force. So, their interactions include exchange of massive vector bosons W
and Z. Since W bosons are charged, the neutrino interactions with W exchange are
often called charged-current (CC) interactions whereas the ones with Z exchange
are called neutral-current (NC) interactions.

The interaction Lagrangian for the neutrino-W boson-charged lepton vertex is
given by [166],
GpM3

V2

while the corresponding piece for the neutral gauge boson Z° (¥Z°0) is given by

Ly o= —( )1/2 [’77“(1 — ) W, + (1 - 75)1/W;} (3.5)

_ LGz

tooi= (550 Tt -z (36)
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The term G = 1.15 x 1075 GeV 2 represents the strength of the Fermi interaction.

The masses of the weak bosons are related through the weak mixing angle 6y, by
M3 = M3,/ cos® Oy, . (3.7)

In SM, the neutrinos are massless. However, the observation of neutrino oscillations

implies nonzero neutrino mass [167| and a need for theory beyond SM.

3.1 Neutrino Oscillations

3.1.1 Neutrino Oscillations in Vacuum

In 1957 Bruno Pontecorvo [168] proposed that the neutrinos could change flavors in
a process known as oscillations. Oscillations occur due to the difference between the
flavor and mass eigenstates. The flavor eigenstates can be described as mixtures of
the mass eigenstates, indicating that if a specific flavored neutrino is produced, it
is plausible that a different flavor will be detected after traveling a certain distance
for a fixed value of neutrino energy. This probability is a function of the distance
between the source and the detector.

We can write the weak (flavor) eigenstate as a superposition of the mass eigen-

states for a neutrino in the following way
et =0) >=>" Uyjlv; > (3.8)

where v, represents the neutrino of a corresponding charged lepton ¢ of flavor e, u,
or 7 and |v; > represents the mass eigenstate with eigenvalue m;, with energy E;

and momentum p. The matrix Uy; is the lepton mixing matrix which takes the form

cos sind
(3.9)
—sinf cosf

for two-flavor mixing where 6 represents the weak mixing angle. The mass eigen-
states are actually the eigenstates of the time evolution operator U = e~ where

H is the Hamiltonian operator. Then, the neutrino flavor state at time ¢ can be
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found by evaluating the effect of the time evolution operator on the initial state,
ie.,

ve(t) >=>" Upe "' |v; > (3.10)
J

The neutrinos are highly relativistic (£, > m,), so that the ultra-relativistic ap-
proximation gives

2

1,

mio
— 11
oL, (3.11)

Then, the probability of finding a neutrino with flavor ¢ at a location L (L ~ ¢) and

P12 = E,

time t becomes

Am? L GeV
— — 2 — Q) 2 102 -
Pl — l;t) = | < wve(t)|ve(0) > | =1 — sin” 20 sin <1.27 7 kL, ) (3.12)

For three-flavor oscillations with a 3 x 3 matrix, there are 3 mass squared differ-
ences to consider: Am?,, Am3,, and Am3,. The mixing matrix for this scenario is

given by the Maki-Nakagawa-Sakata (MNS) matrix [169],

0

C12C13 512513 S13€
U = —S512C23 — 012823513€i6 C12C23 — 512823513€i6 523C13
512523 — 0120238136i5 —C12523 — 8120238136i5 C23C13
et 00
x 0 e=/2 g (3.13)
0 0 1

where ¢;; = cos0;; and s;; = sin6;;. The terms a4, s, and 6 represent CP violating
phases. In this scenario, the probability that a neutrino with flavor o will oscillate

to a neutrino with flavor (3 is given by
* * c 2 7TL
P(v, — v3) =005 — 4ZR6(UMU5Z-UW-U5J—) sin ()\—)
i>j ]
2rL
+2Zm@%%ﬁﬁﬁ%ﬂ (3.14)
i>j ]
where oscillation length in this case is A;; is defined as the oscillation length and

given by
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7 E, eV?
1.27 GeV Amj;

in units of kilometers.

In neutrino searches, in addition to the atmospheric neutrinos produced in air
showers due to cosmic ray interactions in Earth’s atmosphere, the extra-terrestrial
neutrinos have also been detected from the Sun and from the Supernovae SN1987A.
The neutrinos with energies of the order of few MeV originated from SN1987A were
observed by the large neutrino detector experiments Irvine-Michigan-Brookhaven
(IMB) [145, 170] and Kamiokande-II [146, 171]. Atmospheric neutrinos can have
energies in the range of a few MeV to the energy of an incoming cosmic ray whereas
solar neutrinos have energies in between a few MeV to about 18 MeV as also sug-
gested by the Standard Solar Model (SSM) [172]. Evidence for the neutrino oscilla-
tions was observed in both solar and atmospheric neutrino studies. Having different
neutrino energy regimes, these neutrino sources were useful in giving information
about neutrino oscillation mechanisms and also putting bounds on the oscillation
parameters (e.g mass splittings, mixing angles, etc.) which are summarized in Table

3.1.

Table 3.1: Solar neutrino experiments along with the reactor experiment KamLAND
have placed constraints on the smaller mass splitting Am?, and the mixing angle,
015. The atmospheric mixing parameters (Am3,, 6o3) are found from experiments
such as SuperK. The third mixing parameter ¢35 has been determined to be < 13°
from the Chooz collaboration. Atmospheric and solar neutrino experiments have
shown that the MNS matrix consists of two large and one small mixing angles.

Mixing parameter | Value References
015 33.9°53% [173]
Am?, 8.070% x 10~%eV? [173]
a3 45 £ 7° [174]
Am3, 24707 x 107%eV? [174]
913 < 13° [175]
Ami, ~ Am3, [175]
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The atmospheric tau neutrinos are produced primarily due to v, < v, mixing.
According to Eq. (3.15), for E, > GeV, atmospheric tau neutrino flux becomes
negligible due to the large oscillation lengths.

3.1.2 Neutrino Oscillations in matter

The neutrino oscillation formalism changes significantly when the neutrinos prop-
agate in the medium. Mass eigenstates acquire corrections due to interactions of
flavor states with the matter in the medium. As an example, we can consider a
two-flavor neutrino state propagation in a medium composed of free electrons with
number density /N.. Due to CC interactions with the free electrons, an effective po-
tential V, = v/2G N, is induced for the electron neutrinos [176]. With the addition
of this potential term in the mass matrix, the lepton mixing matrix can be written

in the form

cosf,, sinb,, (3.16)

—siné,, cos6,,
which is similar to Eq. (3.9). Furthermore, the mixing angle in matter, 6,,, is given
in terms of the vacuum mixing angle as
Am? sin20

ban20m = X% o520 — 2BV, (3:.17)

for neutrinos with energy, F. The eigenvalues of the mass matrix which are the

effective masses in matter are given by

2 2
_mi+mj

1
a=—g—= + EV.F 5\/(Am2 0520 — 2EV,)? + (Am? sin26)?.  (3.18)

Hence p; 2 reduces to my o in the limit V. goes to zero, i.e the vacuum case. Since
V. depends on the density of the medium, the mixing angle can also vary with the
location. In matter oscillations, the resonance condition is defined as the value of
the effective potential V. r at which the difference between the effective masses is

minimal and tan26,, changes sign, i.e
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Am? cos20
2K '

The survival probability calculations for the matter oscillations are in general

Ver = (3.19)

done numerically, but some analytical expressions can be obtained in certain con-
ditions. For example, in the adiabatic transition approximation, when the effective
potential varies slowly relative to the difference between the effective masses at all
points in the medium, the survival probability (P(v. — v.;t)) of v, produced in
the medium at ¢ = 0 and exiting the medium at ¢ > 0 depends on the initial state
(mixing angle in the medium at the production point,f,, ), the final state (vacuum

mixing angle,d) and a phase ((t));

P, — ve;t) = c08*0,,0c08*0 + sin0,, 0sin®0 +
Iy . o(t)
+ 58@71297”70 sin26 cos (ﬁ) , (3.20)
where
t
3(t) = / J(Am? 0520 — 2BV, (1)) + (Am? sin26)2dt. (3.21)
0

The last term in Eq. (3.20) can be averaged out for §(t) > E and the survival
probability takes the form

1
P(ve — v t) = 5[1 + c0520,,c0520) (3.22)

which can be much smaller than 1/2 since c0s26,,, and cos26 can have opposite
signs. It is interesting to note that the smaller the mixing angle in vacuum, the
larger the deficit of the electron neutrinos in the final state. This is called Mikheyev-
Smirnov-Wolfenstein (MSW) effect [177, 178].

The MSW effect has been widely studied in the literature: Three flavor oscil-
lations in matter with constant density have been studied in [179, 180] and some

approximate solutions have been presented in [181]. The analytical expressions for
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the three flavor neutrino oscillation evolution operator and the transition probabil-
ities can be found in [182]. Neutrino oscillations have also been studied in the case
for varying matter densities [183, 184]. Lately, these neutrino oscillation effects have
been included in some Monte Carlo approaches to compute the neutrino yields from
DM annihilations [51, 185]. It has been presented that the yield of the neutrinos
from DM annihilations in the Sun is enhanced or suppressed, depending on the DM
annihilation channel. In addition, for DM particles with mass of order of few 100
GeV annihilating inside the Earth, the oscillation effects turned out to be negligible
due to short distance between the source and the detector [51] and they are further
suppressed when equal amounts of all neutrino flavors are produced at the source
(a typical example is the neutralino DM which decays mainly into top quarks, W
and Z bosons) [15]. For DM annihilations in the Sun, this symmetry in different
neutrino flavors can be broken in the case for DM particles with mass close to 1 TeV
and the neutrino oscillations can still be significant regardless of the symmetry at
the source. This is due to tau leptons produced via CC interactions as the neutri-
nos propagate through, and tau decays into different neutrino flavors with different
branching fractions (tau regeneration). All these results indicate that the neutrino
flux that reach the detectors on the Earth due to the DM annihilation in the cores
of the astrophysical objects strongly depends on the choice of the DM model and

the model parameters.

3.2 Neutrino-Nucleon scattering

The DM signals in the neutrino telescopes depend mainly on the neutrino-nucleon
interactions. The muon and shower fluxes are produced as a consequence of neutrino-
nucleon interactions in the Earth or in the detector medium. The relevant processes
are NC (yN — 1,X) and CC (vyN — ¢X) processes.

According to SM, the amplitude M for scattering of neutrinos on target nucleons
at rest (£ = m,) satisfies M ~ Gpm,E, and the total cross section which is

proportional to the ratio of the squared amplitude and the square of the center of
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mass energy s, i.e o ~ |M|?/s, becomes 0 ~ G%LE? for £, < m, (e.g solar and
reactor neutrinos) and o ~ G%m,FE, for E, > m, (e.g; atmospheric neutrinos). For
E, > m,, the neutrinos interact with the quarks inside the nucleon. Neutrinos and
quarks can interact via an exchange of a W boson (CC interaction) or a Z boson
(NC interaction). The neutrino gauge boson couplings are given in Egs. (3.5) and

(3.6). Corresponding interaction Lagrangians for the quarks are given by

GrM2,

- ) [y (1 = 5)dWf + dy"(1 = 5)ul | (3.23)

Li—q=—(

for W exchange and

GrM2\1/2 B
Lyq= 2\/5( f/ﬁz) > 94ql747" 4] Z, (3.24)
Aq

for Z exchange, where A = {L, R} and g = {u,d, s, ¢, t,b} and the couplings g4, (Z
couplings) are given in Table 3.2 where Oy (sy = sinfy ) is defined in Eq. (3.7).

Table 3.2: Couplings for the interactions presented in Eq. (3.24) with Z boson
exchange in neutrino-quark sub-processes.

qaq (Z couplings) L
T 2.2 2
U,C,t 5 §SW _§SW
1,712 1.2
d,s,b —2+ 35w | 38w

Then, in the low-energy limit, the differential cross sections for neutrino-quark

interactions become [186]

R G2
d—y(ﬁgd — lu) = d—y(wd — lu) ~ TF
dé o ds : 25
d—g(m s ld) = d—g(wa o td) ~ %(1 —y)? (3.25)

for CC interactions and
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do . do ) G235

gy 1= i) = va—vd) = = [gh, + gk (- y)]

do, . do,_  _ G%.3
a1l =g =) = I ok +oi(1-y)?] (3.20)

for NC interactions. These results are applicable for the neutrino energies in the
range, m, < E, < M%/m, or GeV < FE, < 10 TeV. Here, y = 1 — E'/E, and
has the kinematic range 0 < y < 1, where E’ is the energy of the scattered lepton.
In addition, v/5 is the center of mass energy of the neutrino-quark system, which
is given by § = sz, where x is the fraction of the total nucleon momentum carried
by the quark. The momentum distribution functions, ¢(x), describe the probability
density for encountering a quark in a nucleon with a specific value of the fractional
momentum x. Then, the quantities p, = [, dz z ¢(x) give the fraction of the total
nucleon momentum carried by the quark ¢. Integrating over the variable y, one can
also obtain the total neutrino-quark CC and NC cross sections.

The nucleons contain valance quarks, virtual ¢¢ pairs and gluons. The neutrino-
nucleon cross sections are found summing over all contributions using the integrals
over the momentum distributions. The momentum distribution of the neutron is
approximately the same as the proton with up and down-type quarks exchanged.
After integrating over the quark distributions the differential cross sections take the
approximate form

2
2—‘; = % (a+b(1-y)?) (3.27)
where a and b are numerical constants and a further integration over y yields the

total cross sections in the form

g

2
_ Gis <a + 1b) . (3.28)
T 3

To be more precise, the total CC cross sections at s >~ 2FE,m,, are
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o(vp — (X)) = G <O 15 + 1O 04) U(Dgn—m?X) G < 015+004>
T 3 T 3
(3.29)
and
o(ym — (X)) = G <0 25 + 1O 06) U(Dgp—>l7X) G < 025+006)
T 3 T 3
(3.30)

Similar results can also be obtained for NC interactions. The differential cross

sections are again in the form Eq. (3.27). It is shown in Ref. [15] that

/ G%S 1 - =1 G
olvp — v/ X) = L2 (0.058 + 50-022) - ol —x) =2 (30 058 + 0. 0022)
(3.31)
and
, G i , G
olvn - V' X) = - (0 064—1—30 019> o(vn - 'X) = - (30 064+0019)

(3.32)
for NC interactions.
For practical purposes, differential cross sections given in Eq. (3.27) can be

re-written as

do  2G2 E\?
dg/ f;mp [a +b (F) (3.33)
with the help of
do 1 do

Numerically, apart from the corrections due to the type of nucleon (p or n) and
neutrino (v or v) taking part in the interactions or the type of the interaction (CC

or NC), the overall normalization of the neutrino-nucleon cross sections is given as

2GLE, E,
TR 31 % 10” 38((} v)cm2 (3.35)
T €

and we also note that Egs. (3.29), (3.30), (3.31) and (3.32) indicate
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UCC/UNC ~ 3. (336)

3.2.1 Interaction Length of Neutrinos in Medium

Having discussed the neutrino-nucleon cross sections, we can now estimate the in-
teraction length of neutrinos in a given medium. As the neutrinos propagate in a
medium, they interact with the nuclei in the medium. For the neutrino energies,
GeV <« E, < 10 TeV the CC and NC cross sections are given by Eqgs. (3.29), (3.30),
(3.31) and (3.32). The interaction length can be defined as the distance between
two successive interactions which is then inversely related to the cross section and
the density of the medium. Consequently, the neutrino-nucleon interaction length
is given by
1

Lint =~
! UVN(EV>NAP

(3.37)

where the nucleon number density in the medium with density p (in g/cm?) is
approximated to be Nyp and N4 = 6.022 x 10%g~! is Avogadro’s number.

The density profile of the Earth has been determined in the Preliminary Earth
Model [187] and can be represented by the following density profile,

13.0885 — 8.838122, r < 1221.5
12.5815 — 1.2638z — 3.642622 — 5.528123, 1221.5 < r < 3480
7.9565 — 6.4761x + 5.528322 — 3.080723, 3480 < r < 5701
5.3197 — 1.4836x, 5701 < r < 5771
] 11.2494 — 8.0298z, 5771 < r < 5971
olr) = 7.1089 — 3.8045z, 5971 < r < 6151
2.691 + 0.6924x, 6151 < r < 6346.6
2.9, 6346.6 < r < 6356
2.6, 6356 < r < 6368
1.02, 6368 < r < Ry

(3.38)
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The distance r is measured in km from the center of the Earth, and x represents the
scaled radial variable x = r/Rg and the radius of the Earth is Rg = 6371km. Taking
the core density of the Earth, p = 13g/cm? and the neutrino-nucleon cross section,
occ =~ 10738(E,/GeV) ¢cm?, one can simply show that the diameter of the Earth
exceeds the neutrino CC interaction length for neutrinos with energy £, < 1 x 10*
GeV. This bound can be lifted up when the density variations are taken into account.
Thus, for neutrinos with energies, F, < 10 TeV in transit through the Earth, the
attenuation of the neutrino flux due to CC interactions is not significant.

However, in the Sun where the core density can reach values as high as one order
of magnitude higher than the core density of the Earth, the neutrino-nucleon CC
interactions play a significant role in the attenuation of the neutrino flux as the neu-
trinos propagate in the Sun. To first approximation, attenuation can be described
with an exponential decrease in the flux over a distance dr. If the composition
of the Sun is assumed to compose mostly of elemental hydrogen which has mass
my = 0.931 GeV, the neutrino flux d¢/dE, at a distance ' = r + or from the

center of the Sun is related to the one at a distance r as

do,, do,

iL, (r+or) = exp(—p(r)accér/mH)dEy (r) (3.39)
where the Sun density profile is given by [188, 189]
p(r) = 236.93 g /cm® x exp(—10.098Ri) (3.40)
s

and Rg = 6.955 x 10°km is the radius of the Sun.

3.3 Neutrino Spectra from Standard Model Particle decay

In addition to neutrino-nucleon interactions, the signals in the neutrino telescopes
depend strongly on the initial neutrino spectra as well, i.e., at the production point.
Therefore, calculation of neutrino signals from the annihilation/decay of the DM
particles requires information on the initial neutrino spectra. DM particles which

are non-relativistic have energies close to their rest energy (E, =~ m, ). The neutrinos
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with energy FE, can be produced from the annihilation/decay of the DM or from
the decay of quarks, charged leptons and gauge bosons which are produced by the
annihilation/decay of the DM. The standard unpolarized decay distributions, in

general, take one of the following forms

dN

—— = 2B(32* — 22° 41
= 2B;(32° — 22°) (3.41)
% = 12B;(2* — 2?) (3.42)
dN
—— =Bz —1 4
= Briz—1) (3.43)

in the rest frame of the decaying particle where x = 2F, /m,4, m4 is the mass of the
decaying particle and By is the decay branching fraction for a given decay channel.
Once the distribution in the rest frame is known, the neutrino energy spectrum from

a decaying particle with velocity §; and energy Ey = yamq is given by [55]

dN, 1 B+ de 1 AN\
Y 44
(dE,,) 2JE. € vafy < de ) ’ (3.44)

where F = E,v; (14 34)7"

3.3.1 Neutrino spectrum from 13/, — Zv decay channel

For the channel v3,, — Zv, the Breit-Wigner distribution is mainly used and is

given as [59]

W _ : [ 2 RS
dE, (B2 = E},)? + E},Ts, \Jo (E? - EZ,)? + EZ,T3, 7 .
where the distribution peaks at
m m>
E,=—X[1-"2Z A4
o= (-2, (3.40)
and
A (3.47)
my

We take I'; = 2.5 GeV.
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3.3.2  Neutrino spectrum from 77, T decay channels

In this section, we present the v, spectrum from p and 7 decays. The spectra
for other neutrino flavors can be deduced from these results. For example, the v,
spectrum from g decay is identical to the v, spectrum from 7 decay and the v,
spectrum from 7 decay to that of v, from p decay. For these three-body decays, the
v, spectrum from 7 decay is given by Eq. (3.42) and from p decay by Eq. (3.41) in
the frame where the decaying particle is at rest. Then, after boosting these results
by using Eq. (3.44) for charged leptons produced via the DM annihilation or decay,

one can obtain

dN,, ﬂ(g — 3%+ 32%) | p— yuer.

dE,, Br(1—322+22%) | T — v,

(3.48)

where z = %" < 1 and E; = m, for the case of annihilation or £, = m, /2 for
the case of decay. The decay branching fraction, By = 0.18(1) for 7(x) decay. In
addition to the three-body decays, 7 can also decay into v, viaT — v, M or 7 — v, X
where M = m,p,a; mesons and X indicates hadrons. The neutrino spectra from

these channels are given as [190]

By 1 B,
dN,,. _ 7o when 2 <ry  for mesons (3.49)
dE,, s when £¢ < 0.3 for hadrons ,

where ry = 1 — m3,/m? with mj; and m, being the mass of the meson M and
the 7 lepton, respectively. Here, By = 0.12,0.26,0.13 and ry; = 0.99,0.81, 0.52 for

M = 7, p,a; respectively.

3.3.3  Neutrino spectrum from b(b) and ¢(¢) decay channels

The b and ¢ quarks hadronize before they decay into neutrinos. The hadronization
effect is taken into account by scaling the initial quark energy, E;,, in the form
E¢ = z;E;y,, where f =b,c, zp = 0.73(0.58) for b (¢) quarks [55, 58] and Ej,, = m,
for an annihilating DM particle or E;;, = m, /2 for a decaying DM particle with

mass 1.
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The neutrino spectrum from the decay of f= b, b, ¢ or ¢ from yy — ff can also

be approximated by the second equation in Eq. (3.48) (see also [55, 191]), i.e,

dN, 2B
B = E—ff(l —32% +22%) for z <1

= 0 otherwise , (3.50)

where x = % and
¥

(0.73E;, , 0.103) b channel
(Ef, By) = (3.51)
(0.58E;, , 0.13) ¢ channel.

3.3.4 Neutrino Spectrum from W7 and Z decay channels

In the WT and Z decay channels, the neutrino spectrum from the decaying particle

with velocity, 8p, and energy, Fp, can be obtained by using Eqgs. (3.43) and (3.44),

ie,
dNV nfo EB EB
= for —(1 — E, < —(1
iE, ~ Tpip o o (U= 8s) < B <71+ 0p)
= 0 otherwise , (3.52)
where

( B)) (1, 0.105) W channel, (3.53)
ns, = :
e (2, 0.067) Z channel.

3.3.5 Neutrino spectrum from #(¢) decay channel

The top quark decays into a W boson and a b quark (¢ — Wb) with a branching
fraction close to unity. Thus, the sum of neutrino spectra of W and b channels gives

the required spectrum, i.e,

dN,,)Tm <dN,,> (dN,,)
= + . (3.54)
<dE,, # dE,, W+w-— dE,, bb
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Then, boosting this expression yields the neutrino spectrum from top quarks moving

with velocity §; and energy E; = vmy [58],

dN,  (dN, dN,
dB, <dE,,>W+ <dEV>b ) (3.55)

where

dN, B By, . min(F,,ey)
dE, ) 2B Ew By max(FE_,e_)

if (1= 0)e- < E, <v(1+B)es
= 0 otherwise , (3.56)

and

dN, B, .
= Dy E_/E 1,E,/E
(55) = g e Eomin(1. 5 )

if B, <%(1+5)Eq
= 0 otherwise , (3.57)

where By = 0.105,B, = 0.103,eF = Ew(1 F Bw)/2, Bz = E, v '(1 £ 3)7! and
E; = 0.73E, with Ey, Oy and E, being equal to their values in the top-quark rest

frame, i.e,

p _ miomi
th
B, — m? +mi,
2mt
E,
= —. 3.58
Bw o (3.58)

The function D, is given by

Dym,n] = = |9(m? —n?) — 4(m® — n*) + 6In (2)] . (3.59)
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3.3.6 Neutrino spectrum from 13/, — I7{"v decay channel

In the zero mass limit, the primary lepton (I or I~ or v) spectrum from the decay
channel, v3/, — [T1"v, can be approximated to be
2k

ANy, 60
W) 27*(1 — 2) where z = <1, (3.60)
dEl(V) Maps 5 Mps s

by using the results in [192]. In order to obtain the spectrum for the secondary

neutrinos produced from the primary charged lepton decays, one can use

dNV m¢3/2/2 1 le dNV
= dE) | ——— . .61
dE, / y '"\NidE ) \dE, ), (3.61)
Here, Z—]]lff is the primary charged lepton spectrum given by Eq. (3.60) and the
spectra, (flg:)z are given by Eqs. (3.48) and (3.49). Then, the secondary v,

spectrum is derived to be

dN, B
( ) _ 5 (1 — 622 + 82 — 32%) | (3.62)
dEVu Moy

from the primary p decays and

dN, 68
( ) = —L (1 - 102 + 202° — 152" + 42°) , (3.63)
dE,,M Mpg 9

from the primary 7 decays, requiring that « < 1 in each case where x = 2E, /m,, .
Finally, for the v, spectrum from the primary 7 decays accompanied with the me-

son/hadron production, we find

dN, B 4
() (130, ) .
dE,_ T MMy, 'y 3y

with the requirement ), > x.
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CHAPTER 4

DETECTING DARK MATTER VIA NEUTRINOS

In this chapter, with an aim to detect DM with neutrino telescopes, the required the-
oretical tools to calculate the muon and shower fluxes, as well as the corresponding
event rates in the neutrino telescopes are presented.

The main difficulty in detecting a neutrino signal with DM origin is to overcome
the atmospheric neutrino and muon signals which originate from the interaction of
high energy cosmic rays with the nuclei in the atmosphere. It may often be impos-
sible to eliminate these background signals, however, statistically promising signal
detection significances can be achieved with the analysis of different signal topolo-
gies in the detector (upward muon, contained muon, shower events). Depending on
the detector design, relative locations of the detector and the source, and on the
nature of DM, some topologies may provide better statistics than the others.

We start this chapter with the introduction of the atmospheric muon neutrinos,
the current data and parametrizations. In the following sections, we present the
theoretical framework for calculating the final muon and shower fluxes due to DM

annihilation/decay in the Galaxy/astrophysical objects.

4.1 Atmospheric Neutrino Background

In the upper atmosphere, shower of hadrons (e.g. pion or kaon showers) are produced
in the interactions of primary cosmic rays (mostly protons) with the air nuclei. The
decay of pions and kaons produce muons and muon neutrinos and the subsequent
decay of muons produce electrons, electron neutrinos and additional muon neutrinos.
According to this simple kinematic chain, one expects to observe a flux ratio of 2-
to-1 muon neutrinos to electron neutrinos. However, at high energies (i.e £, > 10

GeV) the muons are stopped before they decay and this reduces the flux of electron
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Table 4.1: Parameters for the atmospheric v, and 7, flux, in units of
GeV~'km Zyr—tsr 1.

1.74
0.018
0.024 GeV~!
0.0069
0.00139 GeV~!
1.95 x 10" for v
1.35 x 10'"  for w.

o0 o 2

neutrinos. The pion decay becomes more efficient as the propagation length increases
in the atmosphere. Thus, the atmospheric neutrino flux has a directional dependence
and increases with the zenith angle, #. The parametric form for the atmospheric

muon neutrino flux is given in Ref. [193] as

d¢v 1 a C
— NoB, 11
(dE,,dQ)ATM ’ (3 bE,cos0 | 1+ eEl,casﬂ) (4.1

in units of GeV~tkm2yr~!sr=! and E, is given in GeV. This formula does not

account for the prompt neutrino flux [194], however, for the energy range of interest,
the prompt atmospheric neutrino flux is negligible. The values of the parameters
Ny, v, a, b, ¢ and e, given in Table 4.1, were determined by fitting angle-dependent
atmospheric neutrino data from Ref. [195].

Using Eq. (4.1), one can also obtain the angle-averaged atmospheric muon neu-
trino flux (which is a good approximation and will be used later in this study)

as

d¢u e ( a C )
= NoE,™” —In(1 E In(1 E,))|. 4.2
<dEVdQ>ATM avg n bEV n( i b V) i 6EV n( e V) ( )

In Fig. 4.1, we show the angle-averaged flux from Eq. (4.2) and the flux from Eq.
(4.1) with 0 = 60° and the integrated flux measured by the AMANDA-II detector
from Ref. [73]. The angle-averaged flux is a bit larger than the flux at 60°, so for 6
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less than 60°, using the angle-averaged atmospheric flux gives a small overestimate

of the atmospheric background.
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Figure 4.1: Angle-averaged atmospheric muon neutrino (v, + 7,) flux (solid line)
and the atmospheric flux for fixed § = 60° (dashed line) compared with the angle-
averaged (v, +7,) flux from AMANDA-II muon neutrino flux measurements [73].

4.2 Neutrino Signals from Dark Matter

4.2.1 Dark Matter Annihilation/Decay in the Galactic center (GC)

All three flavors of neutrinos can be generated in the GC due to the annihilation
or decay of DM particles with mass m,. Then, the neutrino flux at the Earth for a

given neutrino flavor is

dg, _ dNF
T <ZF:BF dE,,) (4.3)
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where R (annihilation/decay rate) is given by:

(ov) 2
= Rypn = B /dQ di(0)p (1), 4.4
R=Fow =Bl [0 [ o (4.4
for the case of annihilation, and
= Ryee = ds2 dl(0)p(l), 4.
R Rd 47rmx7'/ l.o.s ( )p() ( 5)

for the case of decay where dNI'/dE, is the initial neutrino spectrum for a given
annihilation or decay channel F' with branching fraction B, B is the boost factor
(enhancement of the annihilation cross section), 7 is the decay time, p(l) is the DM
density, integral is over the line of sight (l.o.s) within a solid angle AQ = 27 (1 —
€080 pmax ), centered in the GC. In literature, for practical reasons the dimensionless

quantity (J,)q is defined [61, 63];

Y

where [(f) is the distance from us in the direction of # which is the cone half angle

from the GC, R, is the distance of the solar system from the GC and p, is the local

density near the solar system, which are taken to be R, = 8.5 kpc and p, = 0.3

GeVem™3 [196]. With these definitions, the neutrino flux can be re-written as

do,
dE,

dNF
= R.p’B (o0 AQ 4.
Bops 8mm?2 ( dE ) (a)e (4.7)

for the case of annihilation, and

de, ANF
dEV —Ropo4 T T <Z FdE ) Jl)QAQ (48)

for the case of decay. The neutrino energy distribution, dN! /dE, for different
channels can be found in the last section of this chapter. In our calculations, we
take DM annihilation cross section to have the typical thermal relic value (ov) =
3x107% cm3s™! (see Appendix A) and we consider the Navarro-Frenk-White (NFW)
profile [92]
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p(r) = P ~
(r/R)(1+r/Ry)

or the cored isothermal profile

(4.9)

p(r) = MW ) (4.10)

where p, and R, are the parameters which vary from halo to halo and r is the
distance from the GC. In our calculations, for the NFW (isothermal) profile we
set ps = 0.2589(3.0647) GeV/cm?® and R, = 20(2.8) kpc so that the DM density
in the vicinity of the solar system (r = R, = 8.5 kpc) takes the typical value
p(R,) = 0.3 GeV/cm?® as mentioned above. Using these definitions, we can write
r= \/Rg + 12 — 2R,l cos § and the upper limit for the [ integral in Eq. (4.6) can be
obtained as I = R,cos6 + /R2 — R2sin® @ for a given §. For the NFW profile,

some values for (J2)oAQ and (J;)oASQ are summarized in Table 4.2.

Table 4.2: The wvalues of J factors for NFW profile for 6.,., =
0.1°,1°,5°,25° 50°, 70°,90°.

0.1° 1° [ 5 | 25° | 50° | 70° | 90°
(J)oAQ | 014 | 1.35 | 5.04 | 19.68 | 27.75 | 31.73 | 33.42
(J1)oAQ | 0.00027 | 0.018 | 0.30 | 3.69 | 8.79 | 12.24 | 14.90

The main differences between the signals from the decay and the annihilation
processes appear in

(i) the maximum possible neutrino energy: E,, = m,, for the case of annihilation
and E,, = m, /2 for the case of decay,

(ii) the overall normalizations which we denote as Ry, and Ry following Eqs.
(4.4) and (4.5) for annihilation and decay, respectively: The ratio of the rates for
neutrino signals from annihilation and decay of DM can be obtained as

Rann  B(ov)pot (J2)
Rdec me <']1>

(4.11)
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by using Eqs. (4.4) and (4.5). Thus, for a given decay channel, F', the shape of the
final muon flux from the decay of a DM particle with mass m, is the same as that
from the annihilation of a DM particle with mass m, /2, and the ratio of the overall
normalizations can be determined from Eq. (4.11). Thus, for simplicity, in the next
chapter we will present our model-independent results only for the annihilating DM
particle. For a decaying DM particle, muon fluxes can be obtained by re-scaling our
results with the help of Eq. (4.11), and

(iii) the cone size dependence of the J factors which is quite different for the case
of annihilating DM than for decaying DM (see Table 4.2). The difference between
DM density contributions to DM annihilation and decay can also be seen in Fig.
4.2, where we present (J,)oAS factors for DM annihilation (n = 2) and DM decay
(n = 1) evaluated for a cone wedge between 0, — 1° and 6, around the GC. We
note that moving the wedge away from the GC leads to a significant reduction of
the signal from annihilating DM due to the dependence of (J5)oAQ on square of
the density (see Eq. (4.6)). We find that the signal is reduced by a factor of 17
when the wedge is moved from 1° to 90° off the GC. On the other hand, in a wedge
between 50° and 90° around the GC, the value of (Jo)qAS) is about 5.6, a value
close to what one obtains for a cone centered at the GC with 0, = 5°.

In contrast, for a decaying DM, the signal from a wedge between 6,,,, — 1° and
Omax around the GC increases with 6. for 0.« < 30° and decreases slowly for
higher O,.x. For example, (J1(1°))oAQ = 0.018 whereas (J;(30°) — J1(29°))oAQ =
0.2 which is only a factor of 2 higher than (J;(90°) — J1(89°))oAQ = 0.1. This is a
consequence of the dependence of the signal for a decaying DM particle on density
which is one power less when compared to an annihilating DM particle. An increase
in the size of the wedge (i.e., the volume of the source region) can result in an

enhancement in the signal even if the chosen wedge is away from the GC.

4.2.2 Dark Matter Annihilation in the Earth and in the Sun

The DM particles can be captured in the core of the Sun or the Earth by interacting
with the nuclei in the medium (see Appendix B). This results in a DM density
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Figure 4.2: J factor values both for annihilating (dashed line) and decaying (solid
line) DM models for a wedge between 6,,,x — 1° and 6, about the Galactic center
as a function of 0.

in the core that is considerably higher than in the Galactic halo. The capture
rate (C') depends on the composition of the medium, the DM-nucleus interaction
cross sections (o}), the DM mass (m, ), the local DM density (p,) and velocity (v)
distribution of DM in the halo. After being accumulated in the core of these dense
objects, the DM annihilates with rate I" 4 into SM particles which may further decay
into neutrinos. These neutrinos can reach Earth-based detectors and create fluxes
of charged leptons as a consequence of neutrino CC interactions.

The resulting fluxes depend on how the capture and annihilation processes have
occurred initially, however, in equilibrium these two processes are related: for every
two DM particles captured, one annihilation takes place so

I'y=

% . (4.12)
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This equilibrium condition leads to a maximal flux which depends on the capture

rate given by [58, 90, 91, 197, 198],

C = ¢ 703 Z Fz(mx) fi @i S(mx/mN@-)

(mX/GeV>@270
Ué 1 GeV
4.1

“10-8 pb my, ’ (4.13)

where
Po _ v
_ S S 4.14
P03 =03 GeV/em® 7 T 270km/s (4.14)

and

4.8 x 105~ Earth,
c= (4.15)
4.8 x 10t Sun.

The summation in Eq. (4.13) is over all species of nuclei in the astrophysical
object, my, is the mass of the ith nuclear species with mass fraction f; relative to
the Sun (or the Earth). The kinematic suppression factor, denoted by S(m,/my;,),

for a capture of DM particle with mass m, by a nucleus with mass my;, is given by

[58, 90, 91, 197, 198]
2
Bl.5 3

where

2
3z <UCSC>) . (4.17)

B(I):§(:c—1)2 ( v
For the Sun, < v >= 1156 km/s and for the Earth, < v.s. >= 13.2 km/s. We also
note that S(x) — 1 for z — 1, which means that the capture process is kinematically
suppressed if m, differs from my,, and there is no suppression if these masses are
the same.

The other quantities in the capture rate expression are the form factor suppres-
sion F;(m, ) and the velocity distribution function ¢; of the ith element. The former
one is due to the finite size of the nucleus which disrupts the coherence in the scat-
tering process, thus, it is a negligible effect for the capture by hydrogen and helium
nuclei whereas it becomes significant for larger nuclei (see Appendix B for details).

The velocity distribution function ¢; depends on the velocity distribution squared
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of the element averaged over the volume of the astrophysical object (< v? >) and

is given as [58, 90, 91, 197, 198

<v?>

If the massive astrophysical object is far from equilibrium, which is most likely
the case for the Earth, the annihilation rate is not only dependent on the capture
rate but also on the annihilation cross section ({ov)). The number of DM particles
changes due to the interplay between the capture and the annihilation according to
the relation

% = (O — CyN? (4.19)
which leads to

N(t) = \/gtanh(t CCy), (4.20)

where

Cy = <?/“> (4.21)

and V, is the effective volume of the core of the Earth or the Sun with a radius defined
as the location where the gravitational potential of the DM becomes comparable to
the core temperature. For the Sun, it is found that V. = 2 x 10%(my°)~*? cm® [199]
and for the Earth, Vo, = 6 x 10%(m1°)~%/2 cm® [90] where m}° is the DM mass in
units of 10 GeV. Then, using

[y = %CANz (4.22)

we find

'y = %tanhZ(t CCYy) .
(4.23)

It is clear from this relation that the equilibrium condition (see Eq. (4.12)) holds
only when t/CC4 > 1.
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The flux of neutrinos of flavor ¢ from DM annihilation into SM particles can be

dé, T4 dN,
- B 4.24
(i), s s (7)., 420

where (dN,/dE,)r; is the differential energy spectrum of neutrino flavor i from

written as

production of particles in channel F. In general, this energy spectrum is a function
of the neutrino energy F, and the energy of the produced particle, E;,. The quantity
D, is the Sun-Earth distance for neutrinos produced in the core of the Sun, or the
radius of the Earth (Rg) for the neutrinos created in the core of the Earth. The
sum in Eq. (4.24) is over all annihilation channels F' weighted with corresponding
branching fractions Bp.

One can also compare the overall normalizations (i.e the pre-factors of
> r Br(dN,/dE,)r) of the neutrino fluxes due to DM annihilation in the GC (Eq.
(4.7)) and in the cores of the astrophysical objects (Eq. (4.24)). The results (in
units of km=2 yr~!) for different DM masses ranging from 200 GeV to 1 TeV are
presented in Table 4.3. For illustration, the boost factor of B = 100 and the cone
half angle of 6,,,, = 1° are chosen for the signal from the GC and NF'W DM density
profile is assumed. Clearly, these results can be re-scaled for different values of boost

factor, cone half angle and for different DM density profiles.

4.3 Dark Matter Signals in Neutrino Telescopes

The neutrinos produced via the annihilation or decay of the DM particles in the
GC or those produced from subsequent annihilation of DM particles after being
captured in the astrophysical objects can be detected in the Earth-based neutrino
telescopes. The muon neutrino (v,) interacting with the matter via CC interactions
inside the detector may result in the muon leaving a track in the detector (contained
muon events). A similar type of interaction may also occur outside the detector
(usually below the detector) and the produced muons arrive at the detector after
loosing some fraction of their initial energies (upward muon events). In addition to

the contained and upward muon events, all three flavors of neutrinos may interact
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Table 4.3: Overall normalizations for the neutrino fluxes from dark matter anni-
hilation in the Galactic center, in the Sun and in the Earth. For the signals from
Galactic center, the value of the boost factor is set to be 100 and the cone half angle
to be 1°. The attenuation of the neutrino flux in the solar medium is not taken into
account.

My GC Sun Earth
(GeV) | km™2 yr!) | (km™2 yr!) | (km™2 yr™1)
200 93 611 240
300 41 425 136
400 23 272 72
500 15 195 41
600 10 144 32
700 8 110 23
800 6 93 18
900 d 76 14
1000 4 29 9

with the matter inside the detector through NC interactions and produce showers
(shower events or cascade events). Furthermore, through CC interactions electrons
(e) and taus (7) can also be created from v,.’s and v,’s. However, they don’t result
in any track-like events as the muons (1) do since electrons experience too many
scatterings due to their low mass and the taus decay so fast. Thus, these events are
also considered as shower events. In this study, we make a clear distinction between
contained, upward muon and shower events. The most straightforward evaluation

is for contained muon events, so we start with this case.

4.3.1 Contained and Upward Muon Events

For a given muon neutrino spectrum, jg” , at Earth the contained muon flux in the

detector can be calculated as

de,, / o do, \ dPcc
— = dE, 4.25
dE, 5, <dE,, dE, (4.25)

+ v=p),
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where FE,, is the maximum neutrino energy. The quantity dPg¢ is the probability
for a neutrino with energy FE, to be converted into a muon within the energy interval
of dE,, i.e.,

dPcc = dE),

Nap (do?(E,, E,)
dE,

where N4 = 6.022 x 10® is Avogadro’s number and N,p/2 is assumed to be the

+(p— n)) , (4.26)

number density of both protons and neutrons in the medium. The differential cross

sections do?™/dE,, are the weak scattering cross sections of (anti-)neutrinos on the

%)2) | (427

The parameters a and b for CC and NC scatterings are shown in Table 4.4 and in

nucleons, which can be approximated by [186]

p7n 2
daw B 2m,G% ( )
= a'l/

NI

+ b

RIS

dr, T

Table 4.5, respectively (see also Section 3.2).

Table 4.4: Parameters for the CC neutrino-nucleon differential cross section, as
noted in Ref. [186].

a? [0.15 | b2 [ 0.04
al | 0.04 | B2 | 0.15
ar | 0.25 | b7 | 0.06
ar | 0.06 | b7 | 0.25

Table 4.5: Parameters for the NC neutrino-nucleon differential cross section, as
noted in Ref. [186].

a? [ 0.058 | o [ 0.022
a? | 0.019 | 8% | 0.064
ar | 0.064 | b" | 0.019
ar | 0.022 | b* | 0.058

In addition to the contained muon events, the muons can also be produced in

the rock near the detector. These high energy muons produced in neutrino CC
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interactions lose energy before they reach the detector as they travel through the
rock or ice (upward muon events). The average energy loss of the muons with energy
E over a distance dz during their passage through a medium with density p is given

by
<dE
dz

where o accounts for the ionization energy loss [200] and is relatively insensitive to

) =—(a+BE)p, (4.28)

the composition of the medium. The radiative energy loss due to bremsstrahlung,
pair production and photonuclear scattering is characterized by [ which increases
with energy from about ~ 3x107% cm? /g for E,, ~ 10? GeV to about ~ 5—6x 10~°
cm?/g for E,, ~ 10 GeV for muons in the standard rock [201, 202, 203]. For rock,
the values a ~ 2 x 1072 GeVem? /g and 3 ~ 3 x 107% cm? /g, are typical for muons
with initial energy ~ 102 —10% GeV. In finding the average range of the muons in the
rock, generally the Eq. (4.28) is not strictly applicable because of stochastic energy

losses [202, 204]. However, for our purposes, using a constant 3 and approximating

£ _ dE,
dz  ‘dz

is sufficient. With this assumption the initial energy at z = 0, EZ, is related to the

(4.29)

final energy E/Jj after traveling a distance z by

E(z) = " E] + (" — 1)5 : (4.30)

At low energies, for £, < 200 GeV, the contribution from ( term is small (about
10 — 20%) and in this energy range,

i ~ R
E.(z) ~ Bl +apz . (4.31)

Muons with energies of a few 100 GeV are stopped in the rock (p ~ 2.6g/cm”) before
they decay. As an example, the stopping distance for 500 GeV muons is roughly 1 km
whereas the decay length, yer, for these muons turns out to be about 3000 km. For
50 GeV muons, the decay length is about 300 km, compared to a stopping distance

of 100 m. The decay length information can still be included in the calculation by
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introducing the survival probability as the solution to the equation,

dPSurV o PSurV
dE,  ~verpla+ BE,)

(4.32)

This leads us to the survival probability for a muon with initial energy E/Z and final

. EN"(a+BEN\"
P B = (Z2) (2t PE (4.33)
et \EL) \a+ pEL

energy E/Jj ,

where I' = m,, /(cTap).
With a distinction made between the energy of the muon when it is produced
and the energy of the muon when it arrives at the detector, the formula for the

upward muon flux becomes

L R N 15
dE, 0 Ej, dz dEL dFE, dr,

+ (v—0) (4.34)

Psurv(E/im Eu)

where F,, = E/Jj However, only muons produced near the detector (~ a few kilome-
ters away from the detector) will have sufficient energies to make it to the detector
with an energy above the detector threshold energy Fy,, i.e., £, > Ey,. Here, dPcc
is the probability for a neutrino with energy F, to be converted into a muon within

the energy interval of dEZ and over a distance dz in the rock, i.e

- Nup <dafj(E,,,Ei)
dPCC = dzdFE’ i L + (p — n) . (435)
B2 dE;,
The muon range is '
: 1 a+ [BE]
R,(E'.E,)=—In|—L 4.36
u( 1 ) ﬁpn<a+ﬂEM> ( )

following from Eq. (4.30). In Fig. 4.3, the muon range in the rock as a function of
the initial muon energy is presented for different choices of final muon energies. We

observe that for an initial muon energy of 1 TeV, the muon range is about 1 km.
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Figure 4.3: Muon Range as a function of the initial muon energy, EZL for a given
final muon energy of E/ = 0 GeV (dot-dashed line), 50 GeV (solid line), 100 GeV
(dashed line).

4.3.2 Shower Events

In addition to muons, the showers produced in neutrino CC and NC interactions
could be used as signals of DM. The shower flux is given by [190]

d¢8h o Em d¢V NAP dag(Eua El/ - Esh)
dEsh B ‘/Esh dEV <dEV> 2 dEsh * <p - n)

+ (v—0). (4.37)

4.3.3 Event Rates and Experimental Detection

The contained muon event rate, IV ﬁt, is obtained by integrating muon flux folded
with the effective volume of the detector, Vg, i.e.

o _ [y e (4.38)
b= Sy am, o) '
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where d¢f/ /dE, is given in Eq. (4.25) and EZh is the muon detector threshold,
typically 10-100 GeV for deep ice or water detectors [67]. In most of the applications,
we consider an energy independent IceCube+DeepCore effective volume, Vg = 0.04
km?, for the contained muon events [62, 88].

Similarly, the upward muon event rate, is obtained by

N — [ A0 g aE 4
w _/;'ﬁh dEu CH( p) ) ( 39)

where d¢?/dE, is given by Eq. (4.34), (Acg) is the angle-averaged muon effective
area. The Monte Carlo simulations show that the effective area of the IceCube
detector increases with the final muon energy with which the muon reaches the
detector [205, 206]. From the simulations, the angle-averaged energy dependent
muon effective area, (Aeg) is parametrized by (Aeg) = 1.14A0(E,) [205] where

Ao(E,)) = 0 if B, <E; =10 GeV
Ao(E,) = 0.748(log;o(E,/GeV) — 1.6) km®
if By <E,<E,=10*%GeV
Ao(E,) = 0.9+ 0.54(log,o(E,/GeV) — 2.8) km?
if £,>FE,, (4.40)

for the IceCube detector.
The shower rates can also be evaluated by integrating Eq. (4.37) over the shower
energies

Em dogp,
N, :/ sty B, 441
h EﬁZ dEsh ft h ( )

where Vg is the effective volume of the detector for measuring showers. In most
of the applications, for the detector volume, V.g, we use an energy independent
IceCube+DeepCore volume whose value is Veg = 0.02 km? for the showers [62, 88,
149].

For each type of signal topologies in the detector, the total number of events
(Ng) can be evaluated by multiplying the event rates with the observation time.

The number of events due to atmospheric neutrinos (V) can also be calculated in a
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similar way. Even if there is a significant signal to background ratio, low statistics
may yield difficulties in confirming the presence of a DM signal. Thus, we make use

of the statistical factor

N

g-
(Ns—l-Nb)

(4.42)

defined as the detection significance. As an example, by 20 detection significance

we 1mean

—2. (4.43)
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CHAPTER 5

CHARACTERISTICS OF DARK MATTER SIGNALS

In this chapter, we present our results for energy distributions and total counts of
final muon and shower fluxes to be observed in the neutrino detectors due to DM
annihilation in the Galaxy. We consider different annihilation channels of DM and
also different signal topologies (upward muon events, contained muon events and
shower events) and we study the potential discovery of DM in IceCube+DeepCore
detector. We begin with presenting our results for the signals from DM annihilation

in the GC.

5.1 Dark matter signal from the GC

As described in Chapter 2, independent of the DM density profile in the Galaxy,
DM density is expected to be high in the GC. Since the neutrino signals from
DM increase with DM density, the very first place to be searched for a potential
discovery of DM is the GC. The direct production channel, xx — v,7,, where x
is the DM, is the most promising channel for the detection of DM annihilation in
GC, assuming an adequate annihilation cross section. A typical example of a DM
particle candidate which annihilates into a neutrino pair is the lightest Kaluza-Klein
particle. However, some particle candidates, for example neutralinos and leptophilic
DM, produce neutrinos only as secondary particles, via the decay of the particles
into which the DM particles annihilate, such as u*pu~, 7777, bb, WTW ™, etc.

In the first two figures, we present our results for the upward muon flux due to
the annihilation of a DM particle via the direct production (xx — v,7,) channel.
To illustrate various contributions, we choose the DM particle mass m, =500 GeV,
in Fig. 5.1, the NFW DM density profile [92] and the boost factor B =200 which is
in the range of the boost factor values that explain the PAMELA data [47, 130]. In
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Fig. 5.2, the DM density profile is the cored isothermal profile and we use a boost
factor B = 800 to match the normalization of the NFW density profile. We show
our results for two different choices of the cone half angle (5° and 10°) and compare

them with the angle-averaged background due to the atmospheric neutrinos.
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Figure 5.1: Upward muon flux obtained from DM annihilation into neutrinos in the
Galactic Center, for a cone half angle () of 5° (dot-dashed) and 10° (dotted). The
background upward muon fluxes due to (angle-averaged) atmospheric neutrinos are
shown with the solid (for # = 5°) and the dashed (for # = 10°) curves. The NFW
DM profile is used, along with a boost factor B = 200 and m, = 500 GeV.

For a 10° cone half angle, the signal dominates over the background in the range
180 GeV< E,, <420 GeV for the NFW profile. We note that the background signal
is suppressed more than the DM signal with the decrease in the cone half angle. As
a comparison, for a 5° cone half angle the signal exceeds the background in a wider
range of energies, 60 GeV< £, <480 GeV.

From Fig. 5.2, we note that in case of the isothermal profile for the DM in which
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Figure 5.2: Same as Fig. 1 but for the cored isothermal dark matter density profile
and a boost factor B = 800.

there is a relatively less dense core region, by increasing the cone half angle from 5°
to 10°, there is an almost equal enhancement of the upward muon fluxes from the
atmospheric neutrino background and from the DM annihilation in the center of the
Galaxy. For the set of the parameters that we choose here, the DM signal becomes
larger than the background in the energy ranges of 100 GeV< £, <470 GeV and
70 GeV< E, <480 GeV for the cone half angles 10° and 5°, respectively.

Fig. 5.3 shows the dependence of the muon fluxes from DM annihilation via the
direct production channel for m, = 200, 500 and 800 GeV. We consider the NF'W
profile, a fixed boost factor (B = 200) and a fixed cone half angle (6, = 5°). The
figure shows the upward muon flux as well as the contained muon flux assuming

a detector size D = 1 km !. We find that regardless of the mass dependence, the

'We calculate the contained muon fluxes by multiplying Eq. (4.25) with a detector size of D =1

km, in order to be able to compare the signal levels with those from upward muon fluxes which
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upward muon event flux is a decreasing function of the muon energy whereas the
corresponding flux of the contained muon events increases with the muon energy
up to the cut-off set by the initial neutrino energy. In our calculations, we assume
that the DM particles annihilate at rest and thus the neutrino energy for this decay

mode can be set to the rest mass of the DM particle, E, = m,,.

W 7T ~ 1T *~ T T~ T * T ™ T T T 7
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Figure 5.3: Muon flux due to the dark matter annihilation into neutrinos in the
Galactic center for different dark matter masses, curves correspond to the dark
matter masses of 200 GeV, 500 GeV and 800 GeV, respectively. The corresponding
backgrounds are also shown. All the solid lines correspond to the contained muon
events with D = 1 km, whereas the dashed ones to upward muon events.

The signal for the muon flux from the contained muon events has a stronger
suppression with the increase in the DM mass than for the upward muon events.
This is due to the m 2 dependence in Eq. (4.4). The mass dependence for upward

events is more complex because of the mass dependence in the upper limit of the z

are given per area.
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integration in Eq. (4.34). A large mass m, (and therefore higher E,) produces a
higher energy muon which has a longer range in the rock below the detector. For
example, for F, > 380 GeV, the upward muon signal from the annihilation of the
DM particle with mass m, = 800 GeV dominates over the one from that of the DM
particle with mass m, = 500 GeV.

For a wide range of muon energies, the DM signal is above the atmospheric
background both for contained and upward muon events in the xx — v,7, channel
with the boost factor used here. We find that for a given DM mass the contained
muon events exceed the upward ones in the range E, > 0.6m,,.

In Fig. 5.4, we present our results for the muon flux due to yx — 777~ channel.
This channel is characteristic of all three-body decays into neutrinos (secondary
neutrinos). Again shown are the upward and contained muon signals from m, =
200, 500 and 800 GeV with the NFW profile and B = 200.

Note that in the case of secondary neutrinos, the signal for both upward and
contained muon events decrease as the muon energy increases, and for a fixed m,,
the contained muon events, in general, dominate over the upward muon events for
muon energies 100GeV < E, < m,. This is a consequence of considering a detector
size of D = 1 km, a size larger than the range of a muon with an energy of less than
1 TeV. The figure shows that even for a half angle of 5°, in case of NF'W profile one
would need a boost factor on the order of about 2000 for the DM signals from the
secondary neutrinos to be above the atmospheric background.

Measurements of the muon flux can also be used to distinguish different DM
models, as seen in Fig. 5.5 where we compare signals from different annihilation
channels: xxy — WTW~, xx — 777~ and xx — bb for the NFW profile, with
B = 200, the cone half angle equal 5° and m, = 500 GeV. The signals from the
b-quark and the tau decay modes differ only by an overall factor which is close to
the ratio of the decay branching fractions of the corresponding modes. However, for
the W decay, being a two-body decay, the shape of the muon flux is quite different
than those of the b-quark and tau which are both three-body decay modes. This

indicates that muon flux from the secondary neutrinos as a by-product of the DM
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Figure 5.4: Muon fluxes due to the secondary neutrinos produced through the dark
matter annihilation into tau particles in the Galactic center for different dark matter
masses; m, = 200,500 and 800 GeV. The solid (dashed) curves correspond to
contained (upward) muon events.

annihilation can also be useful in discriminating different DM models.

We now turn to the event rate per area of upward and contained muons produced
by v, + 1, from direct DM annihilation to neutrinos. Integrating the fluxes over the
final muon energy, we obtain the muon rate from the annihilation of the DM as a
function of the mass m, (Fig. 5.6) for the NF'W profile with B = 200 and €y,ax = 5°.
Here, the threshold energy is taken to be Ey, = 80 GeV. Due to the finite size of the
detector (D = 1 km), and m;z dependence of the annihilation rate, the signal for
the contained muon events decreases with increasing the DM mass. On the other
hand for upward muon events, heavier DM particles yield more energetic neutrinos
which makes a larger portion of muons in the rock below the detector to contribute

to the final muon flux. This effect combined with the energy dependence of the
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for the NFW profile with B = 200.

neutrino CC cross section, results in increasing muon rate up to m, = 650 GeV,
at which point the m;z dependence of the annihilation rate takes over resulting in
slow decrease of the muon rate. A comparison of the contained and upward muon
rates presented in Fig. 5.6 indicates that for m, < 500 GeV the signal from the
contained muon events still dominates over the signal from the upward muon events.
Even though the signal depends weakly on the value of the threshold energy, the
background is very sensitive to it due to the large contribution from the low energy
atmospheric neutrinos. The signal to background ratio increases with increasing the
muon energy threshold. We obtain the same results for the isothermal DM density

halo profile if the boost factor is taken to be 800 for the same cone half angle of 5°.
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Figure 5.6: Muon rates due to the dark matter annihilation into neutrinos in the
Galactic center. The solid (dashed) lines correspond to contained (upward) muon
events. We take cone half angle, 0,,.,, to be 5°.

In Fig. 5.7 we also show our results for the 10° cone half angle. We note that
in case of contained muon events the signal dominates over the background for 100
GeV < m, < 200 GeV, when the threshold energy is 80 GeV. For upward muon
events, signal is below the background for all m,. The isothermal DM density halo
profile gives larger signal than obtained with the NFW profile by about a factor of
2, due to its larger increase of (J2)q for 10° relative to 5°.

In Fig. 5.8 we show contour plots for upward muon events, N, =
(0.5,5,50,500,850) km~2yr~!. The solid (dashed) lines correspond to the muon
energy threshold of 50 (80) GeV. We also calculate that N, = 714(516) km?yr—*
for the upward muon events due to the atmospheric muon neutrinos for the muon
energy threshold of 50 (80) GeV. We find that for a fixed cone half angle the anni-

hilation cross section does not depend on m, for m, > 200 GeV to produce a given



82

10 F T T T T T T T T T T T T T T T T ]
i NFW profile, B=200, 6 =10° E" = 80Gev ]
L - i
XX~=V,V . —— ATM,E" =80Gev
i solid lines : contained "
. dashed lines : upward
10 =
s ]
o N ]
E C ]
g [ ]
Q ]
N
-  TTmmm—me e ]
s | ___--
=} -
= 103 F /// =
C 4 .
L / _
L 7/ .
L/ .
1
s 4
|/ n
I
(
102 ! | ! | ! | ! | ! | ! | ! | ! | !
100 200 300 400 500 600 700 800 900 1000

m, (GeV)

Figure 5.7: Same as Fig. 5.6 but for 6,,,, = 10°.

total muon flux since the decrease in the annihilation rate with m, is compensated
with the increase in the muon range and neutrino cross section with m,. The de-
pendence on the choice of the threshold is also negligible. However, for low mass
DM particles, higher values of the annihilation cross sections are required in order to
have the same total muon flux. This is due to the fact that the neutrinos originating
from this low mass DM annihilation mostly contribute to the muon flux at energies
less than the thresholds we choose. The parameter space above the dotted line is
excluded at 90% C.L. by Super-Kamiokande observations toward the direction of
the GC with a cone half angle of 5° [207].

The dominant atmospheric neutrino flavor at neutrino energies above 40 GeV is
v, which produces track-like events through CC interactions in the neutrino tele-
scopes. Identifying track-like events could reduce the background substantially.

Recently it has been argued that IceCube+DeepCore will be able to put constraints
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on DM properties in a more efficient way by just analyzing the cascade (i.e shower)
events which are due to CC interactions of v, and the NC interactions of the all
neutrino flavors [65]. Since the weak scattering cross sections are independent of
the flavors, the signal to background ratio is enhanced in shower events since v,
can only contribute to the shower events through NC interactions where the cross
section is about 1/3 of the CC cross section (Eq. 3.36).

In Fig. 5.9, we show hadronic shower rates as a function of m, from NC inter-
action of muon neutrinos and antineutrinos. These rates are the same for any other
neutrino flavor with a democratic xyxy — vv annihilation rate. Also shown is the
hadronic shower rate due to the atmospheric muon neutrinos; N%™ = 168 km2yr~!

for the NC interaction. The shower threshold is taken to be 100 GeV. We note that
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the background due to the atmospheric electron and tau neutrinos is much smaller

than for the muon neutrinos, so the signal to background would not change much

here when the background signals from all neutrino flavors were included.
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Figure 5.9: Hadronic shower rates for NC (dot-dashed) interactions of v, + 7, when
muon neutrinos are produced directly from the dark matter annihilation in the
Galactic center. The NFW profile, with B = 200, § = 5°, B = 100 GeV and

D =1 km are used.

We also evaluate the electromagnetic shower rate as a function of m, due to

electrons produced by the CC interactions of v,, with an electromagnetic shower

threshold set at 100 GeV. The atmospheric shower rate is evaluated using the atmo-

spheric v, and 7, flux for an effective zenith angle 0.4 < cos#, < 0.5, which roughly

corresponds to the angle describing the position of the GC relative to the IceCube

[71],

do B 500.0 E N\
dEdQ) ~ (GeVm2ssr) \ GeV
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Figure 5.10: Electromagnetic shower rates as a function of m, for v. + 7, CC
interactions when electron neutrinos are produced directly in the annihilation of
dark matter in the Galactic center. The NFW profile, with B = 200, § = 5°,
E™ =100 GeV and D = 1 km are used.

In Fig. 5.10 we see that the signal to background ratio is increased for the
electromagnetic showers relative to hadronic showers mainly due to a very small

atmospheric electron neutrino flux which is about 34 km™2yr~—!.

For secondary
electron neutrinos from the decay of taus which are produced via xy — 7777, the
signal becomes comparable to the background.

For the future neutrino detector which is positioned in the northern hemisphere,
such as KM3Net, the relevant background would be coming from almost horizontal
showers, which is about a factor of three to four times larger than the flux given by

Eq. (5.1), giving approximately electromagnetic shower flux of 100 km ?yr~!.



86

10 3 T T T T T T T T T T T T T T |7 T T ;
0O h — showersfrom xx—>vv withCC 7
\ E ¢ =100Gev - — showersfrom xx—>w with NC |
2 ‘

10 I Pt
0 i
§ 10t -
3 E
O -
:L =
P |
ek - -
> g\ == =
o Bl See =77 ]
\2 =

10"

I \\\HH‘

-2 | 1 | 1 | L | L
10900 200 300 400 500 600 700 800 900 1000
m (GeV)

Figure 5.11: Hadronic shower event curves, N = (0.5,5,50,500)km~2yr~1, for the
CC (solid) and NC (dashed) processes, for a NFW dark matter density profile, a 5°
cone half angle, the boost factor set to be unity and D =1 km.

In Figs. 5.11 and 5.12, we present the contour plots for showers with the energy
threshold of 100 GeV. The main difference between the showers and the upward
muons appears for m, > 200 GeV where for a given total number of shower events
higher annihilation cross sections is required with the increase in m,. This is due to
the contained event nature of the shower events which are all produced inside the
detector with finite size. Thus, in contrast to the case for the upward muon events
that we discussed earlier, the strong suppression of the annihilation rate with m,,
can not be compensated because of the finite size of the detector. The CC showers
actually require a smaller annihilation cross sections in order to produce the same
number of total shower events that NC showers produce for a fixed m, due to the
larger weak scattering cross sections.

The signal detection significance can be evaluated using Eq. (4.42). We obtain
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Figure 5.12: Same as Fig. 5.11 but for electromagnetic shower events.

the time it would take to observe a bo effect using our results for the contained
muon events (Fig. 5.6), hadronic showers (Fig. 5.9) and electromagnetic showers
(Fig. 5.10). In our calculations, we use the effective volume of IceCube+DeepCore
for the track-like (shower) events, i.e Vg = 0.04(0.02) km?®. In Fig. 5.13, we
show the observation time (t) required for IceCube+DeepCore detector to detect or
exclude the DM signal via the direct production channel at a 50 level. Here, we
again use fixed boost factor (B = 200) and cone half angle (f.x = 5°). Our results,
when we take Brp = 1 for the direct production channel, suggest that in less than
two years of observation IceCube+DeepCore will be able to reach a 5o detection
for the contained muon and electromagnetic shower events for a wide range of m,.
Decreasing the branching fraction by an order of magnitude increases the observation
time significantly in order to reach the same significance. For instance, t ~ 10 — 50

years, for 150GeV < m, < 500GeV in the case of contained muon events, and
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somewhat shorter for the electromagnetic showers.

In the case of secondary neutrino production, when neutrinos are produced from
tau decays, and taus are products of DM annihilation, these neutrinos can interact
inside the detector producing hadronic and electromagnetic showers, in addition
to muon neutrinos producing muons via CC interactions. In Fig. 5.14, we show
that IceCube+DeepCore detector could potentially detect a 20 effect in 5 (8) years
for m, = 300 GeV (1TeV), in case of excluding muon-like events. To reach a 20
detection for the electromagnetic showers due to the secondary electron neutrinos
IceCube+DeepCore will need about 10 — 20 years of observation for 250 GeV <
m, < 1 TeV. When muon-like events are included, the observation times for the
hadronic showers become similar to those for the electromagnetic showers. The time
needed for a 5o effect for hadronic (electromagnetic) showers is almost an order of
magnitude longer than for a 20 effect.

Comparing the secondary and direct production (Figs. 5.13 and 5.14) one sees
that it takes longer (by about one order of magnitude) to detect showers from
secondary neutrinos that to detect showers from primary neutrinos. This is because
of the different shape of the shower energy distributions: for direct neutrinos it
increases with energy and for secondary neutrinos it decreases with energy.

Since the angular resolution for showers is expected to be much worse than for
muons, for the angular resolution of 30°, the number of signal events will be larger
by a factor of 6, while the background will increase by a factor of 35, which results
in reducing the time it would take IceCube+DeepCore to see a 20 effect to 3 years
for hadronic showers. This is in qualitative agreement with the results presented in
Ref. [62].

For DM models in which neutrinos are decay products of taus produced in the
DM annihilation, looking for contained hadronic showers in IceCube+DeepCore
seems promising to detect a signal at the 2 o level, assuming the NFW DM density
profile and a boost factor B = 200.

In Table (5.1) we give a summary of our results for the event rates for various DM

masses. We consider the direct production of neutrinos (xx — v7) and the neutrinos
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Table 5.1: Event rates per km? per yr for the contained (ct), upward (u) muons
(1) and for the showers (sh) produced via CC, NC and electromagnetic (em) in-
teractions. Neutrinos from direct production (xy — v¥) channel and secondary
neutrinos from xxy — 777~ channel are considered. We have set B - Br = 200 for
each channel. The cone half angle is chosen to be 5° and 10°. The threshold energy
for the muon (shower) events is set to be 80 (100) GeV. The backgrounds due to
atmospheric neutrinos are also presented.

mxéGeV)

200 300 400 500 “600 700 800 900 1000

XX — VU

NE(5°) 2240 1750 1385 1135 976 850 750 670 611

NE(10°) 3808 2975 2355 1930 1659 1445 1275 1139 1039

NE(5°) 615 850 960 1010 1035 1042 1040 1033 1023

NE(10°) 1046 1445 1632 1717 1760 1771 1768 1756 1739

NHC(5°) 430 400 355 310 274 240 220 200 182

Nj)’lC(IO") 731 680 604 527 466 408 374 340 309
£ (5°) 1310 1230 1080 935 830 741 665 605 556

NSC;LC(mO) 2227 2091 1836 1590 1411 1260 1131 1029 945

Ng(5°) 1920 1600 1300 1100 950 820 730 660 600

Ngm(10°) | 3264 2720 2210 1870 1615 1394 1241 1122 1020

XX — 7T

N (5°) 17 28 33 33 32 31 28 27 24

Nj)’lC(IO") 20 48 56 56 54 53 48 46 41
£C(5°) 39 66 73 72 70 66 61 58 55

NSC;LC(mO) 66 112 124 122 119 112 104 99 94

Ng(5°) 20 34 38 37 3 33 31 29 27

Ng™(10°) 34 58 65 63 60 56 53 49 46

ATMY, 839 (5°) 3356 (10°)

ATM 564 (5°) 2256 (10°)

ATMAC 169 (5°) 676 (10°)

ATMSE 523 (5°) 2092 (10°)

ATME 34 (5°) 136 (10°)
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Figure 5.13: Time as a function of dark matter mass, m,, for the direct neutrino
production channel (xyx — v7) to reach a 5o detection level for IceCube+DeepCore
detector. The curves correspond to hadronic showers (solid lines), electromagnetic
showers (dotted lines) and the contained muon events (dot-dashed lines). Bp =
1(0.1) for the lower (upper) curves, the boost factor is taken to be 200 and the cone
half angle is 5° for all curves.

from the tau decay (xx — 777~ — [Tl v, vp). We classify the event rates as
contained (ct) and upward (up) for the track-like muon (u) events, and depending
on the type of the interaction involved CC, NC and electromagnetic (em) for the
shower events. Two different cone half angles are chosen, § = 5° and 6 = 10°, and
the threshold energy for the track-like muon (shower) events are set to be 80 (100)
GeV. We also show the atmospheric neutrino background for the track-like muon

and for the shower events.
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Figure 5.14: Time as a function of dark matter mass, m,,, for the secondary neutrino
production channel yx — 777~ — [Tl v, v,y to reach a 20 (solid curves) or a
50 (dashed curves) detection level when measuring electromagnetic showers (top
curves) and hadronic showers (lower curves).

5.2 Dark Matter Signal from the Core of the Earth/Sun

To illustrate the muon flux’s dependence on muon energy, we begin with DM anni-
hilation in the Earth’s core. In addition to making a choice for m,, one must also
make some assumptions about the DM-nucleon cross section and main channel to
produce neutrinos. For all of the figures for DM annihilation, we use o ~ 1078 N}
pb [53, 106] and the standard composition of the Earth as reviewed in Ref. [187].
The upper curves in Fig. 5.15 show our results for xx — v,7, with B,, =1,
for upward events (dot-dashed line) and contained events (dashed line) for m, =
500 GeV. The lower dot-dot-dashed and dot-dash-dashed lines in Fig. 5.15 come

from yx — 777~ with B, = 1, followed by 7 — v,;up, according to the energy
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Figure 5.15: Muon flux obtained from dark matter annihilation into neutrinos in the
core of the Earth, when muons are created in neutrino interactions with nucleons in
the rock below the detector (dot-dashed and dot-dot-dashed curves), when muons
are created in the detector, i.e. contained events (dashed and dot-dash-dashed
curves). The upper curves are for the direct production of neutrinos, while the
lower curves are for neutrinos from tau decays. The background from contained
atmospheric neutrinos, evaluated for a cone half angle 6,,,,, = 1° are shown with the
dotted line and the upward muon flux from atmospheric neutrinos is shown by the
solid line.
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distribution given in Chapter 3. We choose the tau channel as representative of the
three body decays.

As before, for direct production of neutrinos, d¢,/dE, « é(m, — E,). The cross
section for neutrino production of muons smears the distribution. For contained
events, one sees the smeared distribution directly in Fig. 5.15. Upward events have
the additional energy redistribution from muon energy loss in transit that shifts the
muon energy distribution to lower energies, enhancing the lower energy flux relative
to the contained flux, despite the fact that the range is shorter than ¢ = 1 km. In
the cascade of 7 — v, — pu, shown with the lower curves, there is never a high
energy peak and the upward events are always below the contained events for this
value of m,. Only for m, sufficiently higher than 1 TeV could the upward events
be enhanced relative to the contained events.

As an indication of the atmospheric neutrino background, we also show upward
(solid line) and contained events (dotted line) from a solid angle defined by a cone
half angle 1° around the upward vertical direction. The approximate angular res-
olution of the IceCube detector is § = 1°, however, DM annihilation can occur at
angles larger than 1°. In particular, for a 500 GeV neutralino, it has been shown [57]
that most of the annihilation occurs within an angle of 8 ~ 2.7°. With this larger
nadir angle, the solid angle for the atmospheric background is increased by a factor
of ~ 8. The shape of the background atmospheric flux is very different from the
signal of contained events for direct annihilation of DM into neutrinos. With the
atmospheric contained events in the figure multiplied by a factor of 8, the contained
event rate would dominate the background only for the high energy peak. Our sam-
ple calculation is for B,of = 107N} pb™!, in which the capture and annihilation
rates are in equilibrium (Eq. 4.12). For the secondary neutrino production, from
7 decay, one needs B,o? ~ 107" N} pb™! for this channel to be comparable to the
background. Clearly measurements of the shape of the muon flux, both contained
and upward, would be useful in searching for the DM signal.

These values of the cross section ¢ required for signals on the order of the

atmospheric background are sufficient for the condition for the equilibrium between
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capture and annihilation in the Earth’s core to be satisfied. Even though only
with significant enhancements of the capture rate (i.e. DM-nucleon cross section)
or DM annihilation rate, the Earth might be a source of measurable rates for DM
annihilation to neutrinos, it is a useful demonstration of the energy dependence of
the muon flux.

The energy dependence of Fig. 5.15 is at odds with the muon energy dependence

sometimes found in the literature [53]. There, the upward flux of muons is written

as
d¢u FA mx dN,,
S _ dE, () R, (E,. E
dE, ArR3% Jm, <dE,,>Fu (L, Ein)
do? —
X{d—&ﬂp"‘(PHn)}ﬂL(V—’V)a (5.2)

where Fy, = 50 GeV. This expression accounts for the fact that muons have a range
with an energy dependence, however, it does not account for the fact that over
the distance R(E,, Ey,), the muon has a final energy of Ey,. Eq. (5.2) does not
represent the energy dependent upward muon flux, however, the muon rate for the
upward muon events with E,, > Ey, as a function of m, obtained using Eq. (5.2)
and the results using Eqs. (4.34) and (4.24) have similar shapes (Fig. 5.16) with the
overall normalizations differing by a factor of two. In Fig. 5.16, the sharp decrease
of contained muon rates with an increase in m, is due to the inefficient capture
rate for high mass DM particles in the core of the Earth (see Table 4.3). On the
other hand, for the upward muon events, we observe a mild decrease for the muon
rates due to the compensation of the muon range which increases with initial muon
energy, or equivalently with the DM mass.

In Fig. 5.17, we show the upward muon fluxes from Eq. (5.2), for the direct neu-
trino production (dashed line) and from the 7 decay (dot-dashed line). Comparing
results from Figs. 5.15 and 5.17, we find that the upward muon flux of Eq. (5.2)
for xx — v case follows more closely the contained muon flux at high energies
presented in Fig. 5.15 (dashed line) than the upward flux, with an enhancement at

high F,, because the muon range increases with muon energy. Clearly, the upward
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Figure 5.16: Muon rates for contained (dashed line) and upward (solid line) muon
events due to dark matter annihilation in the core of the Earth; we consider yx —
v,7,. We compare our results with those obtained by using Eq. (5.2) (dot-dashed
line). In the figure, R, refers to Eq. (5.2), integrated over £, > Ey,.

muon flux in Fig. 5.17 (dashed line) does not accurately reflect the muon energy
distribution of upward muon events from DM annihilation in the Earth. Similarly, a
comparison of upward muon flux for yxy — 77, followed by 7 — v, uv,, obtained
using Eq. (5.2) has a very different shape than the same flux obtained with Eq.
(4.34). Comparable discrepancies are found between upward muon fluxes from Eq.
(5.2) and our evaluation of upward muon events for DM annihilation in the Sun as
well.

We also show with the solid line in Fig. 5.17 the results for upward muon flux
from the xx — 777~ from Ref. [57]. In Ref. [57], the flux of muons comes from a
PYTHIA simulation of the resultant muon neutrino flux and a simulation of muon

electromagnetic energy loss. A DM distribution has been assumed in the Earth’s
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Figure 5.17: Upward muon fluxes obtained using Eq. (5.2) for xx — v,7, (dashed
line) and for yy — 7+7~, followed by 7 — v,uv, (dot-dashed line), and the muon
upward flux for xy — 777~ channel from Ref. [57] (solid line). The upward muon
flux from Eq. (5.2) is inconsistent with the upward muon flux shown in Fig. 5.15.
In the figure, (*) refers to Eq. (5.2) and (**) to Ref. [57].

core and contribution from DM annihilation around the center of the core with
specific angular cuts (f < 5°) have been applied, so the normalization should be
lower. The energy distribution has qualitatively the same behavior as our results,
however, it does not vanish at the kinematic limit when F,, = m,.

Similar conclusions can be derived in the case of capture of DM in the core of the
Sun. As noted earlier, there is attenuation of the initial neutrino flux as it propagates
from the core to the exterior of the Sun. The interaction length of the neutrinos
with energy ~ 30 GeV becomes equal to the column depth of the Sun (the average
density of the core of the Sun is ~ 150 g/cm?). At higher energies, the interaction

length becomes even smaller and the neutrino flux is reduced significantly. We do
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not include neutrino oscillation in the Sun [15], which depending on the DM model,

might affect the flux of v, + v,.
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Figure 5.18: Muon fluxes obtained from dark matter annihilation into neutrinos in
the core of the Sun, for upward events (dot-dashed and dot-dot-dashed lines), and
for contained events (dashed and dot-dash-dashed lines). The upper curves are for
the direct production of neutrinos, while the lower curves are for neutrinos from tau
decays. Background upward muons are shown with the solid line and the contained
muons are shown with the dotted line, where the evaluation used the angle-averaged
atmospheric neutrino flux integrated over a solid angle with ,,,, = 1°. The thin
solid line is from Edsjé’s parametrization of the muon flux [57].

In Fig. 5.18, we show the upward muon and the contained muon fluxes for
the direct production and for the 7 production channels. In our calculations, we
approximate neutrino attenuation in the Sun with an exponential suppression as
presented in the previous section (Egs. (3.39) and (3.40)). We note that this effect
becomes stronger for higher neutrino energies which manifests itself when m, is

large. Recall that the CC neutrino nucleon cross section increases with the neutrino
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Figure 5.19: The upward muon flux times muon effective area obtained from dark
matter annihilation to neutrinos in the core of the Earth (solid line) and Sun (dot-
dashed line). For comparison, we also show the contained muon flux times 1 km?
for the Earth (dotted line) and for the Sun (dashed line).

energy. As an example, the muon flux decreases by a factor of 3 for m, = 250 GeV,
factor of 10 for m, = 500 GeV and two orders of magnitude for m, = 1 TeV, as
compared to the case with no attenuation.

We compare our results for muon flux with those in Ref. [57], where there is
an assumption of DM distribution in the core of the Sun and contribution from
DM annihilation around the center of the core with specific angular cuts have been
applied. Effects due to neutrino flavor oscillations in the Sun have not been incorpo-
rated. The shape of the energy distribution is similar to our result, but with lower
normalization and with a lack of the kinematic cutoff when E,, = m,.

As in the case of the Earth, the upward muon flux from yy — vv is larger

than the contained flux for muon energies, £, < 380 GeV, while in the case when
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neutrinos are produced via xx — 7177, followed by 7 — v,up,, the contained
muon flux is always larger than the upward flux. We also show the angle-averaged
atmospheric flux for a cone half angle 1°. For direct annihilation into neutrinos for
the model in which the branching fraction is of the order of one, the signal is larger
than the atmospheric background for both contained and upward muons. For the
tau channel, signal is comparable to the background for upward muons when muons
have energy around 200 GeV, however taking into account the effects of kinematics
on the angular pointing of the muons at low energy may make this less apparent.
With the upward muon fluxes evaluated above from annihilation of DM in the
Earth and the Sun, it is possible to estimate the event rate of muons in IceCube
using the muon effective area given in Eq. (4.40). This effective muon area models
the threshold detection effects near F, ~ 50 GeV and local rock and ice below
the IceCube detector. Fig. 5.19 shows our results for the upward muon flux times
effective area with the solid and dot-dashed lines (solid for the Earth), and for the
contained muon flux times the effective area of 1 km? (dotted and dashed lines,
dotted for the Earth). The energy dependence of the effective area changes the

shapes of the curves for upward muons at low energies.

5.3 Analytical Results for Final Muon and Shower Fluxes

The results that we present here are for the case of annihilating DM in the GC.
The results for the annihilating DM signals from the cores of the Earth and the
Sun can easily be found by re-scaling our results (see Table 4.3). The muon and
shower fluxes for different annihilation channels are given. Independent of the overall
normalizations, we present our results in terms of F,, which is the maximum possible
energy for the muons or showers, i.e E,, = m, for annihilating DM particles. In
order to obtain results for decaying DM, the re-scaling given in Eq. (4.11) can be
used with setting £, = m, /2 in the equations below.

The differential upward muon flux for the yx — v7 channel is found to be

do N, b,
M a’(Em_EN)_I_@(Em_

iE, ~ (B, +a/f) E,) (5:3)
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where

RoprF <O"U>F<J2>QAQTHPG%NA

N, = B
42 Bm2

_ My -
— 0.5859(100Gev) B(J)0AQ (5.4)

in units of GeV~'km~2yr~!. There is a separate distribution for neutrino and an-
tineutrinos, since the parameters a and b depend on the incident particle and the tar-
get (see Tables 4.4 and 4.5). Also appearing are the Fermi constant G ~ 1.17x107°
GeV~2 and Avogadro’s number Ny ~ 6 x 10?. For standard rock, o ~ 2 x 1073
GeVcem? /g accounts for the ionization energy loss and 8 ~ 3.0 x 1075 ecm?/g ac-
counts for the bremsstrahlung, pair production and photonuclear interactions and

we take p = 2.6 g/cm3. Similar expressions can be derived as

do,, E?
— =N, h—L£ E,—-F .
iE, (a + ) O( ) (5.5)
for the contained muon events and
d¢sh (Em - Esh)2
=N, b——— E,, — E, .
5., (a + 7 O( h) (5.6)

for the shower events, where ©(z) =1 if x > 0 and ©(z) = 0 otherwise, and

RoprF<O”U>F<J2>QAQmPG%NAp
4m?m?2

N, = DB

My

100GeV

— 0457 ( >_2 B(Jy)0AD (5.7)

in units of GeV~tkm=2yr~!. where D is the size of the detector. We note that

d
% x p° for the upward events

d
40n x p' for the contained events,
dE,

so, the muon flux doesn’t depend on the rock density for the upward events ex-
cept through o and 3, whereas for the contained events, the muon flux is directly

proportional to the density of the medium.



101

All the expressions for the muon flux derived below contain a O(£,, — £,) func-

tion. For secondary neutrinos which possess an energy spectrum in the form

(), 2 ) &

where A is an overall factor, the differential upward muon flux can be calculated by

using
do, N,A
= P(E,,, E,, K(E,,, FE,,
+ L(E,, Eu,n) + M(E,,, Eu,n)] (5.9)
where
aBr (B, — E,)
P(E,, E,n) = D) K’
a(E(n+2) o E(n+2))
K(E,,, FE = — n K’
(B, Eps ) (n+1)(n+2)
bE(V(ES — E3)
L(Em,Eu,n) = 30— 1) L
b(E(n+2) o E(n+2))
M(E,,, FE = — n K’ 1
(Em: Eis) n—Dn+2) (5.10)

for n # 1 and when n = 1,

do, N,A 3 b 3aE, E? 3 (E a b
— E 2) 20 g (g —“) @),
dE, 3Em(EH+%)[ m\ 13 o "M\ E,) T2 3

For the contained muon events and when n # 1,

dp, N.A a bE? -
= ECt) _ gty (g pn=l) 5.12
dE, ~ By, [(n+1)( L A e L R A R
which reduces to
dé, N.A[a, _, ) . (Enm
e “(E? - F E2In | =22 )] . 1
dE,  Enm lz( m ~ Ey) + bE,In E, (5.13)
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when n = 1. Similarly, for the shower events

dosp NA[ a+b , . . bE2 -

dEy, ~  En (n+1)(E&+1)—E§h+l))+ﬁ(Efn VBT +
20E, , . o
-2 g — B (5.14)

when n # 1 and n # 0. It reduces to

d¢sh

= N.A
dEsh

1 1 E
- - 2 s sh
(a+b0)(E, — Esg) — bEZ, <Em Esh> + 20E,;, In ( » >] (5.15)

for n =0 and

dgbsh (CL + b) 2 2 QbESh bEszh (Esh>
e _NCA[ s (= B2 = (B — Ba) = " (5) | (5.16)
for n =

5.4 Summary and Discussion

We have studied neutrino signals from DM annihilation in the GC. We have calcu-
lated contained and upward muon fluxes from neutrino interactions, when neutrinos
are produced in annihilation of DM either directly or via the decay of taus, W-bosons
or b-quarks. We have shown that in the case of direct neutrino production, the sig-
nal is above the atmospheric background for both contained and upward events,
assuming that the annihilation rate is enhanced by boost factor of 200 (when the
NFW DM halo profile is used) and that the branching ratio of DM annihilation into
neutrinos is one. In general, the boost factor values that are required to explain
the data obtained by the indirect detection experiments vary depending on the DM
model and the DM mass. For the specific DM model our results can be rescaled by
the corresponding product of the boost factor B and the branching ratio Bp.

We have found that the contained muon flux dominates over the upward muon

flux for all energies when m, = 200 GeV. However, as we increase the mass m,, of the
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DM particle, for example when m, = 500 GeV, the upward muon flux dominates up
to £, = 300 GeV, and for m, =800 GeV, up to E, = 500 GeV. This is due to the
increasing muon range as the muon initial energy increases, which becomes possible
when m,, is larger thus producing higher energy neutrinos in the annihilation. In
the case of secondary neutrino production, the signal becomes comparable to the
background if the boost factor is an order of magnitude larger than the value we
considered. We have shown that the shape of the muon flux depends on the specific
decay mode, and that the dominant flux comes from tau decay at low muon energies,
and from W-decay for muon energies above 200 GeV. The total upward muon rates
have a weak dependence on m, and on the muon energy threshold for m, > 400
GeV, due to the balance of the energy dependence of the muon range, the upper
limit of the muon energy (given by m,) and the explicit dependence on m,, (~ m;?)
of the muon flux. However, the total contained muon rates show a sharp decrease
with m,, for m, > 150 GeV due to the finite size of the detector. Upward muon
events dominate over contained muon events for m, > 550 GeV.

We have also shown that showers produced by neutrino interactions, when neu-
trinos are produced directly in DM annihilation, could also be used to detect a
DM signal from the GC. In particular, electromagnetic showers have much smaller
background, from atmospheric electron neutrinos, than the hadronic showers. In
addition, we have studied the contour plots of both the upward muon events and
the showers and we have shown the required dependence of the annihilation cross
section on the DM mass in order to observe a fixed number of event rates. We
have discussed the origin of different shapes for the contour curves in each case and
pointed out the contained event nature of the shower events. We have shown that
after one year IceCube+DeepCore detector could potentially observe a 5o signal
effect by measuring contained muons (for direct neutrino production), or in 5 to
8 years a 20 effect with hadronic showers even in the case when they are due to
secondary neutrinos.

IceCube+DeepCore will be able to identify track-like events due to the CC in-

teractions of muon neutrinos, the showers due to NC interactions of all the neutrino
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flavors and the CC interactions of electron and tau neutrinos. In particular, above
the neutrino energy of 40 GeV the signal to background ratio for showers is further
enhanced since the atmospheric tau and electron neutrino fluxes are suppressed rel-
ative to the atmospheric muon neutrino flux. Thus, the main background is the
NC interaction whose cross section is about a factor of three less than the CC
cross section of the atmospheric muon neutrinos. The measurement of the ratio of
track-like muon and shower events eliminates the dependence on some parameters
of the theory (e.g., boost factor, the DM density profile, etc) which only determine
the overall normalization for the energy dependent differential muon fluxes, so the
physical properties of the DM particle can better be determined.

In addition to the possible signals to be detected in the neutrino telescopes
due to DM annihilation in the GC, we have also calculated muon fluxes from DM
annihilation, when DM is trapped in the the Sun’s (Earth’s) core. Without using
a specific model for DM, we have considered yxy — v and yx — 777, followed
by 7 — v;uv, channels as representatives of direct and of the secondary neutrino
production. We have taken into account neutrino attenuation as it propagates from
the core of the Sun to its surface. In the evaluation of the upward muon flux, we
have incorporated muon energy loss, as described by the muon range.

We have shown that our results exhibit a very different energy dependence than
those obtained from Eq. (5.2) that is widely used in the literature [15, 51, 53, 106,
208, 209, 210], however, there is reasonably good agreement with the parametriza-
tion of Ref. [50, 57] away from the region of maximum energy £, ~ m,. Our results
are obtained with the assumption that the DM annihilation occurs at the maximum
rate, when the annihilation rate is half the capture rate. This is reasonable for the
Sun but requires significant enhancement of the capture rate (or annihilation cross
section) for the Earth to be in equilibrium [53].

In our calculation we have used spin independent DM-nucleon cross sections
which have much stronger experimental bound than the spin dependent cross sec-
tions [108, 109, 207, 211, 212, 213, 214, 215, 216, 217]. In the core of the Sun the
capture rate might be dominated by the spin dependent (SD) DM-hydrogen nucleus
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interactions, which would increase the signal rates by a couple of orders of magnitude
and still be consistent with AMANDA limits on annihilation rates [37, 38].

Furthermore, incorporating neutrino oscillations and the regeneration effects in
the Sun will likely affect the final muon flux from DM annihilations in the Sun,
especially in the models which possess an asymmetry in the initial neutrino fluxes
or where xy — 7777 is the dominant mode [15]. We have used a model independent
normalization, of ~ 1078N! pb and Bp = 1 to evaluate the muon flux. We have
found that for this branching fraction signals from yxy — v and xxy — 7777,
followed by 7 — v,uv,, when DM annihilation happens in the core of the Sun, are
comparable or even larger than the background (upward) muons from atmospheric
neutrinos. In the case of direct neutrino production, the upward muon flux is larger
than the contained flux for £, < 350 GeV for m, = 500 GeV, due to the muon
range. When neutrinos are produced via secondary processes, contained events
always dominate upward muons.

Model dependence is an important element, for example, xyx — v is not al-
lowed when the DM particles are neutralinos [15]. However, with the formalism
developed, one can determine muon fluxes for specific DM model by summing up
the contributions from all decay channels weighted with corresponding branching

fractions.



106

CHAPTER 6

PROBING DARK MATTER MODELS WITH NEUTRINOS

The ingredients for theoretical predictions of particle fluxes from DM annihilation
or decay include a model for the DM distribution, a particle physics model for the
DM particle couplings to SM particles, and SM physics processes for the resulting
produced particles. In this chapter, we analyze the neutrino signals from DM par-
ticles proposed by different particle physics models. For the DM distribution in the
galaxy, we use the Navarro-Frenk-White (NFW) [92] profile as a typical realistic DM
density profile. The expressions for the neutrino fluxes and its dependence on the
DM profile are presented in Chapters 3 and 4. In case of DM decay (annihilation),
the neutrino spectrum has linear (quadratic) dependence on the DM density.

The particle physics models on which we focus in this study consist of the
leptophilic, Kaluza-Klein and gravitino DM particles. Either thermal averaged
annihilation cross section times velocity (ov) or a decay time 7 specific to the
model is required. Characteristically for annihilation, the required (owv) is larger
(64, 66, 77, 218, 219] than the value required for a thermal relic abundance [13, 55]:

(ov)g = 3 x 1072¢ cm3s~!. Following the current convention, we write
(ov) = B (ov)g , (6.1)

with a boost factor B. There are theoretical evaluations of the boost factor
(30, 54, 124, 125, 126, 220, 221], however, we treat the boost factor as a phe-
nomenological parameter in this study. To explain the lepton excesses, some models
have constraints on the boost factor as a function of DM mass [77].

In leptophilic DM models [76, 77, 78, 79, 80, 81, 82, 83, 222, 223] explaining the
PAMELA positron excess, the DM annihilation or decay must proceed dominantly
to leptons in order to avoid the overproduction of antiprotons. Moreover, according

to the FERMI data, the direct production of electrons must be suppressed with
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respect to the production of electrons (and positrons) as secondaries. It was shown
[77] that the leptophilic DM with mass (m,) in the range between 150 GeV and
a few TeV, which annihilates or decays into 7’s or u’s can fit the PAMELA [116]
and Fermi [33] data as well as the HESS high energy photon data [24, 32]. The
best fit parameters for the boost factor (B) and the decay time (7) which determine
the overall normalizations, for the specific case involving muons from annihilation

(xx — ptu~) or decay (x — ' u™), respectively, are given by [77]

B = 431m, —38.9

1.182
8 ) x 10%° sec
My

= B, x 10% sec (6.2)

T = (2.29+

for m, in TeV. The annihilation channel into tau pairs is less favored by the data
[77].

Some Kaluza-Klein models can provide a DM candidate which gives the correct
relic density [75]. To account for the HESS results [24, 32], the lightest Kaluza-
Klein particle (LKP) would have a mass of the order of a TeV [74]. The LKP is also
assumed to be neutral and non-baryonic. In this model, the particle couplings are
fixed such that LKP pairs annihilate into quark pairs (35%), charged lepton pairs
(59%), neutrinos (4%) and higgs/gauge bosons (2.0%) [74, 75].

The first DM candidate proposed in the context of supersymmetry is the grav-
itino (¢3/2) which would be the lightest supersymmetric particle (LSP). The grav-
itino is the superpartner of the graviton. With the existence of small R-parity
breaking to allow the LSP to decay, the gravitino decays into SM particles. The
decay rate of the gravitino in this scenario is so small that it can have a sufficiently
long lifetime for the correct DM relic density today:.

In order to account for the observed anomalous positron excess in the PAMELA
data and positron plus electron excess in the FERMI data, the lifetime of the grav-
itino DM is constrained to be of the order of ~ 10?6 seconds and its mass to be in the
range between few 100 GeV and few TeV [87]. To explain the data, the three-body

gravitino decay mode (1)3/» — (TI"v) was considered [87]. We use the parameters
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of this model to explore neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-body gravitino decay modes
(Y32 — (WFIF, Zv,vv)) assuming the same lifetime and mass as for the three-body

decay, and with the branching fractions given in Table 6.1.

Table 6.1: Branching fractions for the two-body gravitino decay into different R-
parity violating channels for different masses [85].

MMyg 2(Gev) BF(?/)3/2 - VV) BF(¢3/2 - Wl) BF(¢3/2 - ZV)

10 1 0 0
85 0.66 0.34 0
100 0.16 0.76 0.08
150 0.05 0.71 0.24
200 0.03 0.69 0.28
400 0.03 0.68 0.29

Table 6.2: Model parameters characterizing fits to explain FERMI and PAMELA
anomalies used as examples in this study.

Particle/mode mass B, or B

Pgjo — [TV 400 GeV  B,=2.3

V30 — (W1, Zv,yv) 400 GeV  B,=2.3

X — phpo 2 TeV  B,=29

BWBW — (qg,1T1-, W+W~,ZZ,vp) 800 GeV B = 200
XX — ,U+,U_ 1 TeV B =400

Selected DM model parameters are shown in Table 6.2. For each of the DM
models considered, the decay distribution of the produced particles to neutrinos in
case of DM annihilation, or the gravitino decay distribution to neutrinos, enters into
the calculation of the neutrino fluxes that arrive at Earth. For annihilation directly
to neutrinos, the energy distribution of each neutrino is a delta function in energy,
with the energy equal to the DM mass. This case has been well studied in the
literature [53, 70, 71, 224, 225, 226]. Here, we look at the secondary neutrinos. Fig.
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6.1 shows neutrino spectra, plotted in terms of © = E, /E,, 4, Where E,, 0, = m,
for annihilating DM and E,, .4, = m, /2 for decaying DM models. The curves in the
figure are normalized to count the number of neutrinos, and in the case of the Zv
final state, the fraction of Z decays to neutrinos. The muon neutrino spectra in the
figure should be multiplied by the branching fraction for a specific decay channel in

a given model.
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Figure 6.1: Muon neutrino (v,) spectra in terms of © = E, /E, 1,4, from the three-
body decay of gravitino (dot-dash-dashed line), from the decay of 7 (dashed line),
Z boson (solid line) and from one of the two-body decay channels of gravitino
(¢ — Zv) for which Breit-Wigner distribution is used. The distributions should be
multiplied by the branching fractions, and oscillations should be taken into account
for the flux of neutrinos at Earth.

The neutrino flux at Earth can be evaluated using the neutrino flux expressions
given by Egs. (4.7) and (4.8) and the neutrino spectra given in Chapter 3 with
taking the neutrino oscillation effects into account. In Fig. 6.2, we show the muon

neutrino flux at Earth for three decay channels and two annihilation channels.
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Figure 6.2: Muon neutrino (v,) fluxes from the annihilation of the Kaluza-Klein
(dotted line), leptophilic (dashed line), and the decay of leptophilic (dash-dot-dashed
line), three-body decay (dot-dashed line) and two-body decay (dot-dot-dashed line)
of gravitino DM particles. Neutrino oscillations have been taken into account. The
angle-averaged atmospheric muon neutrino flux at the surface of the Earth is also
presented (solid line). The corresponding values of the parameters for each model
are shown as well.

In some DM models all three flavors of neutrinos can be generated by DM anni-
hilation or decay, implying the flavor ratio v, : v, : v, at the production site to be
1:1:1. This ratio remains unchanged with oscillation. This is the case for the grav-
itino decay and Kaluza-Klein DM annihilation. However, in case of the leptophilic
DM model, in which y — p*p~, the initial neutrino flavor ratio is 1 : 1 : 0 which
becomes 1 : 0.5 : 0.5 as neutrinos travel astrophysical distances for maximal mixing
of muon and tau neutrinos. We take this oscillation effect into account when we
evaluate muon neutrino fluxes presented in Fig. 6.2 and when we evaluate muon

event rates below.
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Fig. 6.2 shows that with the exception of the gravitino decays, the distributions
of neutrinos have very weak energy dependence. The two-body gravitino decay
gives a spiked feature at the kinematic limit in neutrino energy. The relative nor-
malizations of the DM curves comes from different DM lifetimes or boost factors.
Also shown in Fig. 6.2 is the angle-averaged atmospheric muon neutrino flux at the

surface of the Earth as described in Chapter 4.

6.1 Neutrino Signals from Dark Matter

For each DM candidate and model, there are several signals to pursue in under-
ground detectors. One possibility is to measure or constrain the rate of muons
produced by muon neutrinos, over and above the expected atmospheric background
rate. High energy muons point essentially in the same direction as the incident neu-
trino, and the angular resolution of high energy muon tracks is quite good. With
good enough energy and angular resolution, and a large enough target volume, one
looks for neutrinos coming directly from DM annihilation in the GC, however, the
target volume may be a limitation for constraining model parameters including the
boost factor. A comparison of the upward-going muon rate, where the target volume
is enhanced by the muon range at high energies, and the contained rate of muon
production by neutrinos in the detector, is a useful exercise.

For the IceCube+DeepCore detector, the GC is above the horizon, so the upward
muon rate of DM produced neutrinos is from the Galactic halo in a direction pointing
away from the GC. We consider this possibility as well.

Showers, either electromagnetic or hadronic, are produced by neutrinos. We look
at the optimization for these as well as a function of cone half angle, but we note

that the current capabilities for shower angular resolution are somewhat limited, on

the order of 50° [88, 133].
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Figure 6.3: Muon flux for the contained events for gravitino decay (dot-dashed and
dot-dot-dashed lines), Kaluza-Klein annihilation (dotted line), leptophilic model
(dashed line for annihilation and dash-dash-dotted line for decay) compared with the
atmospheric background (solid line), for the case when 6., = 1°. Model parameters
are given in Table 6.2.

6.1.1 Contained and Upward Muon Fluxes

We evaluate the muon flux from neutrino CC interactions in the detector, when
neutrinos are produced in DM annihilation or DM decay. In Fig. 6.3 we show muon
fluxes for the case when the DM particle is a gravitino, a Kaluza-Klein particle and
for a leptophilic model in which DM annihilation or decay produces ™ p~, for the
model parameters listed in Table 6.2. We take the cone half angle around the GC
to be 0. = 1°.

In case of the gravitino DM decay and for Kaluza-Klein DM annihilation, there
are discontinuities in the slopes at the highest muon energies coming from the su-

perposition of the direct neutrino production (dot-dot-dashed line for DM decay
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Figure 6.4: Contained muon flux from the annihilation, yx — ™~ (thick lines)
and the decay, x — ptp~ (thin lines) processes. The relation between the boost
factor and m,, and between the lifetime and m, are given by Eq. (6.2). We take

Omax = 1°.

and dotted line for the Kaluza-Klein annihilation). The direct neutrino production,
xx — v is the “golden channel” for DM detection because in this case the muon
flux is increasing with energy, and it peaks at £, = m, [71].

As noted in previous section, the parameters used for DM masses, boost factors
and lifetimes are characteristic of those that were shown to describe PAMELA,
Fermi/LAT and HESS data [74, 77, 87]. Changing the value of the boost factor
or the lifetime affects only the overall normalization of the muon flux. We find
that for this choice of the parameters, DM signals in leptophilic model exceed the
atmospheric background for F, > 175 GeV, while for the Kaluza-Klein DM model
the signal is above the background for E,, > 275 GeV. In both cases, the signal cuts

off when E, = m,,.
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We consider the effect on the muon flux shape when we change the parameters,
for example for the leptophilic model. In Fig. 6.4 we show the contained muon flux
from DM annihilation and decay in a leptophilic model for different values of the
parameters B, 7 and m,, which are constrained to satisfy Eq. (6.2) to describe the
data [77]. The decays (lower thin lines) have lower fluxes than the annihilations
(upper thick lines), even though the shapes are similar. For leptophilic models, one
cannot enhance the signal rate by increasing B or decreasing 7 with m, fixed if the
Fermi and PAMELA data are explained by the model.

Contained muons, produced by neutrino interactions in the detector, make up
one set of muon signals. Muons can also be produced in neutrino interaction in
the rock below the detector. Muons produced with energy EfL, interact with the
medium and finally reach the detector with energy F,. The effective volume of the
detector is enhanced by the muon range at high energies. We denote these events
as upward muon events (see Chapter 4 for details).

We show in Fig. 6.5, the upward muon flux for a generic northern hemisphere
detector, looking down through the Earth with a cone half angle of ,,., = 1° around
the GC. The muon fluxes are smoothed relative to Fig. 6.3 as a consequence of the
energy loss. For DM particles with masses of order 1 TeV, the upward muon flux
is larger at low energies than for the contained muons because the muon range is
larger than 1 km, effectively enhancing the volume of the kilometer-size detector.
When m, = 400 GeV, the energies of the produced muons are such that the muon
range is less than 1 km, which is the size of the detector for which the contained
muon flux was calculated. If the depth of the detector is 500 m, the contained and
upward muon fluxes for the DM mass of 400 GeV would be approximately equal at
low energies, although the contained muon flux would have a little harder spectrum.
This is direct consequence of muon range dependence on the DM mass. For example,
muon with initial energy of 400 GeV (1 TeV) has a range of 500 m (1 km).

The contained and upward muon event rates are obtained by using Eqs. (4.38)
and (4.39) where we consider an energy independent IceCube+DeepCore effective

volume, Vog = 0.04 km3, for the contained muon events [62, 88] and the angle-
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Figure 6.5: Upward muon flux for the annihilating and decaying DM models from
Table 6.2. We take 0, = 1°.

averaged muon effective area, A,z = 1 km?, for the upward muon events to be
observed in a kilometer-size detector in the Northern Hemisphere. In our calcula-
tions, we also choose Effl = 50 GeV for the energy threshold of the muon detector.

The event rates for contained and upward muons for a cone half angle of 6,,,,, = 1°
are shown in Table 6.3 for different DM models. We also obtain the number of years
required for the 20 detection significance (see Eq. (4.42)). From Table 6.3 we
note that for the parameters that we considered, only the Kaluza-Klein DM and
leptophilic annihilation models have a reasonable chance of detection for 6., = 1°.

The model parameters such as DM masses, annihilation cross sections and decay
times that we consider are introduced to explain some indirect DM searches as
explained in the previous section. However, it is also possible that the signals that

have been observed [24, 32, 33, 116] in these searches have no DM origin. Then,
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Table 6.3: Event rates per year and the time required to reach 20 detection signifi-
cance for the upward and the contained muons () for a cone half angle of 0, = 1°.
Results for different DM models are obtained by taking A.z = 1km? and Vg = 0.04
km? for the upward and contained muon events, respectively.

Aeﬂ‘ = 1km2 ‘/Cﬂ‘ =0.04 km3
N>t (yr) N t (yr)

P32 —Itl v 0.12 7811 0.0224 1.8x10%
P30 — (W, Zvyv) 0.1 1.1x10%*|0.0156 3.8x10%
X — pp 0.6 317 0.027 1.2x10%
BOBW — (qq, 11", vp,..) | 16 0.7 0.72 23
XX — ,u"',u_ 46 0.14 2.1 4
ATM 28 2.28

m, and B or 7 can be varied independently. In terms of the neutrino signals, the
dependence of the signals on the annihilation cross sections or on the decay times is
trivial since these parameters affect only the overall normalization. The dependence
on DM mass is not that straightforward.

In order to see the dependence of the signals on DM mass, we set the values of
the boost factor and the decay times to those in Table 6.2 and calculate the event
rates as a function of DM mass for each model. We present our results for the
contained muon event rates in Fig. 6.6 and for the upward muons in Fig. 6.7. The
solid line in each figure corresponds to the muon background due to the atmospheric
neutrinos.

From Fig. 6.6 we note that the contained muon rates for annihilating DM models
decrease with m,. On the other hand the event rates for the decaying DM models
increase slowly with m,, for m, <1 TeV and for m, > 1 TeV, they become almost
independent of m,. The m, dependence of the contained muon event rates is mainly
due to the m* (my ') dependence in the neutrino flux for DM annihilation (DM
decay) combined with the upper limit of integration dependence on m,. For DM
masses in the range E* < m, < 400 GeV, where E} = 50 GeV, the integration

region is sensitive to the value of the DM mass, while for m, > Eff‘ there is only
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Figure 6.6: Contained muon rates as a function of DM mass for the models presented
in Table 6.2. We take the muon detector threshold to be Eff = 50 GeV and the
cone half angle to be 0., = 1°.

weak dependence on m,. These combined effects are responsible for the observed
m, dependence of the contained muon event rates presented in Fig. 6.6.

The m, dependence of the upward muon rates is shown in Fig. 6.7. We find
that the event rates for decaying DM models increase with m, while for annihilating
DM models there is almost no m, dependence for a wide range of DM masses. In
contrast to the contained muon rates, for upward muons there is additional m,, that
is present in the muon range. As we increase the value of DM mass, the effective
volume which depends on the muon range in rock becomes larger.

The upward muon rates for a decaying DM particle have steeper increase with
increasing DM mass than for contained muon rates, because of the energy depen-
dent effective volume which increases with m,, when compared to the case for the

contained muon events.
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Figure 6.7: Upward muon rates as a function of DM mass for the DM models
presented in Table 6.2. We take the muon detector threshold to be Eff = 50 GeV
and the cone half angle to be 0., = 1°.

In Fig. 6.8, we present results for DM annihilation cross section required for a
given DM mass in order to reach 20 detection significance in five years of observation
within 0., = 1° for Kaluza-Klein (solid lines) and annihilating leptophilic (dashed
lines) models. From Fig. 6.6 we note that the contained muon event rates decrease
with m, for a fixed annihilation cross section (i.e. fixed boost factor). Therefore, in
order to have the same detection significance for each DM mass, DM annihilation
cross section needs to increase with m, as shown in Fig. 6.8. However, for the
upward muons, the event rates increase with m, for m, < 1 TeV and exhibit a
slight decrease for higher DM masses for a fixed annihilation cross section. Thus,
in order to have the same significance independent of the DM mass for the upward
muon events the DM annihilation cross section has to decrease with m, for m, <

1 TeV and increase for m, > 1 TeV as seen in Fig. 6.8. If there is no signal
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Figure 6.8: Annihilation cross section versus DM mass for upward and for contained
muon events to reach 20 detection significance with five years of observation for the
case of Kaluza-Klein (solid lines) and leptophilic (dashed lines) models. We take
Orax = 1° and EZh =50 GeV.

detected at 20 level in five years, the parameter space above each curve is excluded
at that significance level. Our results also indicate that the upward muons are
more promising than the contained muons in constraining the model parameters.
Increasing the observation time would result in larger excluded parameter space.
Similar to the models for the annihilating DM, we evaluate the parameter space
for the decaying DM models. In Fig. 6.9 we show the decay time as a function of
the DM mass for 0,,,, = 1° that is needed in order to reach 20 detection significance
with five year observation period. For a wide range of DM masses, the contained
muon event rates have weak dependence on m,,, while the upward muon event rates
show a steep increase with increasing m, as can be seen from Figs. 6.6 and 6.7.

This implies that we need longer decay time for the upward muon events than for
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Figure 6.9: Decay time versus DM mass for upward and for contained muon events
to reach 20 detection significance with five years of observation for the case of
decaying DM models: gravitino three-body(solid lines), gravitino two-body (dashed
lines) and leptophilic (dotted lines). We take 0., = 1° and EZh =50 GeV.

the contained muon events to reach the same detection significance for a five year
observation time while the decay time has almost no dependence on the DM mass
for the contained muon events. The parameter space below each curve corresponds
to the exclusion region at 20 level after five years of no signal detection.

As noted earlier, size of the cone (cone half angle value) that is too small can
restrict the number of events too much. In Fig. 6.10, we present contour plots
similar to those in Fig. 6.9 but for 0., = 10°. With increasing 6,,,, from 1° to
10°, the J factor ((J1)oAQ) entering into the neutrino flux increases, resulting in
stronger restriction on the DM lifetime.

In what follows we consider cone half angles larger than 6,,,, = 1°. In Fig. 6.11,

the detection times required for the 20 detection significance for the Kaluza-Klein
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Figure 6.10: Decay time versus DM mass for both upward and contained muon
events to reach 20 detection significance after five years of observation for the case of
decaying DM models: gravitino three-body (solid lines), gravitino two-body (dashed
lines) and leptophilic (dotted lines). We take 0., = 10° and EZh = 50 GeV.

and leptophilic annihilation cases are shown as a function of cone half angle. The
optimal angle depends on the model and is of the order of a few degrees. The
observation time is almost independent on the cone half angle in the range of a few
degrees to about 10 degrees, but it increases for larger cone half angles where the
signal increases slower than the background.

As shown in Fig. 6.12 for the decaying DM models, the observation time to
reach the same significance decreases with the cone half angle 6., for 0., < 50°,
and it increases only slowly for the higher cone sizes, as the signal in directions away
from the GC are relatively more important.

We find that it takes, in general, shorter amount of time for the upward muon

events than the contained muon ones to reach the desired detection significance. It
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Figure 6.11: The observation time ¢ versus cone half angle 6,,,, centered at the
Galactic center to reach 20 detection significance for the upward and contained
muon events produced by the muon neutrinos originated from the annihilation of
DM particles. Kaluza-Klein (solid lines) and leptophilic where xyx — p*u~ (dashed
lines) models are considered. We take E/'ih = 50 GeV.

is mostly because of the small effective volume of the detector for contained events
which results in lower event rates. The background is also small in this situation,
however, still longer observation times are required due to low statistics. Among all
the decaying DM models that we consider, the leptophilic model (y — pu*u™) seems
most promising for detection of DM signal at 20 level for 0., > 20° via upward

muon events within a few years of observation.

6.1.2 Shower Fluxes

In addition to muons, the showers produced in neutrino interactions could be used as

signals of DM. We obtain the shower flux and shower event rates using Eq. (4.37)
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Figure 6.12: The observation time ¢ versus cone half angle 6,,,, centered at the
Galactic center to reach 20 detection significance for the upward and contained
muon events produced by the muon neutrinos originated from the decaying DM
particles. Decay of leptophilic where y — p*pu~ (dashed lines), two-body decay
(solid lines) and three-body decay (dotted lines) of gravitino are considered. We
take " = 50 GeV.

and Eq. (4.41), respectively. In our calculations, we use an energy independent
IceCube+DeepCore volume whose value is Veg = 0.02 km? for the showers [62, 88,
149]. The detector threshold is again set to be E = 50 GeV.

In Fig. 6.13. we show shower flux for the case when the DM particle is a Kaluza-
Klein particle, a gravitino and for a leptophilic model, for the model parameters
listed in Table 6.2. We take the cone half angle around the GC to be 6., = 50°.
The shapes of the shower fluxes are similar to the contained muon fluxes presented
in Fig. 6.3. The “golden channel”, xx — v7, as in the case of contained muons,

contributes to the shower events at the highest kinematically allowed energy for
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Figure 6.13: Flux for the shower events for two-body (dot-dot-dashed line) and
three-body (dot-dashed line) gravitino decay, decaying leptophilic model (dash-dash-
dotted line), Kaluza-Klein annihilation (dotted line) and annihilating leptophilic
model (dashed line) compared with the atmospheric background (solid line), for the
case when 6,,,, = 50°. Model parameters are given in Table 6.2.

the case when the DM particle is a Kaluza-Klein particle (dotted line) and when
it is a gravitino (dot-dot-dashed line). While for the case of contained muons (Fig.
6.3), DM signal in models with annihilating DM (Kaluza-Klein and leptophilic)
exceeded the atmospheric background at high energies, shower signals for the same
models are below the background. In addition, shower signals for the models in
which DM annihilate are comparable to those in which DM decays. This is mainly
due to our choice of large 6., for the showers (6. = 50°). This can be seen by
comparing (Ja)q (for DM annihilation) and (J;)q (for DM decay) given in Eq. (4.6)
for different values of the cone size. For example, (Jo)q/(J1)q = 75 for O = 1°

whereas (J2)o/(J1)a = 3 for On.x = 50°. Furthermore, shower fluxes extend to
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higher energies for the models in which DM annihilates than the case of DM decay,

due to the kinematic constraints.

Table 6.4: Shower event rates per year and the time required to reach 20 detection
significance for the hadronic showers. We consider DM signals from different models
described in the text. We take the effective volume to be Vg = 0.02km?3.

Omax = H0°
Nsh tsh (yr>

Vg =TT 11 23
30 — (W, Zvyv) 7 56
X — ptpT 20 7
BOBW — (qq,11~,vp,...) | 15 12
XX — putp~ 68 0.64
ATM 676

Using Eq. (4.41), we evaluated the shower rates which we present in Table 6.4
for a cone size of 0,., = 50° for the DM models shown in Fig. 6.13. Although
the number of events for all models is relatively small compared to the atmospheric
background, the number of years needed for detection of the 20 effect is encouraging
for the leptophilic model as seen in Table 6.4. We note that showers seem to be the
best way to look for the signal of decaying DM.

The shower event rates depend on the DM decay time and the boost factor as an
overall normalization while the dependence on DM mass is non-trivial. In order to
illustrate shower event rate dependence on the DM mass, we take fixed boost factor
or fixed decay time used in Fig. 6.13 for the annihilating (decaying) DM models and
we obtain shower rates for different m,. From Fig. 6.14 we note that the shower
event rate dependence on m, has similar behavior to to the case of contained muon
events (see Fig 6.6), due to the similar flux of showers and muons in neutrino CC
and NC interactions. For the case when the DM is a Kaluza-Klein particle or in
the leptophilic (xx — p™p~) model the shower rates decrease with the DM mass
while for the decaying DM models it is slowly increasing with m, for m, <1 TeV

and become almost m, independent for higher values of m,. For the shower events,
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Figure 6.14: Shower event rates as a function of DM mass for models considered in
Table 6.2. The boost factors for annihilating DM models and the decay times for
the decaying DM models are fixed to the values in Table 6.2. We take 0., = 50°
and B = 50 GeV.

the differential weak scattering cross section in Eq. (4.37) becomes higher for low
shower energies so that the rates for the showers tend to increase more than those
for the muons as the energy decreases. Consequently, the dependence on the choice
of the detector threshold becomes more significant for the DM masses close to the
threshold energy. We also note that within the cone half angle of 50° and with
the chosen model parameters the rates for showers due to decaying DM models are
comparable to those for the annihilating DM models. For m, > 1 TeV (m, > 4
TeV), the shower rates for decaying DM models are larger than for the Kaluza-Klein
(leptophilic where yx — p*p~) model.

The time required for the shower signal to be at 20 level for different values of

the cone half angle centered at the GC is presented in Fig. 6.15 for the Kaluza-
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Figure 6.15: The time t versus cone half angle ,,,,, centered at the Galactic center to
reach 20 detection significance for the hadronic showers produced by the neutrinos
from yx — ptp~ (dashed line) and from the Kaluza-Klein DM particle (solid line).
We take E = 50 GeV.

Klein DM particle (solid line) and for leptophilic model (dashed line) as example for
annihilating and decaying DM models. We find that the optimum time is for the
cone half angle of 4° - 10°. For leptophilic model, one could reach 20 signal within
few months of observation for 6,,,, = 10°. In case of Kaluza-Klein DM particle,
one needs about 4 years of data taking for 0,.. = 4°. For comparison, in Fig.
6.16 we show the time needed for detection of 20 signal for the leptophilic model
when a DM particle decays (dashed line), and for gravitino two-body decay (solid
line) and three-body decay (dotted line) models. The optimum angle for decaying
DM models is about 50°. This is similar to the previously discussed muon signal
presented in Fig. 6.12, but shower signals seem to be better for possible detection of

the gravitino. This is because of better statistics with the increase in the cone half
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Figure 6.16: The time t versus cone half angle 6,,,., centered at the Galactic center to
reach 20 detection significance for the hadronic showers produced by the neutrinos
from y — ptp~ (dashed line) and from the two-body (solid line) and three-body
(dotted line) decay models of gravitino. We take B = 50 GeV.

s

angle and also the inclusion of the contributions from the CC and NC interactions
of the tau neutrinos and electron neutrinos with the detector medium. We note,
however, that the 20 years required for § > 50° for these parameters is not feasible
in practice.

In Fig. 6.17, we present results for DM annihilation cross section required for a
given DM mass in order to reach 20 detection significance with shower events in five
years of observation within 6,,,, = 1°. From Fig. 6.14 we note that the shower event
rates decrease with m, for annihilating DM particles for fixed annihilation cross
section, therefore the curves for DM annihilation cross section versus DM mass in
Fig. 6.17 increase in order for reach 2o effect for a given m,. The parameter space

above the curves defines the exclusion region and the leptophilic model seems to be



129

10 F T T T T T T T T T T T T T T T ]
- — B®BY > (qg T WW,zzw) ]
i M ]
i - XX HH i
CON
w10 F -
e C ]
(&} r i
e .
S
- i i
x
Sk -
A E ~=7 3
> C 1
o [ N
Vv L i
e T -7 =
: 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 :
1000 10000
m, (GeV)

Figure 6.17: Annihilation cross section versus DM mass for shower events to reach
20 detection significance after five years of observation for the case of Kaluza-Klein
(solid lines) and leptophilic (dashed lines) models. We take 0. = 50° and B =
50 GeV.

more constrained than the Kaluza-Klein model. For the decaying DM models, our
results for shower event rates obtained with fixed decay times (Fig. 6.14) indicate
that the 20 detection significance in five years curves for the decay time versus DM
mass should increase with m, for m, <1 TeV and becomes almost flat for m, > 1
TeV. This is shown in Fig. 6.18. In this case, the exclusion regions for the model
parameters, decay time and the mass, at 20 level in five years are the regions below
the curves. For the leptophilic models with parameters that satisfy Eq. (6.2), 20
signal detection would imply that the DM particle mass is 250 GeV in case of the
annihilating DM, while for the case of the decaying leptophilic DM, the DM mass
would be 3 TeV.
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Figure 6.18: Decay time versus DM mass for shower events to reach 20 detection
significance after five years of observation for the case of decaying DM models:
gravitino three-body(solid lines), gravitino three-body (dashed lines) and leptophilic
(dotted lines). We take O = 50° and B = 50 GeV.

6.2 Parametrizations of the Muon and Shower Fluxes

Our results for the contained muon fluxes given in Fig. 6.3 can be parametrized as

doy (B)<<J2>Aﬂ> £(2)

dE, 100 1.35 ) (m,/TeV)?
dost T N ((DAQ)  €(x)
d—Ei B (1026860) < 0.018 )(mx/TeV) (6.3)

in units of GeV~'km=3yr~! for annihilation and decay processes, respectively. The

upward muon fluxes presented in Fig. 6.5 can be parametrized as

aczlqgj _ <%> <<J2>AQ> ( 1 C(z)é(z)

1.35 ) (my/TeV) (1 + 1.5.20)
deyr (7 \TH({)AQ) C(a)(x)
i, (10268ec) < 0.018 )(1+1,5%)’ (6.4)
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in units of GeV~'km~2yr~'. Here, we define x = E,,/m, for DM annihilation and

x = 2E, /m, for the DM decay. The functions {(x) and C(z) are fitted to our results

for muon fluxes and parametrizes as

ai + aze™® + asr + ax? + asx® +

+agz* + ay In(z)

1+a8:)3,

(6.5)

with the best fit values for the parameters given in Tables 6.5 and 6.6 for the

contained and upward muons, respectively.

Table 6.5: The best fit parameter values for the contained muon fluxes for different

DM models.
%/2 ¢3/2 X BWBW XX
(three-body) | (two-body) | — ptp~ | — --- — utu

ap 16.651 -32.032 | 0.0554 2.5637 | 0.029

Qs -16.642 32.04 -0.0472 | -2.5470 | -0.0012
as -16.640 32.03 -0.0472 | -2.5546 | -0.0012
ay 8.242 -15.93 -0.00934 | 1.2381 -0.11

as -2.553 5.022 0.0254 -0.3780 | 0.11

ag 0.423 -0.87 -0.0069 | 0.06929 | -0.027
az(1079) 0 0 -0.0765 | 215.8 -0.04

The background muon flux from atmospheric neutrinos can be written in a para-

metric form as

<%>Ct
dEN ATM,avg

= 3186.2 (

in units of GeV~'km=3yr~! for the contained muon events and

(i)
dEH ATM,avg

= 89.0 <

GeV

Ey

)

AQ >
10— 3sr

in units of GeV~tkm~2yr~! for the upward muon events.

El —2.062 AQ
H =
GeV) (10_381“)

(6.6)

(6.7)
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Table 6.6: Same as Table 6.5 but for the upward muon fluxes.

BM B

¢3/2 ¢3/2 X XX
(three-body) | (two-body) | — putpu= | — --- — putp
a1 1.251 1.292 -0.7716 | -3.4381 | -4.60
Qo -1.239 -1.285 0.781 3.4847 4.67
as -1.266 -1.296 0.747 3.3390 4.44
ay 0.638 0.641 -0.341 -1.5573 | -2.0
as -0.203 -0.196 0.0918 0.4439 0.526
ag 0.0364 0.032 -0.0132 | -0.0694 | -0.073
ar(107%) | 0 0 0.45 4147 |36
as 0.3 0.3 1.5 1.2 1.5

Our results for shower flux presented in Fig. 6.13 can be parametrized as

d¢sh
dEsh

dEsh

-

dosn _ (

100

) (575) Gty

§(x)

T ) -1/
10%6sec

JDAQ
8.79

(my/GeV)

(6.8)

in units of GeV~'km=3yr~! for DM annihilation and DM decay processes, respec-

tively. Here, we define x = E,/m, for DM annihilation and = = 2E,/m,, for the

DM decay. The best fit values for the parameters is given in Table 6.7.

Table 6.7: The best fit parameter values for the shower fluxes for different DM

models.
V32 V32 X BYWBW [ xx
(three-body) | (two-body) | — ptpu~ | — --- — utu

ay -6.335 -14.129 -22.867 | -8.765 -32.43
Qs 6.355 14.139 22.898 8.78 32.48

as 6.274 14.100 22.765 8.72 32.29

ay -2.991 -6.952 -11.134 | -4.25 -15.79
as 0.813 2.127 3.325 1.25 4.71

ag -0.099 -0.347 -0.5125 | -0.189 | -0.73
ar(1073) | -0.472 0 0 0 0
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The background shower flux from atmospheric neutrinos can be written in a

parametric form as

dgbsh) 6( E, )‘2~155< AQ )
=3.21 x 10° [ —= 6.9
<dE8h ATM.ave GeV 2.24sr (6.9)

in units of GeV~lkm3yr—1.

6.3 Summary and Discussion

We have studied neutrino signals from DM annihilation and decay in the GC assum-
ing NF'W profile as the DM density distribution in the Galaxy. We have considered
models in which DM particle is a gravitino, a Kaluza-Klein particle and a particle
in a leptophilic model. In case of the leptophilic model, we have considered both
the case of decaying and annihilating DM. For a gravitino, we have taken into ac-
count both two-body and three-body decay channels. For each DM model, we have
calculated contained and upward muons and showers using the model parameters
that were obtained by fitting the excesses in ~v-ray and in the positron or electron
plus positron data from the observations of HESS, PAMELA and FERMI/LAT. We
have used a cone half angle of 1° (50°) for the muon (shower) events. In addition,
we have studied the dependence on the choice of the cone size and DM mass.

Our results are summarized in Table 6.8. The specific models which are designed
to account for the lepton excesses, listed in Table 6.2, are indicated by the italic
entries (highlighted in red). In addition, in Table 6.8, we show the event rates and
time required for a 20 observation for a range of masses and several values of 0,,,y.
Note that the event rates for different ,., can be obtained by using rescaling of
J-factors, for example J;(50°)/J1(10°) = 9 and J;(10°)/J1(1°) = 50 for decaying
DM models; J5(50°)/J2(10°) = 2.7 and J5(10°)/J5(1°) = 7.2 for annihilating DM
models. In Table 4.2 one can find the values of J(Opay).

For the leptophilic model (xyx — p*p™), for example with m, = 1 TeV and
B = 400, the muon flux due to DM annihilation dominates over muons produced

by the atmospheric neutrinos, for the muon energies in the range, 200 GeV < £, <
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Table 6.8: Summary of the results for the event rates and the time that it takes to
reach 20 effect for different values of m,, and 0,,.x, where the threshold enery is taken
as b0 GeV for both muon and shower events. In this table we do not include results
which have t > 15 years for all m,. Results for the specific choice of the parameters

in each model corresponding to fitting PAMELA, FERMI/LAT and HESS data are
presented in red italic fonts.

m, (TeV)
0.2 0.4 06 08 1 2 4 6 8 10
Uajg — Ul v NS(50°) | 4.94 71,15 138 153 162 181 19.0 193 195 19.6
B, =23 N (50°) | 8.68 59.5 120 180 239 503 912 1228 1485 1704
Nan(50°) 4 11 13 15 163 19 21 22 22 22
tr(10°) | 1.3x 10° 277 69 30 17 4 .2 07 05 04
£ (50°) 3490 7 18 8 5 1 032 018 0.12 0.09
L4 (50°) 196 23 16 12 10 7 63 58 58 58
syy — (W1, Zv,qv) | NiH(50°) 6.1 8.4 89 91 915 92 92 92 92 92
B, =23 N(50°) 9.9 50.9 956 139 181 364 638 844 1010 1150
N (50°) 3.6 7.66 9.6 1074 11.5 13.17 14.12 1446 14.64 14.74
r(10°) | 1x 10 378 107 51 30 75 25 14 1 0.8
£ (50°) 2693 101 29 14 8 2 07 04 03 02
tn(50°) 210 47 30 24 21 16 14 13 13 13
Y — ptu NE(50°) 2.13 6.45 843 95 102 1.5 122 124 125 126
B, =29 N (50°) | 3.14 29 623 97 131 286 533 728 886 1022
Non(50°) 1.95 822  12.09 1455 162 20.2 2245 2327 23.68 23.94
©r(10°) | 1x10° 1x10®° 252 104 57 12 35 19 13 097
tr(50°) | 2.6 x 10* 316 68 28 15 22 093 05 034 026
tn(50°) 709 40 19 13 11 69 55 52 5 4.8
BOBM — NH(10°) 14.2 9.8 72 56 46 24 125 084 063 051
B =200 NU(10°) | 86.1 131 140 130 128 124 108 92 81 72
Nn(10°) 11 9 7 57 48 26 14 09 07 06
e (1° 1.27 063 054 065 066 07 087 114 142 1.72
£ur(10°) 1.55 0.68 057 071 072 076 1.0 136 176 22
tr(50°) 5.1 22 184 229 23 244 32 45 58 72
ten(1°) 3.4 4.4 59 7.7 96 22 61 116 189 280
tn(10°) 1.3 1.9 29 43 58 18 64 136 237 364
tn(50°) 3.3 5 8 12163 57 204 445 777 1202
XX — NZ(10°) | 40.19 20.58 2201 1739 14.3 759 3.90 263 198 1.59
B =400 N2(10°) 144 241 273 283 920 266 221 190 167 151
Nap(10°) | 514 456 364 30 25 14 74 5 3.8 3
tet(1°) 111 168 255 361 4 1364 44 92 156 238
£(10°) 0.66 1.18  2.06 324 47 1631 61 133 234 364
£(50°) 1.93 355 638 102 15 53 201 444 781 1213
ter(1° 0.54 024 02 018 0.14 021 028 035 043 050
£4°(10°) 0.47 021 016 015 0.12 017 025 033 042 052
£42(50°) 1.83 065 051 047 0.37 054 078 11 135 1.7
tn(1°) 0.63 072 091 112 1.37 258 55 9 13 18
ten(10°) 0.12 014 02 026 0.3/ 087 263 534 9 136
tn(50°) 0.18 022 033 048 0.7 21 72 155 27 = 42
ATMY 2.28(1°) 227.5(10°) 5347(50°)
ATM 28(1°) 2794(10°) 65668(50°)
ATM,, 0.3(1°) 28.8(10°) 676(50°)
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950 GeV (50 GeV< E, <750 GeV) for the contained (upward) muon events with
cone half angle 6., = 1°. The shower event rates for this same model never exceed
the atmospheric neutrino induced shower rates, for 6., = 50°, in part due to the
cone size.

For m, = 800 GeV, B = 200 and 0. = 1°, the contained muon flux due to
annihilating Kaluza-Klein particles becomes larger than the background for £, >
300 GeV and up to the kinematic cut-off £, = m, = 800 GeV. The muon flux is
comparable to the background for muon energies 200 GeV < E,, < 400 GeV for the
upward muons.

With the model parameters that we considered, the decaying DM models do
not produce the muon signal (upward or contained) that is above the atmospheric
background. The muon flux from the decaying DM would be comparable to those for
the annihilating DM models only if the decay times were of the order ~ 10%° sec and
~ 10%** sec for contained muon and upward muon events, respectively. In contrast
to the muon case, we find that for a wide range of shower energies, the shower
flux for decaying leptophilic particle (y — p*p~) is larger than for annihilating
Kaluza-Klein particle.

We have also calculated the total muon and shower event rates by folding the
corresponding fluxes with the energy independent IceCube+DeepCore effective vol-
ume, i.e Vog = 0.04(0.02) km? for the contained muon (shower) events. Due to
its location IceCube detector is unable to study the upward muons produced by
the neutrinos coming from the GC. However, we have calculated the upward muon
rates for the IceCube-type detector in the Northern hemisphere by folding the muon
fluxes with a muon effective area, which is assumed to be A.g = 1 km?.

Even if there is a significant signal to background ratio, low statistics may yield
difficulties in confirming the presence of a DM signal via neutrinos. Thus, we have
evaluated how many years it would take to observe 20 effect. Using our results for
the muon and shower event rates, we have also obtained the contour exclusion plots
in which we show the regions for the model parameter space for each DM model in

the case of no signal detection at 20 detection significance in five years.
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We find that the leptophilic model (yxy — p*p~) has stronger constraints on
DM annihilation cross section (or the boost factor) and m, than the case of the
Kaluza-Klein particle. In terms of the constraint on the annihilation cross section,
for the leptophilic DM model where the boost factor and DM mass are related by
Eq. (6.2), after five years, the range of m, > 250 GeV would be excluded by upward

2 and events within a cone half angle of O, = 1°. A

muon events for A, = 1 km
similar limit is obtained from the shower rate as well. More generally, we find that
the upward muon and the shower events are more constraining than the contained
muon ones. If there is no upward muon signal detected in five years, with 0,,., = 10°,
for the decaying leptophilic model (x — p*p~) which satisfies the constraint given
by Eq. (6.2), m, is constrained to be smaller than 3 TeV.

In our calculations, we have taken the detector muon and shower energy thresh-
olds to be 50 GeV. Changing the detector threshold energy to about 100 GeV does
not affect our results significantly. However, decreasing the threshold energy down
to ~ 10 GeV results in a larger atmospheric background relative to the DM signal.
Consequently, detecting a DM signal via muon or shower events with low detector
thresholds (~ 10 GeV) becomes more difficult.

Increasing the cone half angle, 6,,., about the GC increases the DM signal, how-
ever it does not necessarily improve the detection significance since the background
signal due to atmospheric neutrinos is also enhanced. We have found the optimum
cone half angles for all types of events in order to reach 20 detection level. For the
annihilating DM models, we have found the optimum angle to be a few degree for
the muon events and about 10° for the shower events. In both cases, we have shown
that there is a good chance of detecting both leptophilic and Kaluza-Klein particles
in less than ten years for some DM masses.

In the case of the decaying DM models, the optimum angle is about 50° for both
muons and showers. For gravitino DM, signals could be detected in ten years only
with shower events, while the decaying leptophilic particle can be detected with
upward muon events as well in few years.

Our results with fixed annihilation cross section or decay time and variable DM
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mass can be used to predict neutrino signals for any other values for the parameters
of the models we consider. For example, in the literature, the HESS data is also
explained by a hypothetical Kaluza-Klein particle with mass m, = 10 TeV [74].
The boost factor that is required, in this case, is B = 1000. By rescaling the results
in the previous sections, we find that the observation time to reach 20 detection
significance becomes 0.1 years for the upward muon events. For contained muons
and showers, it is not feasible to detect 20 effect within reasonable time (¢ > 20
years). Increasing the boost factor by a factor of 5 and the DM mass by a factor of
about 10 relative to the parameters of Table 6.2 significantly improves the chance
for detecting the Kaluza-Klein particle via upward muon events.

Similar to the decaying leptophilic model, the gravitino model (3, — [*17v)
with a gravitino mass of 3.3 TeV and decay time 7 = 5 x 10% sec can also account
for the FERMI data [86]. For a decaying DM particle, increasing the DM mass
(for a fixed decay time) increases the event rates. Since the neutrino flux scales as
~ 771 (see Eq. (4.8)), decreasing the decay time also enhances the neutrino signals
for a decaying DM particle. Therefore, combination of higher mass and shorter
decay time should increase all the event rates that we have calculated for a lighter
(My,,, = 400 GeV) gravitino particle which has a longer decay time (7 = 2.3 x 10*°
sec). For the model parameters, m, = 3.3 TeV and 7 = 5 x 10% sec we find that
the 20 detection significance can be reached in 2.6 years via upward muons and in
less than a year via the hadronic showers. In addition, for the contained muons the
observation time decreases by two orders of magnitude relative to the value given
in Table 6.3.

The dependence of the signal on the cone half angle is different for the anni-
hilating DM particles than for the decaying DM particles. We have demonstrated
this by choosing wedges between 0., — 1° and 0,,., centered at the GC and cal-
culating (J,,)oA£2, which defines an overall normalization for the neutrino signals,
for different 6., for both annihilating and decaying DM particles. The angular
wedges can be used to rescale event rates as well. Our results indicate that the J

factor for annihilating DM particle decreases sharply with 6,,., whereas for the case
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of decaying DM particle, for a wide range of 6,,.,, the J factor has a weak 60,
dependence. In determining the nature of the DM (annihilating or decaying), the

directional dependence of the neutrino signals gives valuable information.
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CHAPTER 7

CONCLUSION

The DM has been a very intriguing topic in the field of both astrophysics and
particle physics. Its presence has been confirmed by many independent experiments
over the last seven decades. Interestingly, current data imply that it is five times
more prevalent than ordinary matter and composes about the quarter of the density
of the Universe. All of the evidence collected so far is based on its gravitational
interactions. However, no useful information has been found to pinpoint what the
nature of this mysterious form of matter is. Unraveling the properties of DM would
help understand how the structure forms and impacts the evolution of the Universe
from past to present and to future in astrophysics and would help explore the physics
beyond the SM in elementary particle physics.

The detection of DM is a very challenging task. Independent but complementary
experiments including the direct and indirect searches are carried out in the Earth-
based and space-based detectors. Among the indirect searches, neutrino astronomy
also plays a crucial role in the quest of DM and the future kilometer scale neutrino
telescopes will be extremely useful to discover DM or to put stringent bounds on
the properties of DM. This study presents a comprehensive picture of DM detection
via neutrino signals in the large-scale ice or water based neutrino detectors.

So far, the present neutrino telescopes have observed only the expected atmo-
spheric neutrino background which falls dramatically with increasing energy. The
future large-scale neutrino telescopes with energy thresholds of 100 GeV will open
up a range of energies to be probed where the background is negligible. As we have
pointed out in this study, the energy distributions of final muon fluxes can give a clear
evidence for the presence of DM above these threshold energies. In addition, the
shape of the energy distributions can also help in distinguishing which SM particles

DM annihilates into. The typical discovery channel, the so-called “golden channel”
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where the DM annihilates or decays directly into neutrinos, produces monoenergetic
neutrinos with energies of the order of DM mass. These neutrinos exhibit a delta
function behavior in their spectra, however, due to smearing, the final muon flux
(for upward or contained muon events) shows a continuous distribution with a high
energy cutoff. For the contained muon events, the muon flux increases with in-
creasing muon energy which is a unique signature. Thus, “golden channel” becomes
apparent in contained muon events.

We have presented results for upward and contained muon and shower fluxes in
the neutrino detectors due to DM annihilation/decay in the cores of the astrophysical
objects (Earth and Sun) or in the Galaxy. Independent of the location for the direct
neutrino production from DM, we have found that the contained muon flux observed
in a kilometer size detector exceeds the upward muon one in the range £, > 0.6m,,
for a given DM mass, m,.. In terms of total rates from xx — v in a kilometer scale
detector (A.;; = 1km? for the upward muon and V.p; = 1km?® for the contained
muon events), the upward muon events dominate over the contained muon events
for m,, > 600(700) GeV for the DM signals from GC (from the core of the Earth
or the Sun). We have also obtained relative normalizations for the neutrino fluxes
due to DM annihilations in GC and due to DM annihilations in the core of the
Earth/Sun.

In addition to the shape of the final muon fluxes, we have also studied the
dependence of the DM signals from GC on the choice of the density profile, the size
of the region about the GC (i.e, the choice of the cone half angle), the nature of
DM (annihilating or decaying), and the physical processes such as Sommerfeld effect
that cause a significant enhancement (which is quantified as the boost factor in our
calculations) in the signal. In addition to the Sommerfeld effect, there may also be
potential enhancement of the DM signal due to the existence of small substructures
in the Galactic halo [124]. The observation of this additional enhancement may be
difficult because of the small population of these substructures unless the neutrino
detectors have a very good angular resolution [66]. For a neutrino detector with good

angular resolution, to decrease cone half angle in search of Galactic DM significantly
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reduces the atmospheric background, however, low statistics make it difficult to
confirm the detection of a signal. Therefore, the required time to reach the desired
detection significance is a function of cone half angle.

We have shown that the muon rates (both contained and upward) can dominate
significantly over the atmospheric background when the boost factor is B = 200
for the cone half angles less than 10°. We have noted that signal to background
ratios larger than the case for the muon events can be achieved with the shower
events for the neutrino energies above 100 GeV. This is due to the suppression of
the atmospheric tau and electron neutrino fluxes relative to the atmospheric muon
neutrino flux. In this case the main background comes from the NC interactions
of the atmospheric muon neutrinos with the detector medium whose cross section
is about a factor of three less than the CC one. We have also considered the
detection of DM signals from GC in the form of contained muon (shower) events in
the IceCube+DeepCore detector which has an effective volume of 0.04 (0.02) km?.
We have shown that after one year IceCube+DeepCore detector could potentially
observe a 5o effect by measuring contained muons (for the yxy — v channel), or
in five to eight years a 20 signal level with hadronic showers even in the case when
they are due to secondary neutrinos.

We have also studied the neutrino signals from gravitino, Kaluza-Klein and lep-
tophilic DM particles (with the model parameters given in Table 6.2) used in the
literature to explain the data from several indirect searches looking for DM in the
Galaxy. We have shown that for the annihilating DM models both muon track-like
events and shower events look promising for discovery in a few years of observation
whereas for the decaying DM models only shower events give reasonable detection
significances for the same observation time. This is mainly due to the fact that the
signal level depends on the square of the DM density in the case for annihilating
DM whereas the signal from decaying DM is linearly proportional to the density.
In the analysis of finding the shortest observation time to reach a 20 detection sig-
nificance for each DM model, we have shown that for the muon (shower) events,

the optimal cone half angle is around 4° — 10° (50°). With the choice of these op-
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timal angles, we have found the parameter space probed for each DM model with
five years of observation. We have shown that in the study of neutrino signals
due to DM annihilation/decay in the Galaxy, the upward muon events observed
in a hypothetical kilometer size detector located in Northern Hemisphere are more
constraining than the contained muon events observed in IceCube+DeepCore. How-
ever, shower events in IceCube+DeepCore would be complementary to the upward
muon events observed in the kilometer-scale hypothetical detector in constraining
the model parameters.

To provide a simple way for other studies, we have parametrized our results and
also derived analytical expressions for the muon and shower fluxes for given decay
channels. Our results in this study are relevant to future large-scale neutrino detec-
tors. IceCube detector with its sub-detector DeepCore will be fully operational in
the near future. The GC stays above the horizon throughout the year for an observer
on the South Pole. Therefore, for the DM signals from the GC, IceCube+DeepCore
will be able to analyze only contained muon and shower events. Due to its location
in the northern hemisphere, the future KM3NeT experiment will be complementary
to IceCube+DeepCore in searching for neutrino signals from DM annihilation in the
GC through the observation of upward muon events. The atmospheric muon back-
ground at the KM3NeT will be suppressed significantly since the Earth will act as a
shield to the atmospheric muons. Independent searches of the upward muon events
by KM3NeT and the contained muon and shower events by IceCube+DeepCore look

promising for the discovery of the mysterious DM particle.
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APPENDIX A

COLD DARK MATTER IN STANDARD COSMOLOGY

The uniformity principles (homogeneity and isotropy) in cosmological models consti-
tute the cosmological principle which implies that there is not any preferred spatial
location or a preferred direction for an observer in space [13]. The general space-time
metric, g,,, obtained by using the cosmological principle is called the Friedmann-

Lemaitre metric which suggests that the line-element takes the form

dr?

2 2 2

+ r2dQ2> . (A1)

Here, the term in parenthesis describes the spatial metric in comoving coordinates
where the cosmic time, t, appears only in the scale factor a(t). The quantity, K,
in this metric is a pure number which prescribes the spatial curvature. For a flat
space, K = 0. In the physical space, the separation of two comoving observers with

trajectories Z; and 75 is given by
M2 = a(t)(T1 — 7y) (A.2)

which leads to
Flo = His | (A.3)

where the dot represents the derivative with respect to the cosmic time, ¢ and the
quantity H = a/a is the Hubble parameter. Then, the above relations suggest that
the farther the observers are from each other, the greater is their relative velocity.
This is called the Hubble law. Clearly, H is time dependent and several different

observations (see Ref. [13] for a review) suggest that its present value is

H, = 100h kms 'Mpc™* (A.4)
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where h ~ 0.7 suggesting the expansion of the Universe. In addition to the metric

which can be used to obtain the terms on the left hand side of Einstein’s equations
G;w + Ag;w = K'T;wa (A5)

the energy-momentum tensor 7}, is also needed to obtain the relations between the
cosmological parameters. Here, A is the cosmological constant, K = 877Gy and Gy
is the Newton constant. The most general form for the energy momentum tensor is

fixed by the cosmological principle as

T = (P + p)uyu, + Py, (A.6)

where the only freedom is the choice of the equation of state, i.e., the relation be-

tween the pressure P and the energy density p. Consequently, the Einstein equations

reduce to
K K A
H2:§ —= T3 (A7)
and
a K A
a:—g(p“—Bp)—Fg (A8)

which are called Friedmann equations. One can also introduce the energy density
parameters as

Kp A K

D=—=, W=—s, OQx=—-———

3H2 "N T 3H2 TN T H2?

for the matter, the cosmological constant and the curvature, respectively. The

(A.9)

matter term can be decomposed as a sum of different components (e.g photons,
neutrinos, baryons (b), dark matter (x), etc.), i.e Q@ = >y Qx where Qy = Z£%5.

3H?
Then, Eq. (A.7) can be written as

S Ox+ M+ Q=1 (A.10)
X

In the flat (K = 0) ACDM model, for the late time evolution the space is dominated
by the pressureless (P = 0) fluid and the cosmological constant, A. In this model,
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using Eq. (A.8), one can find that the present values for the density parameters
Qo and 2, satisfy

(o 1
= Q% — = Qo A1l
a.H? Ao g ( )

where the term €2,,, includes only the contributions from baryons and dark matter

since the contribution from radiation is negligible today.

A.1 Observations and Constraints on the Cosmological Parameters

In the search for the cosmological parameters including the Hubble parameter, the
Supernova Cosmology Project (SCP) [8] and the High-Z Supernova Search Team
(HZT) [9] teams have put constraints on €2,,,, and Q.. The analysis of both teams
shows that
Ao
a.H?
which implies that Qo > 2Q,,0 in the ACDM model (see Eq. (A.11)). Moreover,

>0 (A.12)

the best fit parameter values turn out to be constrained by
8o — 6200 >~ —2F 1 (A.13)

according to their data.

Furthermore, the data from the cosmological microwave background searches
conducted by WMAP[10, 11] and baryon acoustic oscillations (BAOs) observed by
the Sloan Digital Sky Survey (SDSS) [12] put additional constraints on the cos-
mological parameters. The combined data of all these searches indicate that for a

ACDM Universe, the best fit values for the cosmological parameters are given by

10, 11]

l

Qh* ~ 0.1131 F0.0034
O h? ~ 0.02267 F 0.0006
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Qr =~ 0.726 F0.015
H, ~ 70.5F 1.3kms '"Mpc'. (A.14)

A.2  Particles in Thermodynamic Equilibrium

After giving a brief presentation of ACDM cosmology, we will now study the proper-
ties of particles in the early Universe, where the Universe is dominated by radiation.
To describe physical processes in the radiation-dominated era the particle distribu-
tions should be determined. The particles present in the early Universe can be con-
sidered to have interaction rates larger than the Hubble expansion rate, maintaining
them in thermodynamic equilibrium with the radiation field at a temperature 7. In
the thermodynamic equilibrium at temperature T, the particles can be treated as
perfect Bose-Einstein and Dirac-Fermi gases whose distributions are given as

Fy(B,T) = - ! = _1(B,T) (A.15)

(2m)? exp[(E — i) /T5(¢)] =1 (27)
where g; is the degeneracy, u; is the chemical potential and E is the energy (E? =

p? +m?) of the particle species i. The distribution functions are used to define some
macroscopic quantities such as the particle number density, n, energy density p and

pressure P:

m(T) = [ R
pilT) = [ o T)E@)d
?
R(T) = [Fip.T)2zd. (A.16)
3E
The values of these quantities in the limits 7' > m, u and T < m for fermions
(F) and bosons (B) are given in Table A.1 where ((3) ~ 1.202 is the value of the

Riemann zeta function at 3.

In the regime where the matter content is dominated by radiation, the radiation
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Table A.1: Number density (n), energy density (p) and pressure (P) for fermions
(F) and bosons (B) in thermodynamic equilibrium. Certain limits are considered.

limit particle n p P
T>mp B g(¢(3)/m*)T° (w*/30)9T"  p/3
F 8(3¢(3)/4m*)T%  (Tm?/(8 x 30))gT*  p/3

T< m B,F  g(mT/2r)3/2en=m)/T (m +3T/2)n nT

density at a given temperature reads

o(T) = 9.(T) (g—o) T (A7)

where g, represents the relativistic degrees of freedom at that temperature

g(T) = > gi<%>4+g > %(%)4 (A.18)

i=bosons i=fermions
From the first law of thermodynamics, T'dS = d(pa®) + Pda® as long as particles
are neither created nor destroyed. The quantity, S is the entropy. Then, for a given

temperature 7', the entropy is given as

3_p+P_4,0a3

= = Al
S =sa T 3T (A.19)
where s is defined as the entropy density. Then,
272
=——q.T" A.20
s=75 (A.20)

and
@(T)= > g (¥>3+; > ai <§)3 (A.21)

i=bosons i=fermions

As a consequence, we observe that if all the relativistic particles are at the same
temperature T; = T, then ¢. = g.. Hence, we also notice that in the radiation era,

the Friedmann equation reduces to

81G w2

which shows that the Hubble parameter, H scales as H oc T2

H2
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A.3 Particle Freeze-Out

Interaction of particles are in general characterized by the reaction rate, I' which is
directly proportional to the cross section (o) and the number density (n), i.e I' ~ no.
The particles are considered to be in thermodynamic equilibrium at a temperature
T as long as this reaction rate is larger than the Hubble expansion rate. Since
all the interacting particles have the same temperature, 7" must be equal to the
photon temperature, 77, for those which interact with the persistent background
radiation field in the Universe. That is why it is not surprising that the photon
temperature is often called the temperature of the Universe. For the cases when the
cross section scales as o ~ E™ ~ T™ then I' ~ T"*3. In the previous section, we
see that H ~ T? in the radiation period. Thus, if n+1>0, there will always be a
temperature T below which the reaction is no longer efficient for the given species
and they can not be kept in equilibrium with the other components. This mechanism
is called “decoupling”. As an example, for a stable massive particle X which is in
thermodynamic equilibrium with its antiparticle X, its density is determined by the

annihilation and the inverse annihilation of the form
X+X—1+1. (A.23)

If it had never decoupled from the thermal bath until today, its number density
nx would have been completely negligible due to the exponential suppression, nx o
exp(—m/T). However, in an expanding Universe, the annihilation is not expected to
last indefinitely and freeze out occurs at some temperature 7y at which the massive

particle becomes a relic.

A.3.1 Evolution of the particle distributions and densities

To describe the decoupling, or the freeze-out of an interaction, is a very complex
problem. After decoupling, the particles no longer stay in thermodynamic equilib-
rium with the background radiation. Thus, the distribution functions are not simple

functions of only temperature for the decoupled particles. Since the thermalization
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is not that effective, the Hubble expansion reduces their number density. However,
the number density is not affected by the temperature changes which introduces
exp(—m/T) suppression for the particles in thermodynamic equilibrium. In prac-
tice, the evolution of the particle density for the decoupled particles is obtained from
the Boltzmann equation which, in a homogeneous and isotropic space-time reduces
to

where the left hand side of the equation is the total time rate of change of the number
density which includes the Hubble expansion and the right hand side describes the
particle interactions. Here, the difficult part lies in the modeling of the collision

term C; which for the type of interaction
i+ k+1 (A.25)

is given as

Ci =—<o0ov > (nmj — ﬁ,’flj) (A26)

where n denotes the values in thermodynamic equilibrium. This implies when the
particle species is in chemical equilibrium, C; = 0, or equivalently the particle
number density per comoving volume is constant d(n;a®) = 0. Here, the term
< ov > is defined as the thermal-averaged annihilation cross section. In order
to find the particle number densities, we consider the type of reaction given in
Eq.(A.23), assuming that X is its own anti-particle. After defining Yy = nx/s, the

conservation of entropy (d(sa®) = 0) implies that
nx +3Hny = sYx (A.27)
so that for the X particles we obain
Yy =—<ov>s(Y2-Y2) (A.28)

Defining A = Yx — Yx and # = m/T, and using the expressions for H and s from

the previous section, the final form of the equation is obtained

dA o dYX -2 <
== T AT A(A +2Y) (A.29)
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with
T
A=< o0v > EFmMp (A30)

where Mp = 1/y/Gy.

A.3.2 Cold Relic Density

The dark matter searches which are presented in this study suggest the existence
of massive cold dark matter relics in the Universe. Thus, this section is devoted
to present the calculation of the present number densities of the cold relics relying
on the above mentioned theoretical framework. For cold relics, it is assumed that
the decoupling occurs at the freeze-out temperature, 7y when the particle is non-
relativistic, zy = m/7Ty > 1. From the previous results (see Table (A.1) and Eq.
(A.20)) it is easy to show that

Yy = %\/gi—fxgﬂe_x . (A.31)
Although the solution to Eq. (A.29) requires numerical analysis, one can obtain
some limiting behaviors. For example, a long time after decoupling (z > xy), Yx
decreases exponentially and becomes negligible, so that Yy ~ A and the equation

takes the form

dA A?
— = —-)\— A.32
dx x? ( )
which can be integrated from z = ¢ to x = oo to get
oo\ -1
Yo ~ l / —2d:)3] , (A.33)
zy T

where z; can be determined by using I'(zy) = H(x ), which leads to

. 2
%x}/ze ! < ov>mMp = 4| i (A.34)

So, using the entropy density of the today’s Universe

o q*O
50 = 7.039 ( - 1) - (A.35)
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and assuming ¢.(zs) >~ g.(zy), the relic density of the particle X, nx, = soY can

be estimated as

Nxo

~1.09 x 10 ( Guo ) ( T, )3 (J < ov> /x2dx)_lcm_3 (4.36)
NI 3.91/ \2.725K mMp ' '
It is also convenient to express this result in terms of the density parameter of X,
Qx = px/perit = Mnxo/peri Where the critical density of the Universe is pe.q =
3H?/(87Gy). Using the current value of the Hubble parameter H = 100k km
s7t Mpc™! (where h ~ 0.7), the number of relativistic degrees of freedom ¢., =
3.91, the temperature of the Universe 7T, = 2.725 K, assuming g.(zy) ~ 100 and
approximating the annihilation cross section with a non-relativistic expansion, i.e

<ov>=a+b<v?>+..~a+6b/z, we get

-1
2 a+3b/xy
QXOh = 000311’]0 (3 » 10_260m3/s (A37)

or if zy ~ 30 which is a typical value from the numerical simulations,

(A.38)

1
QXoh2:0.1< a+b/10 ) .

3 x 10=26cm? /s
It is worth to note that the smaller the annihilation cross section, the greater is
the relic abundance. The present value of the relic abundance depends only on
the annihilation cross section at freeze out which for the s-wave annihilation is
independent of the temperature or energy. Fig. (A.1) shows the evolution of Yy
compared with the equilibrium value Yy for different annihilation cross sections for
the case of p-wave annihilation (e = 0 and b # 0).

Several independent observations which are discussed in the introduction support
the cold dark matter (y) scenario with a density parameter Q,,h* ~ 0.1. According
to Eq. (A.38), any dark matter model which satisfies < ov >= 3 x 1070 cm?/s at
freeze out could be a plausible explanation for the dark matter problem in physics.

On dimensional grounds, for a generic weak-scale particle which annihilates
through the exchange of electroweak gauge or Higgs bosons, the annihilation cross

section is expected to be
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Figure A.1: From [14]. The thermal relic density (right) and the variable Y = n/s
(left) as a function of temperature (bottom) and time (top) for a P-wave annihilating
dark matter with mass 100 GeV. The dashed line shows the equilibrium values. The
solid line is for an annihilation cross section which gives the correct relic density
today and the cross section for each shaded region differs by one order of magnitude
from cross sections for the adjacent regions. The cross section increases from top to
bottom, so the higher the annihilation cross section is, the smaller the present cold
relic density is.

94 k
O = Tomtme (A-39)
X

where guear = 0.65 is the weak interaction gauge coupling. At the time of freeze-
out, v ~ 0.3. Then, coincidentally, ov for a generic weak-scale particle becomes
comparable to the value of the annihilation cross section obtained for a cold relic
for the particles with mass in the range ~ 100 GeV-1 TeV. This is often called the
"WIMP Miracle” (see, e.g [14] for a review) which states that weak-scale particles

make excellent dark matter candidates.
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A.3.3 Hot Relic Density

The decoupling occurs for a hot relic when it is still relativistic, then using Table

(A.1) and Eq. (A.20) we obtain

> 45¢(3) ax
YX: 27‘(‘4 EFBZ, (A40)

where epg = 1(3/4) for bosons (fermions). After decoupling, the interaction is no
longer effective since Yy becomes constant and can be approximated by its value
at freeze-out. In this case, the relic density depends on the equilibrium value at
freeze-out:

Pxo = mxssYx(xf) . (A.41)

Then, the density parameter becomes

(A.42)

Qxoh? = 0.739 ( mx > FBIX

10eV/ qu(xy)
As an example, the neutrinos which have small mass decouple from the cosmic
plasma when 7%, ~ 1 MeV and ¢.(zy) ~ 10. Then, if we assume three flavors of
neutrinos, Eq. (A.42) gives
2 5 my;
Qxoh” = ; 90eV (A.43)

where m,,; is the mass of the neutrino with flavor . However, the tritium [-decay

experiments have put an upper limit on the neutrino mass [227],

my, < 2.05eV. (A.44)

This limit actually applies to all neutrino mass eigenstates since the mass differences
between them are sufficiently small (see Table 3.1). Thus, this implies an upper

bound on the total neutrino relic density

Q,0h* <0.07, (A.45)

which means that neutrinos can not account for the dark matter alone. A more

stringent constraint on the neutrino relic density was obtained from the analysis of
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CMB anisotropies, suggesting that the neutrinos can only compose 2% of the total
density of the Universe [10, 11]. This excludes neutrinos from being a viable dark
matter candidate.

If the relic particles are slightly massive and decouple from the plasma at 7' ~

300 GeV (g, ~ 107), we get
mx

= 900eV

These particles with moderate masses are called warm relics which also have a very

Qo h?

(A.46)

small relic abundance.
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APPENDIX B

CAPTURE RATES IN ASTROPHYSICAL OBJECTS

In this chapter we will give a brief review of the theoretical framework of the capture
of DM in astrophysical objects following the earlier works by Gould [90, 91]. We
first assume the capture by a thin spherical shell with radius r and thickness dr
where the escape velocity is v and the velocity of DM is w. The DM is assumed to
have an isotropic velocity distribution f(u)du far from the gravitational field. Then,
the conservation of energy implies w? = u? + v%. The inward flux of DM across a

large imaginary surface with radius R can be calculated as

_ 2wR%d(cosb)

dF’
47 R?

wcos(6) f(u)du = i fuududicostt) 0<6<T  (B1)

where 6 is the angle between u and the radial direction. In order to find the differ-
ential number (dN) of DM particles entering the region per unit time, one can use

the change of variable from 6 to the angular momentum per unit mass,

J = Ru sin(0) (B.2)

and integrate Eq. (B.1) over the surface area to get

N = 2L gy g (B.3)

u

After finding the number of DM particles entering the region per unit time, one can
find the fraction of these being captured by the spherical shell at radius r. In order
for the capture to occur inside the shell, DM velocity w must scatter to a velocity
less than v during its passage. The event rate for that process is quantified by the
term Q,(w). For a spherical shell, it is easy to show that the time span (At) inside
the shell (with thickness Ar) by a DM particle is given as
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—-1/2

A= 2 [1 - (iﬂ ArO(Junme — J) | (B.4)

w rw
where J.x = rw is the maximum possible value for the angular momentum per

unit mass. Then, the differential capture rate (dC' = Q,(w)AtdN) can be written
in the form by using Eqs.(B.3) and (B.4),

o7 —1/2
o= g l1 - (i> ] O(Joas — J) dudr dJ?> . (B.5)
uw Tw
After integrating over all angular momenta,
dC = 4ﬂr2w§2v(w)¥ du dr . (B.6)

Thus, the total capture rate per unit volume reads

iC e f(u)
v —/0 duTwQU(w). (B.7)

Now, suppose the shell is composed of nuclei with mass my, number density n and
a DM particle with mass m, enters in the shell. The interaction cross section is o
which is assumed to be velocity independent. From simple kinematics, the maximum

energy loss of a DM particle after colliding with a nucleus is given as

AE 4
<_> S UL S—— (B.8)
where
My nE1
_ N il B.9
M mN’ M+ 9 ( )

and by requiring that the initial velocity w reduce to a value less than v after the

scattering, the energy loss must be at least

AE u?

Hence, the distribution of the energy loss is uniform in the given interval. Then,

using the rate of scattering onw, the conditional probability

N
"= (AE/E)mm

(B.11)
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and the relation Q,(w) = Ponw, one can obtain

(AT =204 —a), (B.12)

where ©(A — x) appears from the requirement (AE/E)pmax > (AE/E)min and

M 302 3kgT
2 _ 2 2 2= ) B.13
ST 2522 U T M (B.13)
Here, the velocity dispersion (7) is defined in terms of the DM temperature (1), and

kp = 1.38 x 10723J /K is the Boltzmann constant.

If DM with number density n, is assumed to have a Maxwell-Boltzmann distri-

bution in the form

4
flu)du = nxmxzea:p(—ﬁ)dx, (B.14)

for an observer at rest with respect to the GC, the capture rate becomes

. (B.15)

c (6)1/2 _v? - 1 —exp(—A?)
v T A2

The motion of the observer affects the capture rate; the faster the observer moves,
the harder to capture the DM since the average kinetic energy of the particles
increases in that frame. In that respect, the correction factor which accounts for

the motion of the observer is defined:

& (A) = 7227(%)//5“// : (B.16)

where 7 is the dimensionless observer velocity for an observer moving with velocity

v,

0° . (B.17)

A typical value expected for the DM velocity dispersion 7 ~ 300km/s suggests that
1 ~ 1 for the astrophysical objects in our solar system since the solar system orbits
the GC at 0 ~ 250km/s. It was shown in Ref. [90] that the limiting values of £,(A)
for n =1 are §,(c0) = 0.75 and &,(0) = 0.37.
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For convenience, one can define a dimensionless quantity ¢ which is related to
the gravitational potential at the shell and to the escape velocity at the surface of

the astrophysical object, v,

- (B.18)

Including the effect of the motion of the observer, the total capture rate can be

written as (the brackets () indicate averaging over the volume of the object)

1/2 02
= (2)" o = (g)le o0l (4)) (B.19)

™ (Y

where (S(A)) is the suppression factor due to the mismatching of the masses of DM

particle and the nucleus;

11— exp(—A2)> &(4) (B.20)

s = (1- =) &
For example, if my ~ m, then A — oo and (S(A)) approaches to 1 but becomes
considerably small when the two masses differ from each other. In general, the
astrophysical objects are composed of more than one nuclear species so the contri-
butions from each species to the capture rate must be taken into account. In the

limit 7 — 1, the function (S(A)) can be approximated as [197]

(%

(S(A)) = S(p) = ﬁ where  B(u) = g(ﬂ fly <<Uasc>> (B.21)

and p = m, /My. The quantity (v.s.) is the mean escape velocity; (ves) = 1156km
s7! for the Sun and (ves.) = 13.2km s™! for the Earth [197]. Therefore, for the given
local density (pX), velocity distribution (7) of the DM particles with mass m,, and
the DM-nucleus interaction cross section (of) for the ith nucleus with mass my, and
mass fraction f; relative to the Sun (or the Earth), the total capture rate reduces

to [91, 197]

ob  1GeV
10=8pb my, ’

C=c UE Z fi i) Si()

(my/GeV)varo 5 (B.22)
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where
X P v

P Bpe=— B.23
P08 = 03 GeViem® 2™ 270 km/s (B.23)

and

4.8 x 101s™!  Earth,
c= (B.24)
4.8 x 1029571 Sun.

So far we have assumed that the interaction cross sections are velocity indepen-
dent and the DM interacts with the nuclei coherently. This assumption is valid
only if the interaction is not affected by the internal structure of the nucleus, i.e the

momentum transfer, ¢ is small compared to the inverse of the nuclear radius, R

qR< N . (B.25)

In the cases when Eq. (B.25) is not satisfied, the coherence of the interaction
is lost and the capture becomes less efficient. In general, the lack of coherence in
interactions with nuclear material is described by a form-factor suppression, |F'(¢?)|?

in the form [90, 91]

|F(q*)|* = exp(—AE/Ey) (B.26)
where AFE represents the energy loss of DM and

3h?
EQ =

= — B.27
2mNR2 ( )

is the characteristic coherence energy. The introduction of lack of coherence modifies

the definition of the scattering function, €, (w) so now it is defined as

AII\&X 1

0, (w) = (onw) /

5 (B.28)

2AF
—AFE/Ey)d
eap( /o) (mxw2>

where Aoy = (AE/E)max and Ay = (AE/E) i, are given in Egs. (B.11) and
(B.10) respectively. It was shown that the form factor suppression is not more than
a 5% effect for the capture of DM in the Earth [197]. In the context of form factor

suppression for the capture of DM in the Sun, the earlier results of Gould [90] were
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used and a fairly accurate analytic fit was obtained by Jungman, Kamionkowski and

Griest [197], i.e

Fi(my) = F" + (1 = F"eap l— <%> ] (B.29)

for a DM particle with mass m, interacting with a nucleus of type 7. The fit
parameters Ff”f ,m’ and «; can be found in [197]. Then, the total capture rate,

after including the form factor suppression, takes the form

X i
53 o, 1GeV
C=c ' > Fi(my) fi (i) Si() T (B.30)
— X 7 [ 7 _ . .
(my/GeV )T 5 10=8pb my;,
]_042 T T L B T T L A B T T T T T T |§
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Figure B.1: Capture Rate in the core of the Farth as a function of dark matter mass
m,. Contributions from different nuclei; iron (solid line), silicon (dashed line) and
oxygen (dot-dashed line) are considered when the actual mass fractions are taken
(thin lines) and also when the core of the Earth is assumed to contain single type
of nucleus (thick lines).
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Figure B.2: Capture Rate in the core of the Sun as a function of dark matter
mass m,. Contributions from different nuclei; iron (solid line), silicon (dot-dashed
line), oxygen (dotted line) and hydrogen (dashed line) are considered when the mass
fraction and lack of coherence in DM-nucleus interaction effects are included (thin
lines) and when these effects are ignored (thick lines).

In Figs. B.1 and B.2 we present the contribution of several different nuclei to the
total capture rate in the Earth and in the Sun, respectively. In each case, we assume
that DM-nucleus cross section can be approximated, for a nucleus with N; nucleons,

as
ol =~ oo N2 (B.31)

where DM-nucleon cross section is taken to be 10~%pb. Furthermore, we take the
composition of the Earth and the Sun given in [197].

In Fig. B.1, we show the capture rates due to oxygen, silicon and iron nuclei in
the Earth for the case when f; = 1 (thick lines) and when the actual mass fractions

given in Ref. [197] are taken into account (thin lines). The effect of the kinematic
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factor S(ju) is observed as resonance peaks when the DM mass and the mass of the
nucleus are the same. In a wide range of DM masses, the contribution to the capture
rate from the iron nucleus seems more effective than from the other nuclei except in
the resonance regions.

In Fig. B.2, we show the capture rates due to oxygen, silicon, iron and hydrogen
nuclei in the Sun. We present the capture rates due to each nucleus in the case when
we take f; = F; = 1 (thick lines) and in the case when f; and F; take their actual
values (thin lines) given in Ref. [197]. It is very important to note that even if the
hydrogen is the most abundant element (f; ~ 0.8) in the Sun, due to nature of the
scalar interactions given in Eq.(B.31), heavier nuclei turn out to be more effective in
capturing DM. In addition, the form factor suppression exhibits a large effect on the
iron nucleus especially for DM particles with mass, m, > 10 GeV. For DM masses
below 20 GeV, both oxygen and iron nuclei are important in the capture, however,
for heavier DM particles the main contribution to the total capture rate comes from
oxygen. Unlike the case for the Earth, we do not observe any resonance behaviours
for the capture in the Sun. This is due to the large mean escape velocity for the
Sun which renders the kinematic suppression (S(1)) negligible, independent of the
ratio of the DM and the nucleus masses. It is worthwhile to note that in the case of
scalar (or spin-independent) DM-nucleus interactions, neglecting the contributions
from heavy nuclei in the capture process does not seem a reasonable assumption

which is frequently used in the literature [15, 36, 42].
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