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Abstract.
Extraterrestrial messengers can probe the presence of dark matter in the Milky
Way and beyond. Among others, sizable anomalous fluxes of high-energy neu-
trinos expected from pair annihilation and decay of dark matter particles, giving
neutrino telescopes a role in indirect searches. The energy features and space
distribution of dark matter overdensity regions are used to characterise a signal
to be discriminated from an atmospheric neutrino background. Other than in the
main gravitational reservoir at the Galactic Centre, dark matter can be trapped
in the Sun by losing energy in interaction with baryons. Its annihilation into
neutrinos offers a unique opportunity when searching for a signal from the Sun,
for which neutrino telescopes have almost no competitors. This lecture gives
a review of experimental methods and results on indirect dark matter searches
obtained with neutrino telescope data.

1 Introduction

Whilst microscopic physics has advanced in the description of matter in its smallest con-
stituents, most of the mass in the Universe is dark and its nature remains unexplained. This
includes the halo of our own Milky Way, that like other galaxies hosts a concentration of
non-luminous matter gravitationally accumulated at its centre, and whose presence is evi-
denced by macroscopic observations [1–3]. For the purpose of most experimental searches,
this unknown substance is described as a new elementary particle, with a rather loose com-
posite sketch over a large parameter space, and numerous, continuously updated efforts to
determine what this dark matter should not be. Exactly because properties relevant for detec-
tion (mass, interaction strength with ordinary baryonic matter) are unconstrained over a huge
range of values, triangulation is crucial between complementary search approaches: produc-
tion, direct, indirect. A common assumption underlying experimental searches is that dark
matter plays a role in the thermal history of the universe. Thermal freeze-out of species in
the Early Universe explains their relative abundances as observed nowadays. In the ΛCDM
model, hosting dark matter as a thermal relic, WIMPs (weakly interacting massive particles)
raise particular attention: their interaction strength is coincidentally of the size of the known
electroweak interaction, introducing no new scale in the theory, and matching at the same
time the observed dark matter abundance [4, 5]. Low interaction rates require large detection
volumes, which is for instance the current limiting factor for direct searches in noble gas
or scintillators. Indirect searches target dark matter in astrophysical environment, in regions
where it accumulates to high densities. At the same time, low interaction rates ensure that
some dark matter is still to be found nowadays as a thermal relic.
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2 Dark Matter Messengers: Neutrinos
A handful of cosmic messengers can act as dark matter tracers: photons, neutrinos, elec-
trons, positrons, protons, antiprotons, hydrogen (deuterium, antideuterium) [6]. Like pho-
tons, neutrinos participate in proper astronomy, in which they preserve their source informa-
tion, crossing matter undeflected and unabsorbed1. Exactly for these same features, neutrinos
are experimentally elusive. They are indirectly detected via an associated lepton. Due to
the low interaction rate typical of electroweak processes, neutrinos propagate almost unaf-
fected through the detector too, requiring analyses based on statistics of small signals. This is
further challenged by the presence of background from atmospheric leptons not originating
from neutrinos: very-large volume neutrino detectors such as KM3NeT [7] and IceCube [8]
typically mask out a large amount of this background using the Earth as a filter. Noticeably,
the neutrino-nucleon cross section raises with energy [9], compensating the flux of neutrinos
from dark matter processes decreasing at higher dark matter masses.

2.1 Flux of Neutrinos from Dark Matter Annihilation

In pair annihilation of dark-matter particles, neutrinos can be produced directly or via an
intermediate channel. The final state energy distribution dNi

ν/dEν, corrensponding to channel
i, is obtained with a Monte Carlo generator such as HELLWIG or PYTHIA made ready to use
through tools such as PPPC4DMID [10] or χaroν [11]. When looking at extended overdensity
regions, the dark matter source is described with the J-Factor

JANN =

∫
Ω

dΩ(θ, ϕ)
∫

l.o.s.
ρ2 (s(r, θ, ϕ)) ds, (1)

with Ω being the solid angle under which the source is observed, s the radial coordinate
integrated over the line of sight (l.o.s.), and the suffix ANN standing for annihilation. For
neutrino telescopes, which have a very broad field of view, values as large as 180◦ can be
considered for the opening angle characterising the solid angle Ω. As an example, the dark
matter source at the centre of the Milky Way embeds the entire Earth and beyond. The J-
Factor in turn depends on the dark matter density ρ. Simulations of dynamical systems of
N particles reproduce accurately the large-scale structures of the current universe (like the
distribution of galaxies and galaxy clusters) if assuming the existence of cold dark matter
and a expanding universe with a cosmological constant, as predicted in the ΛCDM model.
The Navarro-Frenk-White NFW profile [12] is a traditional benchmark motivated by N-Body
simulations. In NFW, the dark matter density distribution is characterised by a central cusp,
while this is not observed in many galaxies, in particular in those with low masses (dwarf
galaxies). Density profiles that are more motivated by the observation of galactic rotation
curves are the Isothermal and Burkert profiles [13], characterized by possessing a central core.
The shape of the halo profile strongly influences the sensitivity of direct searches in galactic
halos, as the more point-like the dark matter source appears, the easier it is to discriminate
a flux of neutrinos from an isotropic atmospheric background. Considering the morphology
described through the J-Factor and the energy footprint contained in dNi

ν/dEν, the flux of
neutrinos from pair annihilation of dark matter is given by

dΦi
ν

dEν
(Eν) =

1
4π

1
M2

DM

⟨σv⟩
2

dNi
ν

dEν
(Eν) J, (2)

where MDM is the mass of the dark matter particle, and σ the typical pair-annihilation cross
section, thermally averaged over the dark matter velocity distribution as ⟨σv⟩.

1This holds for the direction information. The energy information is generally preserved unless in the case of
very dense sources implying internal absorption.

2.2 Flux of Neutrinos from Dark Matter Decay

If considering dark matter decaying into Standard Model particle, the source morphology is
described by the J-Factor

JDEC =

∫
dΩ

∫
l.o.s.
ρ (r(θ, ϕ)) dr (3)

and the flux of outcoming neutrinos through the decay channel i depends on the dark matter
lifetime τDM

dΦν
dEν
=

1
4π

1
mDM

1
τDM

dNi
ν

dEν
JDEC. (4)

Additionally, a factor 1/3 is necessary when considering neutrinos of a given flavour as final
states [14]. For dark matter decay, the dependance on the dark matter distribution is weaker
than for annihilation, as only one dark matter particle is involved.

3 Uncertainties

The morphology and spectral characterisation of dark matter distributions is affected by un-
certainties that propagate on the calculation of neutrino fluxes, inevitably penalizing indirect
searches. Also for this motivation a signal from indirect dark matter searches must find con-
firmation in the direct or production channel.

The largest uncertainties regard the spacial distribution of dark matter halos, which are
modeled trying to match the information on dark matter evidence from astrophysics and
cosmology. According to the model considered to describe the dark matter halo, upper limits
can vary over more than one order of magnitude (see for instance Figure 2 of reference [15]).

Uncertainties also affect the energy distribution of Standard Model particles yield by a
dark matter pair-annihilation. Depending on the dark matter mass and annihilation channel
considered, uncertainties can amount up to (10% – 30%) mostly reflecting uncertainties on
the hadronization model [16].

Other sources of theoretical uncertainties play a role in indirect searches. Classical WIMP
annihilation searches generally consider a scenario where each channel independently con-
tributes with a 100% branching ratio. The inclusion of relative branching ratios implies dis-
tancing from a model-independent search and including a study of relative amplitudes, which
typically evades the reach of these analyses. Finally, a further factor 2 in Equation 2 can be
varied according to the choice of Dirac or Majorana dark matter.

4 Characteristic Signatures

4.1 Dark Matter in the Sun

Dark matter particles in the Galactic halo would scatter onto dense celestial bodies such as the
Sun loosing a fraction of their energy and eventually falling below the threshold to become
gravitationally bound. With the density of those dark matter particles increasing, their prob-
ability to pair-annihilate also increments. Under certain age conditions of the accumulator
body (conditions that hold for the case of the Sun), an equilibrium is reached between cap-
ture and loss through annihilation. In this case the celestial accumulator gives rise to a steady
flux of neutrinos from dark matter pair-annihilation that no longer depends on the velocity
distribution of dark matter particles in the Galactic halo. A limit on the non-observation of a
flux of neutrinos from the Sun with the energy footprint of a dark matter annihilation is there-
fore translated onto a limit on the dark matter - nucleon scattering cross section. There are
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two interactions of dark matter with ordinary matter: dependent on spin of the target nucleon
(for odd-atomic-numbered nucleons) and dependent on mass (for even-atomic-numbered nu-
cleons), both of which are present in the Sun with known abundances. Typical results from
indirect dark matter searches in the Sun place limits on the scattering of dark matter with tar-
get nucleons, in a similar way with the results of direct searches. For the latest results see the
limits achieved with 7 years of IceCube/DeepCore data [17], and limits obtained with a partial
configuration of KM3NeT consisting of 6 detection lines over 433 days of operation [18].

4.2 Dark Matter Lines

Searching for a monochromatic energy emission (line) is one of the cleanest channels to frame
the signature of dark matter annihilation or decay. These searches target the direct annihila-
tion of two WIMPs into two neutrinos, transfering the center-of-mass energy of the initial
state, roughly equivalent to 2 MWIMP, into kinetic energy of a neutrino pair. This search is
challenged by the requirement of an excellent energy resolution alongside with a high statis-
tics of data permitting to populate the differential energy region around the peak, but in turn is
characterised by a very low background. Results obtained with 8 years of IceCube/DeepCore
data are detailed in reference [19].

4.3 Dark Matter in Galactic Haloes

Cosmology indicates that galaxies form nested into large dark matter halos, responsible for
the gravitational accumulation of matter [20]. The closest, largest dark matter reservoir is
therefore the centre of the Milky Way. This region also hosts a large population of luminous
sources, requiring particular techniques to observe it with γ-ray telescopes, but is directly
accessible with neutrino telescopes. Telescopes in the Northern Earth Hemisphere, such as
KM3NeT, have a good view of the Galactic Centre through the Earth filter in standard data
taking mode. Telescopes in the South, such as IceCube, must resort to dedicated analysis
techniques to veto atmospheric neutrinos without using the Earth filter. Recent results display
upper limits on the dark matter annihilation rate based on the non-observation of a cluster of
neutrino events from the centre of the Galaxy with KM3NeT [18] and IceCube [21].

4.4 Secluded Dark Matter

Provided that an incremented lifetime and exposure will soon hit the cosmological bound at
3 ·10−26cm3s, the dark matter parameter space might be extended to higher masses. However,
classical WIMPs come to a halt at O(100) TeV due to a unitarity requirement. This can be
evaded with a modified cosmology scenario in which dark-matter particles annihilate into an
on-shell mediator, later decaying into Standard Model [22]. The relevant energy scale is not
the heavy dark matter mass (that would demand a re- summation of electroweak radiation for
mDM > 10 TeV), but rather the sub-TeV mediator mass, where the first order treatment of
electroweak corrections included in PPPC4DMID [10] is under control. Upper limits when
testing for the first time dark matter masses up to 6 PeV are detailed in reference [23]. In the
hypothesis tested here, dark matter annihilates in two mediators in the centre of the Galaxy,
to yield four Standard Model particles that leave the source already as final state neutrinos.

A different search scenario is the case of a vector mediator that propagates up to the
vicinity of the detector, to then decay leaving a di-muon signature. This could be the case
for close-by sources like the Sun, with the mediator escaping the Sun before producing any
neutrinos, avoiding attenuation. Di-muon signature from the Sun was searched for in 6 years
of IceCube data [24].

4.5 Heavy Dark Matter

Several scenarios foresee EeV-scale dark matter [25, 26]. As an example, right-handed neu-
trino νR,1 in CPT symmetry, that decays into a Higgs and a light Majorana ν νR,1 → H + νM .
This two-body process yields a ultra-high energy, monochromatic neutrino that would nor-
mally not make it through the Earth that results opaque at EeV energies. However, this
channel would produce a visible signal when considering tau neutrinos and their regenera-
tion that would shift the monochromatic, high energy line down to TeV-PeV energies. The ντ
regeneration chain can be obtained with dedicated tools such as taurunner [27].

4.6 Light Boosted Dark Matter

Neutrino telescopes can test scenarios where a fraction of the dark matter population is rel-
ativistic (boosted). This can be realised in two ways: assuming that a certain amount of hot
dark matter is initially present [28], or assuming that this is upscattered by interactions with
cosmic rays [29]. Upscattering originates from the same dark matter-nucleus interactions as
direct detection experiments search for; however, conventional direct detection experiments
focusing on nuclear recoils are not sensitive to cold sub-GeV dark matter due to insufficient
recoil energy. In either case, directionality is preserved suggesting to target the major reser-
voir at the Galactic Centre. In the first scenario, a sub-population of relativistic dark matter
produced non-thermally in late-time processes. The search strategy is based on detecting
Cherenkov light from the final state charged particles, above the Cherenkov threshold. As
this foresees no ν yield, this is rather an unconventional usage of neutrino detectors. In the
second scenario, upscattering originates from the same dark matter-nucleus interactions as
direct detection experiments search for; however, conventional direct detection experiments
focusing on nuclear recoils are not sensitive to cold sub-GeV dark matter due to insufficient
recoil energy. For details of a search for boosted dark matter run with Super-Kamiokande see
reference [30].

5 Conclusions
A dark matter candidate particle has been long searched for, with a crossfire strategy between
direct searches for scattering of dark matter on baryons, production at colliders, and indirect
searches looking at pair annihilation or decay products. Currently all these experimental ef-
forts come to no avail. Neutrino telescopes are able to test particular scenarios where the
majority of dark matter directly annihilates or decays to final state neutrinos. These instru-
ments also benefit from being able to directly target the major dark matter reservoir at the
centre of the Milky Way. Future strategies focus on extending the parameter space as well
as incrementing the instrumental exposure, which might soon be able to exclude the entire
WIMP parameter space.

Indirect searches assume a particle nature for dark matter, however this assumption is not
essential. Alternative hypotheses identify dark matter with very massive, ordinary astrophys-
ical objects (planets, dead stars, black holes), provided they do not emit radiation. Gravita-
tional lensing set strong bounds on these scenarios. Also primordial black holes, baryonic
but created before BBN, have been suggested as a dark matter candidate,but unlikely able
to account for the totality of dark matter. Hardly testable through indirect searches are also
other production mechanisms than freeze-out of a thermal relic: for instance freeze-in sce-
narios [31] or darkogenesis [32]. Meanwhile, the major and next generation neutrino obser-
vatories will continue towards pushing the thermal relic cross section. Dark matter searches
remain a rich field of opportunities for novel scenarios considered the empty-handed WIMP
search conducted until nowadays.
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