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Executive Summary

This whitepaper focuses on the astrophysical systematics which are encountered in dark
matter searches. Oftentimes in indirect and also in direct dark matter searches, astrophys-
ical systematics are a major limiting factor to sensitivity to dark matter. Just as there are
many forms of dark matter searches, there are many forms of backgrounds. We attempt
to cover the major systematics arising in dark matter searches using photons—radio and
gamma rays—to cosmic rays, neutrinos and gravitational waves. Examples include astro-
physical sources of cosmic messengers and their interactions which can mimic dark matter
signatures. In turn, these depend on commensurate studies in understanding the cosmic
environment—gas distributions, magnetic field configurations—as well as relevant nuclear
astrophysics. We also cover the astrophysics governing celestial bodies and galaxies used
to probe dark matter, from black holes to dwarf galaxies. Finally, we cover astrophysical
backgrounds related to probing the dark matter distribution and kinematics, which impact
a wide range of dark matter studies. In the future, the rise of multi-messenger astronomy,
and novel analysis methods to exploit it for dark matter, will offer various strategic ways to
continue to enhance our understanding of astrophysical backgrounds to deliver improved
sensitivity to dark matter.
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1 Introduction

Searches for dark matter (DM) are often driven by the ability of a particular experiment or
set of experiments to observe the DM signal in its data. However, these searches are lim-
ited by our understanding of the experimental backgrounds and astrophysical systematic
uncertainties surrounding the DM and its environment. In many ways, the search for signals
from DM is the search to understand all emission which is not due to DM so the DM may shine
through. In this white paper, we will give an overview of the experimental and astrophys-
ical backgrounds that can affect DM searches and the many ways that multiwavelength
and multimessenger analysis can help identify, quantify, and remove these backgrounds to
DM searches.

Below, we first provide an overview of three areas of DM search which can be improved
through more careful understanding of the environments surrounding the DM - searches
with cosmic messengers, searches in natural laboratories, and terrestrial searches for DM.
With cosmic messengers, DM is being explored via "indirect detection”; here, DM is anni-
hilating or decaying into Standard Model particles in an astrophysical environment which
are then detected at Earth. Natural laboratories considers the extreme energies and dis-
tances accessible in astrophysical objects which can be altered due to the presence of DM.
Finally, in terrestrial searches, DM "direct detection” is observed through DM interaction
with matter on Earth.

In all three areas of DM search covered here, there are large systematic uncertainties
and backgrounds which need to be accounted for and reduced. In many of these cases,
this can be addressed best through the use of multimessenger and multiwavelength as-
trophysical observations. Indeed, one experiment’s background is another experiment’s
signal. Additionally, different techniques for probing astrophysics have different sources
of uncertainty and different observables, which when combined can minimize experimen-
tal uncertainties. Tapping into the development of multiwavelength and multimessenger
astrophysics provides powerful opportunities and solutions to address the needs of DM
searches in the years to come.

Cosmic messengers

The indirect detection of DM involves searches for Standard Model particles produced
when DM annihilates or decays. These particles then travel to Earth where they are ob-
served as an excess of experimental counts in the direction of the DM source. However,
the interpretation of such observations as a DM signal is sensitive to a number of astro-
physical assumptions. The morphology of the DM source, as well as its total DM density,
can affect the interpreted DM cross-section or decay lifetime. The effects of particle prop-
agation through the cosmos must be carefully understood to extract the energy spectrum
and annihilation/decay final states of the DM at its source. For charged particles, it is also
vital to understand propagation to extract the source positions from the particles’ arrival
directions.

Each wavelength and messenger has different uncertainties and different strengths.
Radio waves can observe synchrotron emission from pulsars but also from DM-produced
et /e~ pairs. Gamma-rays can show the most energetic astrophysical environments and
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DM annihilation spectra. Cosmic rays can probe particle transport in the galaxy as well
as DM emission near the Earth. Neutrinos can be used to observe signals from distant
high-energy sources and can probe the DM content of dense objects such as the Sun.
Gravitational waves can provide information about black hole mergers but also black hole
DM.

Many signatures from Standard Model particles and astrophysical processes can mimic
DM behavior. Nuclei have transition lines that are similar to DM decay lines. Cosmic
positrons and gamma-rays from pulsars can have similar energies to those from DM.
Gamma rays from supernova remnants can cause excess counts in even the most DM-
rich galaxies. However, multiwavelength and multimessenger analyses are an ideal way to
break these degeneracies in the data. A careful measurement of the interstellar magnetic
field can improve both particle propagation concerns and reduce correlations between
radio synchrotron observations and DM-produced et /e~ pairs. Better understanding of
energy spectral and spatial morphological information can distinguish DM versus astro-
physical explanations of gamma-ray anomalies. Measurements of the diffuse gamma-ray
flux can better quantify the gamma-ray signals which may cover up those from DM. Better
quantification of nuclear abundances can show which line signals may be from DM. Joint
experimental analysis and correlation between disparate datasets will be the hallmark of
the next generation of DM searches.

Natural laboratories

Similar to searches with cosmic messengers, natural laboratory searches for DM take place
at astrophysical distances through interactions with Standard Model particles. However,
instead of searching for DM annihilation or decay into those particles, these environments
are directly modified due to the presence of DM. Due to the extreme environments en-
countered —for example, extreme mass densities, temperatures, particle energies, just to
name a few—astrophysical objects can be extremely sensitive to DM properties, more so
than terrestrial experiments. However, the complication is the need to understand the
astrophysical manifestation of Standard Model processes, which often lacks a full first-
principles understanding due to the extreme scales involved. DM can cause the collapse
of massive stars leading to modified nucleosynthesis or produce a previously unobserved
class of quasars. On cosmic scales, DM can even affect the morphology of galaxies. Either
in environments at extreme density and temperatures, or at cosmological distances and
timescales, DM can shape its environment in ways that can provide unique insight into its
nature.

Terrestrial searches

Direct detection searches for DM are often viewed as an alternative to astrophysical searches.
Taking place on Earth, these experiments directly probe the nature of DM in a laboratory.
However, even in direct detection experiments, the source of the DM is still astrophysical
- the DM being probed is the DM halo surrounding the Earth and passing through it. And
these DM have also affected and have been affected by astrophysical environments, as dis-
cussed above. More specifically, direct DM searches are sensitive to the velocity and spatial
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distribution of the DM in addition to its mass and nuclear coupling.

Additionally, most direct detection DM searches have large backgrounds of astrophys-
ical origin. Neutrinos, muons, and charged cosmic ray nuclei can pass through the Earth
and mimic a DM signature. By correlating data from multimessenger and multiwave-
length astrophysical experiments, these direct detection observatories can best minimize
these backgrounds and search for DM interactions to even greater levels.

2 Synergies in indirect searches for dark matter with cos-
mic messengers

Cosmic messengers are the primary method by which DM can be probed indirectly using
astrophysical phenomena. Traditionally, photons and cosmic rays have been the messen-
gers of choice largely due to their ease of detection, but in recent years they have been
augmented by the rise of neutrino observatories and gravitational wave detections. In this
section, we detail the important backgrounds encountered in when searching for DM with
these cosmic messengers.

2.1 Searches with photons

Contributors: Esra Bulbul, Ilias Cholis, Shunsaku Horiuchi, Oscar Macias, Kohta Murase,
Kerstin Perez, Marco Regis

Among the cosmic messengers, photon detectors often deliver the most exquisite tim-
ing, angular, and energy resolutions. On the other hand, most if not all astrophysical
objects/processes are prominent emitters of photons, which impact dark matter searches.
In this section, we focus on two wavelengths—radio and gamma rays—which in particular
hold significant promise for reducing astrophysical systematics in the future.

2.1.1 Radio

A variety of DM candidates are expected to show potentially detectable signatures at radio
frequencies. The search technique and the systematic uncertainties related to the descrip-
tion of the astrophysical backgrounds strongly depend on the specific signature under
investigation. Here we outline three relevant cases.

* WIMPs and continuum synchrotron radiation: DM particles with mass in the GeV-
TeV regime can inject fluxes of primary and secondary high-energy electrons and
positrons through annihilation or decay. Emitted into regions with ambient magnetic
field at the ;G level, such electrons and positrons give raise to a synchrotron radiation
peaked in the radio band. In order to characterize the et /e~ equilibrium density, a
good knowledge of the interstellar medium and of the turbulent and regular components
of the magnetic field are needed.

The former allows to compute the energy losses associated to the cooling of et /e™,
while the latter is fundamental in the description of diffusion processes. Since the
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synchrotron signal comes from a convolution of the e /e~ distribution with the mag-
netic field, the strength and spatial distribution of the latter are crucial ingredients.
The spatial distribution of the emission depends on the DM spatial profile, on the
et /e~ transport, and on the morphology of the magnetic field. The frequency spec-
trum is typically more curved than a power-law, but no striking spectral features
are present. Therefore, the disentanglement of the DM signal from an astrophysical
emission might be rather awkward. This dictates the search to focus on regions with
faint backgrounds [1], with the complication that those regions typically show low
magnetic fields, whilst a significant magnetic strength is needed. The measurement
of the magnetic field in dark structures (such as in dSph galaxies or in the external
suburb of spiral galaxies and clusters) is a challenge, but a great advancement is ex-
pected in the coming years thanks to Faraday rotation measures of next-generation
telescopes, such as the SKA [2].

Axion-like particles and spectral lines: Axion-like particles (or dark photons) with
mass around peV can decay or convert into radio waves. The ALP-photon conversion
(also called Primakoff effect) is particularly promising in objects having magnetic
fields with significant strength and small coherence scale, e.g., magnetospheres of
neutron stars [3-5]; see also section 3.1. The uncertainties on the theoretical pre-
diction of the signal can be rather large and related to: a) the description of the
magnetosphere (which requires both observations and simulations), b) the propaga-
tion of the radio photons generated from the conversion (a subject that is currently
under quite active investigation in the community, see, e.g., [6]) and 3) the DM den-
sity in these objects. In large-scale astrophysical environments, where the coherence
scale of the magnetic field is larger, the rate of stimulated ALP decay into two pho-
tons [7] supersedes that of ALP-photon conversion. Here the uncertainties can be
lower, as they are related to the description of the ambient photon field (responsible
for the stimulated decay), which is reconstructed through the observed continuum
flux of the source. Also dark photon DM can oscillate resonantly into photons in
thermal plasma, if the plasma frequency matches the dark photon mass. This might
happen around stars, and the uncertainties in the model prediction are related to the
description of the plasma properties and of the DM density in the stellar environ-
ments.

In all above cases, the signal is a spectral line with expected width ~ o, /c ~ 1072 —
10~*, where the DM velocity dispersion o, ranges from ~ 10° km/s in galaxy clusters
to ~ 10 km/s in dSph. The experimental challenges involve the requirement of high
frequency/angular resolution for the telescope, and the disentanglement of the DM-
induced line from other radio lines that might be present in the field.

Ultra-light bosons and polarimetry: The coupling between photons and ultra-light
bosons can lead the left- and the right-circularly polarized light to travel at different
velocities when crossing a DM halo (the birefringence effect [8]). This results in an
achromatic rotation of the plane of polarization of linearly polarized light. Spectro-
polarimetric observations at GHz-frequencies can be used to constrain DM candidates
around the “fuzzy” DM mass scale [9]. The key requirement is high sensitivity asso-
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ciated to rotation measures, as well as high spectral and angular resolutions.

2.1.2 Gamma rays

Gamma rays cover an ideal energy range for proving a range of DM candidates, including
weak-scale DM and heavy DM. As such, substantial efforts have been devoted to search for
continuous gamma rays, gamma-ray lines, and other more exotic signatures. It is crucial to
construct improved astrophysical background models that allow a robust detection of these
potential signals [10]. Table 1 summarizes the important background considerations: (i)
the Galactic diffuse emission, due to interactions of energetic cosmic-ray particles with
interstellar gas and radiation fields; (ii) unresolved/sub-threshold point sources, due to
limited sensitivity of the gamma-ray facilities; and (iii) instrumental backgrounds. We
show examples of DM search with gamma rays and which backgrounds are most relevant
for them.

Galactic diffuse | Unresolved | Instrumental
emission Sources Systematics
MeV DM ° °
GeV DM @GC ° °
GeV DM @M31 ° .
GeV DM @dSphs °
GeV DM @clusters °
Heavy DM ° °

Table 1: Summary of DM searches with gamma rays and the main categories of back-
grounds. Bullet points illustrate the main relevant backgrounds; other backgrounds can
still be relevant under specific conditions. Here, heavy DM refers to DM above the elec-
troweak scale.

Background systematics

We first broadly cover the 3 categories of backgrounds and approaches to model them:

1. Galactic diffuse emission: is by far the most important and complicated background
in DM searches with gamma rays. It arises from the interactions of energetic cosmic-
ray particles with interstellar gas and radiation fields. In the literature, there are
broadly two strategies to model it: (i) numerically solving cosmic-ray transport,
e.g., [11]; and (ii) data-driven phenomenological model, e.g., [12]. In both cases,
the single most important challenge in generating accurate Galactic diffuse emission
models remains obtaining accurate distributions of input ingredients, e.g., cosmic-ray
sources, magnetic fields, and target gas densities.

2. Unresolved sources: The cumulative emission of unresolved astrophysical gamma-
ray sources could give rise to a significant diffuse background component which is
challenging to model. Recent developments and future directions are discussed in
Sec. 5.2.
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3. Instrumental systematics: Typically, when searching for DM in crowded locations,
such as the Galactic Center of the Milky Way galaxy, the dominant source of back-
ground is astrophysical. However, when pushing the sensitivity to DM down to the
limits of detector capabilities, the issue of detector systematics grows. Examples of
this include the use of gamma-ray quiet sources like dwarf galaxies, or using parts
of sky with a lot less astrophysical gamma rays, e.g., high latitude regions. In turn,
detector systematics varies widely depending on the gamma-ray energy range, detec-
tor technology, and also potentially target location. We do not attempt to cover the
myriad of detectors and search situations here. Instead, in Sec. 5.1, we cover ideas
for dealing with instrumental systematics in the context of combining or comparing
results from multiple instruments.

Thus, improving the Galactic diffuse emission model is of primary importance for in-
creasing the sensitivity of gamma rays to DM searches. Key progress in the future are:

* Improved gas maps: Three-dimensional maps of atomic hydrogen (H/) are needed.
Current maps are limited by avoidable simplifying assumptions such as idealized kine-
matics (assuming the gas follows circular orbits), and neglecting absorption features
in the data [13]. Biases introduced by these assumptions are some of the largest for
extracting properties of the Fermi GeV excess (see accompanying dedicated whitepa-
per [14]). One solution [13, 15] is to construct physically-motivated gas velocity
profiles with hydrodynamic simulations, and solving the full radiative transfer equa-
tion (i.e., including 21-cm line emission, absorption, and continuous emission). This
remains promising avenue for the future. Another direction is the development of
new 3-D dust maps [16] which may be of great benefit due to a known correlation
between dust and gas.

* Improved gas models: Molecular hydrogen cannot be measured directly. Instead, it
is assumed to be well mixed with carbon monoxide (CO), which in turn can be traced
by its 2.6 mm emission line. One of the necessary assumptions is that the H2 gas
column density is proportional to the CO gas column density. However, studies [17,
18] have shown that this molecular-hydrogen-to-CO conversion factor (X¢o) could
vary significantly with distance. It is essential to find better tracers of Galactic H2 gas
material and/or get an improved handle on the behaviour of the X¢ in the Galactic
environment. In addition analyses that marginalize over all possible configurations
of H2 maps need to continue being developed.

* Improved models for the interstellar radiation fields (ISRF): the distribution of
low-energy ambient photons (emitted by stars and re-emitted by dust) is a key ingre-
dient in determining the spectrum and spatial morphology of the inverse Compton
emission. State-of-the-art ISRF models include anisotropic features such as galactic
arms and stellar bulge [19]. The inverse-Compton component shows strong degen-
eracy with the Fermi GeV excess [20] and thus further updates on the ISRF from
multi-wavelength dataset will be important.

* Improved models and marginalization over Galactic magnetic fields: Cosmic-ray
electrons/positrons lose energy efficiently by gyrating in the Galactic magnetic fields.

9
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The uncertainty of current models for the random and regular magnetic fields in the
Galaxy are large and may explain significant fractions of the Fermi GeV excess [21].
It would be significant to advance the modeling of the total/polarized synchrotron
radiation in order to separate these from other components. Obtaining better models
for the magnetic fields will require global fits to the data in which diffuse gamma rays
and radio (MHz—GHz) observations are considered.

Beyond steady-state solutions of the cosmic-ray transport equation: The inverse-
Compton maps generally used in the community are constructed under the assump-
tion of steady-state spatial distribution of sources and injection luminosities. How-
ever, the steady-state assumption breaks down for electrons/positrons with energies
larger than approximately 100 GeV because of their short cooling times [11]. Ded-
icated modeling and data-analyses efforts will be required to obtain more realistic
inverse Compton maps which agree with multi-messenger observations. Also, the ef-
fects of anisotropic diffusion of cosmic rays associated with the large scale morphol-
ogy of the galactic magnetic fields need to be accounted for. Anisotropic diffusion
can have an impact also on the morphology of the inverse-Compton scattering maps
[22].

Improved models for cosmic-ray sources: this includes source types and their re-
spective spectra as well as spatial distributions. Some sources are largely leptonic
(e.g., pulsars) while others produce all species of cosmic rays (e.g., supernova rem-
nants). Also, these sources may enrich the ISM with distinctively different injection
cosmic-ray spectra. Marginalizing over these uncertainties may be a solution going
forward [23, 24].

High resolution simulations and multi-messenger fitting: One solution to that is
building up new physically motivated and high resolution galactic diffuse emission
models. This is a complicated task requiring new modeling techniques, fits to new
multi-wavelength data, and substantial computing resources. One critical improve-
ment will be increasing the resolution of gas maps. Moreover, creating a multitude of
galactic diffuse emission models for the inner galaxy allows to test a potential dark
matter signal under a sequence of physical hypotheses and thus can alleviate any bias
that may be introduced from any single one background emission model [23, 24].

Diffuse quasi-isotropic gamma-ray background

Searching for gamma rays in the diffuse gamma-ray background will enable us to probe
heavy dark matter at GeV-TeV energies and above. However, astrophysical contributions
often dominate the signal making their understanding crucial for making progress.

The extragalactic gamma-ray background has been measured by the Fermi gamma-ray

satellite [25], and about half of the sub-TeV gamma rays originates from blazars. The
isotropic component of the diffuse component is so-called the isotropic diffuse gamma-ray
background (IGRB), which includes contributions from unresolved point sources such as
blazars [26-28], cosmogenic gamma rays induced by cosmic rays, and any unaccounted-
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for Galactic emission. Thus, there is a rich mixture of backgrounds that need to be under-
stood. For example:

* The IGRB has been used for constraints on annihilating DM [29-32]. Depending
on the clumping factor from DM substructures [33], a fraction of the IGRB could
come from DM, and understanding astrophysical contributions to the IGRB as well
as accurate modeling of the substructures are relevant for probing annihilating DM
in the GeV-TeV range.

* The IGRB measured by Fermi is powerful for heavy DM with masses above TeV
energies [34-39]. Extragalactic gamma rays initiate electromagnetic cascades in
intergalactic space, and eventually contribute to the GeV-TeV IGRB. Cascade con-
straints are applicable to TeV or higher DM masses, up to even GUT scales with
10 — 10' GeV [36, 37]. Knowledge of intergalactic photon fields and magnetic
fields are crucial for accurate cascade calculations.

* For decaying DM, both Galactic and extragalactic components contribute to the IGRB,
and the Galactic contribution is crucial to constrain heavy DM with masses above
TeV energies. Galactic gamma rays can reach Earth without strong attenuation via
two-photon annihilation with the cosmic microwave background radiation, and they
provide a powerful probe of heavy DM [40-43].

On the observation side, air-shower arrays, which are presumably cosmic-ray detec-
tors such as KASCADE, have been used to place constraints on heavy DM in the sub-
PeV range [44-47]. Water Cherenkov detectors such as HAWC have also provided useful
constraints in the 10-100 TeV range [48]. Recently, the Tibet ASy experiment reported
the detection of diffuse Galactic gamma-ray emission [49], and searches for high-latitude
gamma-ray emission will be crucial for testing DM models for IceCube neutrinos (see sec-
tion 2.3). LHAASO [50] will provide more stringent constraints on decaying DM.

Finally, gamma-ray probes are intricately connected to cosmic-ray physics. Cosmic rays
produced inside the Galactic plane may propagate into the halo region, but the detailed
properties are uncertain. Revealing the roles of cosmic rays, including their feedback, in
the halo region will help us to better model Galactic diffuse emission as well as to improve
sensitivities to heavy DM.

2.2 Searches with cosmic rays

Contributors: Ilias Cholis, Peter von Doetinchem, Kohta Murase, Volodymyr Takhistov

In addition to time and energy information, cosmic rays contain rich composition in-
formation, including anti-particles. Observations of cosmic rays also reach substantially
higher energies than other messenger particles, approaching ~ 10?° €V limited only by
their energy losses on the CMB. Thus, they remain a powerfully unique diagnostic of new
physics. However, they also come with unique nuclear and astrophysical challenges, as
described below.

11
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2.2.1 Anti-matter cosmic rays

Antimatter cosmic rays remain a major probe for the search of exotic physics in the Milky
Way. Antiprotons and positrons are the only species observed by cosmic-ray detectors so
far. Detailed models and simulations for the possible astrophysical sources of such species
as close-by pulsars and supernova remnants need to be developed that envelope the un-
certainties on the physical properties of these sources; which includes their distribution in
space, their power output including its time-evolution, the type of particles they inject into
the interstellar medium and their respective spectra. Also models need to include the un-
certainties of cosmic-ray propagation through the interstellar medium and the heliosphere
[51-58]. As such sources appear in a stochastic manner in space and time only simulations
that account for that and probe their properties as an averaged population can be reliably
developed as e.g. [55, 58].

In addition, a recent excess in ~ 10 GeV energy antiprotons observed by AMS-02 has
been claimed [59, 60]. That excess is quite robust to the astrophysical uncertainties of
local cosmic-ray propagation and cross-sectional uncertainties and suggest a signal of dark
matter with similar properties to those required to explain the galactic center excess [61—
63]. However, a full scrutiny on the systematic errors of the AMS-02 instrument remains a
necessity [64, 65]. Further discussions between the experimental and theoretical commu-
nities, in order to achieve a better modeling of the correlation matrix of the instrumental
systematic AMS-02 errors, would allow us to settle on whether the antiproton excess is
of instrumental or of astrophysical origin. Of those errors likely the most significant in
the ~ 10 GeV energy range of the antiproton excess are the effective acceptance and the
nucleon-nucleon cross-section vs energy assumptions.

Finally, the possible detection of antideuteron or anti-helium cosmic-rays by AMS-02
or GAPS will have a profound impact on our ability to probe dark matter in the Milky
Way as the astrophysical backgrounds for such cosmic rays are strongly suppressed [66—
69]. If GAPS with its expected ~ 3 month flight is successful in providing a sensitivity
at lower antideuteron energies to that of AMS-02, follow-up observations will be of great
value. As GAPS will be sensitive at O(0.1) GeV in kinetic energy per nucleon, cosmic-
ray propagation uncertainties and especially those through the heliosphere responsible for
the time-dependent solar modulation of cosmic rays, will need to be further reduced. To
that end the AMS-02 time-dependent measurements [70, 71] can be of great importance
[72-74]. Moreover, significant reduction on the production cross-section uncertainties
for these species will be of paramount importance [75]. To that end, a better modeling
of the forward production of cosmic rays in the collision reference frame and a better
understanding of the coalescence model implemented and possible corrections to it will be
important. Further measurements from fixed target accelerator experiments in a range of
energies with the capacity to detect antiproton, antideuteron and anti-helium nuclei (such
as those presented in [76, 77]) will be of great benefit to achieve those reduced cross-
sectional uncertainties. Examples of such experiments are discussed in Refs. [78-80]. A
more detailed discussion of these cross-sections can be found in Section 4 of the white
paper "Snowmass2021 Cosmic Frontier: The landscape of cosmic-ray and high-energy
photon probes of particle dark matter” [81].

Cosmic rays interacting along our line of sight could serve as sensitive astrophysical
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messengers [82-85]. Cosmic rays directly colliding with DM can allow probing novel
parameter space compared to conventional searches [86-90]. If DM carries an electric
charge it could be accelerated in astrophysical environments such as supernovae remnants
akin to standard cosmic rays [91, 92], providing “dark cosmic ray” [93] messengers that
can be effectively studied in neutrino laboratories.

2.2.2 Atmospheric collider

Collisions of energetic cosmic rays provide a natural laboratory for exploration of DM and
new physics. As isotropic cosmic ray flux collides with the atmosphere, in analogy with
conventional colliders, copious amounts of particles are produced. The “atmospheric col-
lider” has been historically employed as a central tool for analyzing neutrinos, leading to
discovery of neutrino oscillations [94]. Recently, atmospheric collider has been identified
as a unique tool for novel exploration of light dark matter [95], milli-charge (DM) parti-
cles [96, 97] and magnetic monopoles [98]. Unlike conventional colliders, atmospheric
collider is always on and provides a robust universal flux of particles for all terrestrial
experiments. This allows to make direct comparisons, challenging to do otherwise, of
ambient flux searches with e.g. collider searches. Further explorations as well as more de-
tailed simulation studies are needed to explore fully capabilities and complementary with
other searches of atmospheric collider.

2.2.3 Ultrahigh energies

The origin of ultrahigh-energy cosmic rays (UHECRs)—cosmic rays reaching ~ 10%° eV—
remains unknown. However, the existence of a spectral cutoff around 50 — 60 EeV [99-
101] strongly supports their astrophysical origin; top-down scenarios [102], including
super-heavy DM models [103, 104], for the dominant origin of UHECRs are very unlikely.
Nevertheless, this does not spoil the possibility that DM is super-heavy. Super-heavy DM,
whose masses may be in the GUT scale, can be produced via various scenarios, e.g., grav-
itational production in the early universe [105, 106]. It is possible that such heavy DM is
meta-stable, and the DM could give a sub-dominant contribution to the UHECR flux [107].
In the decaying DM scenario, the Galactic contribution is important [108], and protons and
neutrons from the Galactic halo are not depleted. The UHECR data, especially above the
cutoff, provide constraints on super-heavy DM, which are complementary to neutrino and
gamma-ray limits.

In the future, revealing UHECR sources will enable us to explore large parameter spaces
through spectral and anisotropy observations. It is important to also better understand
intergalactic magnetic fields, which affects UHECR propagation, as well as uncertainties in
photonuclear reactions, which impacts UHECR energy loss and composition changes, and
questions such as the transition from Galactic to extragalactic flux components. Also, since
UHECRs from decaying DM are dominated by protons and neutrons, better understanding
of the UHECR composition will be helpful.

Future probes also stand to benefit from multi-messenger astronomy. For example,
constraints on decaying DM depend on the final states which are unknown. If the DM
decays into Standard Model particles, only a fraction of them can be nucleons, while a
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large fraction of the parent DM energy can be carried by ultrahigh-energy gamma rays and
neutrinos [109-111]. UHECR observations are also sensitive to ultrahigh-energy gamma-
rays and neutrinos, providing another probe of super-heavy DM [112].

2.3 Searches with neutrinos

Contributors: Shunsaku Horiuchi, Kohta Murase, Jong-Chul Park, Carsten Rott, Volodymyr
Takhistov, Yun-Tse Tsai

Depending on the scenario, DM can manifest in neutrinos over a broad spectrum of
energies, making neutrino telescopes excellent instruments for indirect DM detection. The
Super-Kamiokande large underground water Cherenkov experiment provides fruitful de-
tection prospects for DM-associated neutrino signatures from above 30 MeV to well over
TeV, coming from WIMPs with masses of ~GeV to ~TeV. Characteristic WIMP annihila-
tion channels include bb, W+W~, y*p~ and vw. Stringent limits have been placed by
Super-Kamiokande and IceCube on signatures associated with annihilation of DM in the
Sun [113, 114] as well as Galactic Center [115-117]. Atmospheric neutrinos constitute
a significant source of background for these searches [118, 119]. While this is generally
well-known around GeV-TeV energies, there remains systematic uncertainties arising from
interaction cross-sections and complicated channels at higher and lower energies. In the
next decade solar DM searches will also face a background of atmospheric neutrinos in the
solar atmosphere, resulting in a solar atmospheric neutrino floor [120-123]. Energy reso-
lution would be the key to distinguish these from a DM signal by exploiting the differences
in energy spectra. On the other hand, searches for solar DM are extremely robust against
astrophysical uncertainties in the underlying DM velocity distribution [124-126].

Aside from traditional searches for DM annihilations, neutrino telescopes can be read-
ily exploited to explore other DM scenarios. For example, Super-Kamiokande has set lead-
ing limits on boosted DM originating from the Sun and Galactic Center [127-131] as
well as “dark cosmic rays” of DM carrying electric charge and accelerated in astrophysi-
cal sources [93]. In addition, the Deep Underground Neutrino Experiment (DUNE), the
next-generation neutrino detector based on the technology of liquid-argon time-projection
chamber (LArTPC), is evaluating its sensitivity to boosted DM through electron and/or
hadronic scatterings [132-137]. Although neutrino detectors have higher detection thresh-
olds than conventional direct DM detectors, neutrino detectors are more massive and de-
tectors based on different technologies can probe complementary parameter space [134].

Since boosted DM and their signatures span a wide energy range, the important back-
grounds also vary. While atmospheric and astrophysical neutrinos are the main back-
ground in the energy range greater than sub-GeV, solar neutrinos and radiological back-
ground have significant impacts on MeV-scale signals. Knowledge of neutrino fluxes from
natural sources and of aforementioned neutrino interaction cross sections will enhance the
sensitivity on boosted DM searches. In particular, sophisticated analysis techniques require
reconstructed kinematics to discriminate signal from background, and understanding kine-
matics of neutrino interactions via related cross section measurements will be beneficial.
Further, boosted DM searches through hadronic scattering often look for signatures similar
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to neutral-current neutrino interactions, and an efficient muon-pion separation will help
reduce the contribution from current-current events. In the MeV regime, the radiological
background makes the triggering system challenging, and to cope with this situation, a
number of ideas inspired by conventional DM search experiments, such as deploying un-
derground argon in LArTPC-based detectors to reduce Ar 39 isotopes, are being discussed.

The observed IceCube neutrinos are most likely astrophysical, which is supported by
the reported coincidences with some astrophysical sources [138]. Nevertheless, heavy DM
could contribute to the diffuse neutrino flux, and various DM models have been discussed
in light of the IceCube data. Because of the unitarity bound, many scenarios rely on DM
decay into SM particles [41, 139-147]. The diffuse neutrino flux is measured over a wide
energy range from 10 TeV to PeV energies, in which decaying DM scenarios involving
quarks in the final state are in tension with the IGRB data [41], especially for models
explaining the 10-100 TeV neutrino flux. Neutrinophilic DM or DM decaying into non-SM
particles may evade the present gamma-ray constraints with a partial contribution to the
IceCube neutrino flux [139, 143, 148-150], and signatures of neutrino-DM scattering are
also considered [151, 152]. The IceCube experiment also has provided stringent limits on
neutrino signatures associated with annihilation [153] or decay [154] of DM.

Even if heavy DM is not responsible for the bulk of the diffuse neutrino flux, neutrino
searches with IceCube/KM3Net/Baikal-GVD are powerful for DM with mass ranges above
TeV energies. Neutrinos can reach Earth even at ultrahigh energies, where the atmospheric
neutrino background is negligibly small and the astrophysical background from cosmo-
genic neutrinos may also be low depending on the UHECR composition. Ultrahigh-energy
neutrinos serve as a powerful probe of heavy DM even at the GUT or Planck scale, and their
searches with various neutrino and UHECR detectors such as Auger are complementary to
gamma-ray and cosmic-ray observations [155].

Better understanding of the origin of the diffuse neutrino flux will enable us to further
explore the parameter space of heavy DM. Resolving the sources of IceCube neutrinos
and improving the modeling of astrophysical components can be used to improve the
constraints on the annihilating cross section and decay lifetime. In either DM annihilation
or decay, DM models predict anisotropy following the Galactic DM distribution [156],
which can be tested with more statistics achieved by upcoming neutrino observations.

Individual source searches are also useful, and local DM halos such as galaxy clusters
(e.g., Virgo) and galaxies (e.g., M31) will provide complementary tests for the DM con-
tribution to the diffuse neutrino flux [41]. This will be discussed later, and it has great
synergies with neutrino frontier white paper on “natural source”.

2.4 Searches with gravitational waves

Contributors: Ilias Cholis, Kuver Sinha, Volodymyr Takhistov
Gravitational waves (GWs) can be used to search for primordial black holes (PBHs)
with masses between ~ 1 and several 100 solar masses [157-159]. The current and up-

coming GW observatories, can be used to search for and constrain the stellar mass range of
that wide mass spectrum. In the mass ranges of the current and upcoming GW observato-
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ries, PBHs could contribute a sizable fraction of DM energy density f = Qppn/Qpm [160-
165], with GW data suggesting f < O(107?) [157, 158, 166, 167], although uncertainties
remain [168] and need to be explored further. Variety of handles can be used to discrimi-
nate PBHs with astrophysical BHs (ABHs) via GW observations:

* The mass spectrum of the detected GW events. With upcoming LIGO / VIRGO /
KAGRA observations the BH mass spectrum will be measured with unprecedented

precision. PBHs may cause a break, a bump or multiple bumps in that mass spectrum
[169, 170].

* The spin of PBHs, which could be significant [171-173], and how that evolves with
time [174] and for different dark matter halo masses. Spinning PBHs will also be
distinguishable by their associated emission signatures such as jets [175].

* Merger rates and formation of PBH vs. ABH binaries. PBH-PBH binaries can receive
significant contributions from the late Universe [157] as well as early Universe be-
fore matter-radiation equality [158]. In contrast, PBH-NS binaries follow stellar evo-
lution and can only form at low redshifts. As demonstrated in [176], PBH-NS merger
rates are subdominant to the astrophysical BH-NS merger rates, suggesting that such
identified events are of astrophysical origin even if PBH-PBH mergers significantly
contribute to the GW data.

* Recently observed merger events by LIGO/Virgo, including GW170817 [177], GW190425
[178], GW190521 [179], and GW190814 [180], were discussed to be potential NS-
PBH [164] or BH-PBH/PBH-PBH merger events [181]. NSs and PBHs of similar mass,
or transmuted BHs from DM consuming NSs, are difficult to distinguish individually
with GWs [182]. Statistical test allows to establish the origin of such events [183].
The excellent localization of GW170817 from the multi-messenger measurements
provide detailed environmental information to test such hypothesis [164].

* Searching for events with non-zero eccentricities. Such non-zero eccentricity events
are expected from merging of PBH binaries [184, 185]. However, BH binaries in
dense stellar environments as globular clusters or nuclear stellar clusters and at the
environments around the central super-massive black holes of galaxies may also con-
tribute [186, 187].

* The GW stochastic background at LIGO and future GW observatories. PBH binaries
existed and merged at far greater cosmological redshifts than regular stellar mass
BHs and can contribute to the GW stochastic background at frequencies where it is
suppressed [188]. Even more so, the mechanism(s) responsible for the formation of
PBHs may give a significant contribution to the GW background to be measured by
LISA and pulsar timing arrays [189, 190].

To explore the above, a deeper understanding of astrophysical backgrounds i.e. the
merger rates and properties of binaries composed of ABHs is required. In particular, the
environments where ABH binaries exist, binary formation channels as well as evolution to
their detected mergers needs to be extensively modeled.
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Beyond GWs, stellar and intermediate-mass BHs can be naturally accompanied by ra-
diation emission associated with accretion disk formation [163, 165] as well as outflows
such as jets [175]. This can result in variety of observable signatures, including heating
of interstellar medium gas [163, 165, 175], which can be used to explore and constrain
PBHs over a wide mass-range.

2.5 Systematics due to dark matter distribution

Contributors: Shin’ichiro Ando, Ilias Cholis, Lina Necib

Indirect detection depends on the density of DM at the location in which DM is expected
to decay or annihilate. Such locations are the Galactic Center, dwarf satellite galaxies,
nearby galaxies such as Andromeda, or galaxy clusters. However, correctly estimating the
DM density profiles is dominated by uncertainties, which we tackle below for the targets
that can give the most competitive limits.

* Galactic center The galactic center or inner galaxy due to its great astrophysical
complexity is oftentimes analyzed by imposing masks that extract from the analysis
of point sources and dense interstellar medium gas regions. Such masks remove
from the analysis also regions where the dark matter distribution may be the highest.
Regions at latitudes above the Galactic disk may be preferable in searching for a dark
matter signal. Such regions can still be sensitive in probing the dark matter signal and
its distribution profile [23, 24, 191]. However, to robustly probe the inner degrees of
the Galaxy the use of novel techniques in masking point sources or modeling them
independently will be necessary.

* Dwarf galaxies density profiles Estimating the density of DM in dwarf galaxies
challenging, as the only information available is the line-of-sight measurements of
the velocities of member stars. One of the most commonly used methods to extract
the DM density profile from the stellar line-of-sight velocities is Jeans analysis [192],
where assumptions about equilibrium, sphericity, and isotropy of these systems have
to be made. [193, 194] present these issues using idealized mocks, where even in
spherical, isotropic systems in equilibrium, a large number of stellar measurements
(order of 10,000 stars) is required to robustly disentangle a core from a cusp. Al-
ternatively, mass estimators methods [195, 196], rotation curves [197, 198], the use
of higher order moments of the velocities, the possible inclusion of proper motions
when available [194, 199, 200], and non-spherical mass modeling [201] are being
pursued to reduce the systematic uncertainties of the DM density profiles, making
it an active area of research. It is also pointed out that adopting realistic priors
will have a large impact on the estimate of density profiles for the ultrafaint dwarf
galaxies [202].
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3 Synergies in indirect searches for dark matter with nat-
ural laboratories

Nature provides extreme environments which are far beyond the capabilities of terrestrial
detectors, and these can be advantageously used for DM search. For example, the core of a
core-collapse supernova reach nuclear densities and MeV thermal temperatures; compact
objects have magnetic fields reaching ~ 10! G; galaxies contain billions of stars and huge
gravitational potentials; and natural accelerators generate cosmic rays at least up to ~
10%° eV in energy. In this section, we cover the astrophysical processes which become
important backgrounds or limiting factors in the use of astrophysical phenomena as natural
laboratories for DM search.

3.1 Searches with celestial bodies

Contributors: Rebecca Leane, Carsten Rott, Volodymyr Takhistov

Astrophysical compact objects can serve as natural laboratories for exploring dark mat-
ter. A variety of signals are possible, depending on the underlying dark matter model
and the particular celestial object. DM in the Galactic halo can be captured by celestial
bodies, and alter their properties. Particle DM can accumulate, and annihilate to either in-
crease the celestial body’s temperature [203-207], or produce detectable Standard Model
products at its surface, such as gamma rays and neutrinos [208-217]. If DM is non-
annihilating it can accumulate in large abundance, or if it is a primordial black hole in the
asteroid ~ 10717 — 107'2M,, mass-range, the host can be destroyed, resulting in a variety
of astrophysical signatures [164, 182, 183, 218-224].

Stellar destruction signatures include the potential production of r-process heavy el-
ement nucleosynthesis material [182, 220], fast radio bursts [219, 225, 226], 511 keV
radiation [219], formation of a new class of microqusars [221] as well as “orphan” gamma-
ray bursts [221] and kilonovae [219, 220] not accompanied by strong gravitational wave
emissions. Intriguingly, such asteroid-mass PBHs are unconstrained and can constitute the
entirety of the dark matter abundance. After NS implosions, there will remain < 2.5M
“transmuted” [182] solar-mass black holes, which are not expected from conventional stel-
lar evolution and hence constitute a promising target for new physics searches [164, 182,
183, 220, 222, 224]. The origin of detected solar-mass BH candidate events could be
identified using statistical method based on BH mass-function proposed in [183]. These
solar-mass BH (distinct from the BH with primordial origins) can also merge with other
compact objects, e.g. BH or NS, providing GW and multi-messenger signatures [164, 182].
Detailed studies of stellar evolution,formation of astrophysical black holes, emission and
nucleosynthesis associated with compact objects as well as reinvigorated observational
campaigns for distinct and multi-messenger signatures are essential to further explore the
nature of dark matter and its interactions with celestial bodies.
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3.2 Searches with galaxies

Contributors: Mike Boylan-Kolchin

As the systems that provided much of the original astrophysical motivation for taking
dark matter seriously, galaxies are one of the most natural indirect probes of the nature of
dark matter [227]. In the prevailing cold dark matter (CDM) model, virialized dark matter
halos can form on scales that are much lower in mass than the stellar mass of the faintest
galaxies: in a traditional WIMP picture, the lowest-mass dark matter halos are expected
to be comparable in mass to the Earth (107° M,; [228]), and each of these dark matter
halos should — in the absence of the effects of galaxy formation — possess a density
distribution of p o< 7~! near its center [229], where the galaxy resides. These predictions
of CDM, abundant substructure and central density cusps (as opposed to density cores,
with no radial variation of the density profile near the center), have been the source of
tension between the CDM model and observations [230]. These tensions include:

* the missing satellites problem [231, 232]: given the abundance of predicted substruc-
ture, why do we observe a relative paucity of satellite galaxies around the Milky
Way?

* the cusp-core problem [233]: contrary to the predicted central cusps found for galaxy-
scale halos in N-body simulations of CDM structure formation, many galaxies exhibit
evidence of density cores

* the too big to fail problem [234, 235]: a standard solution to the missing satellites
problem is to posit that satellite galaxies can only form in the most massive subhalos
of the Milky Way, with lower mass structure unable to collect or efficiently cool the
gas required to form stars. In this scenario, the central masses of the predicted
population of galaxy-hosting subhalos significantly exceed the measured masses of
the observed satellite galaxies

* the diversity problem [236, 237]: at a fixed galaxy rotation velocity, which is a proxy
for the mass of the host dark matter halo, galaxies exhibit a wide range of behaviors
of the inner rotation curve, from a quick rise near the center to a more slow and
gradual increase. Why do galaxies formed in gravitational potential wells of similar
depth have very different properties?

These “small-scale challenges” to the ACDM model [230, 238] have provided motiva-
tion for detailed study of alternate dark matter models, including:

e warm dark matter (WDM; [239, 240]), where dark matter has a non-negligible free-
streaming length in the early Universe (before matter-radiation equality). Some ster-
ile neutrino models fall in this category.

* self-interacting dark matter (SIDM), where dark matter has a non-negligible self-
scattering cross section, affecting the distribution of dark matter in high-density re-
gions.
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 fuzzy dark matter (FDM; [241, 242]), where dark matter has a de Broglie wavelength
comparable to the sizes of the smallest galaxies, meaning that quantum pressure sets
a minimum mass scale of collapsed objects.

» primordial black hole (PBH; [243, 244]) dark matter, where dark matter is composed
of black holes with masses of O(10 M,). Unlike CDM, gravitational interactions be-
tween individual dark matter “particles” and stars can then be important.

The effects of these non-CDM models of dark matter on properties of galaxies can be
grouped into two broad classes: (i) the abundance of galaxies — particularly low-mass
galaxies — is sensitive to the linear matter power spectrum (e.g., [245]), and (ii) the in-
ternal structure of galaxies across a range of scales can further constrain non-gravitational
dark matter interactions with itself or with baryons (e.g., [230]). However, both of these
probes — the abundance and internal structure of galaxies — are subject to potentially large
uncertainties that originate from the galaxy formation process itself and gravitational cou-
pling of dark and baryonic matter [246-250].

A natural prediction of any dark matter model that affects the linear matter power
spectrum (via, e.g., free-streaming or quantum pressure) is a truncation in the luminosity
function of galaxies, either locally or in the high-redshift Universe [245, 251, 252]. How-
ever, the interpretation of a cut-off in the number of galaxies below a given mass scale is
complicated by the effects of galaxy formation and observational limits. Cosmic reioniza-
tion is widely expected to set a “floor” to galaxy formation by suppressing the accretion
of gas onto low-mass halos after a redshift of ~10 [253-255]. Galaxy counts in the Local
Group are therefore sensitive not just to the abundance of low-mass dark matter halos but
also to the physics of galaxy formation in such objects. At high redshifts, the ultraviolet
(UV) luminosity function of galaxies should provide a means of probing low-mass dark
matter halos, and the appearance of a cut-off in the UV luminosity function could be in-
dicative of dark matter physics that reduces the amplitude of the matter power spectrum
on a corresponding scale [256]. However, the episodic nature of high-redshift star for-
mation combined with the existence of galaxies at the present day that must have been
fainter than the detection limits of current or forthcoming telescopes [257] complicates
interpretations.

Virialized dark matter halos under the influence of gravity alone have been exten-
sively studied and quantified using numerical simulations; such systems are known to be
well-approximated by Navarro-Frenk-White density profiles [229], with r—! cusps on small
scales and a r 3 fall-off near the virial radius. Introducing appreciable non-gravitational in-
teractions can alter these predictions, resulting in density cores (from, e.g., self-scattering
or quantum pressure). However, the effects of galaxy formation and assembly can also
result in a modification of the structure of dark matter halos. These effects can even go
in both directions (increasing and decreasing dark matter densities). Some of the main
relevant processes are the infall of baryonic matter, which can increase the dark matter
density on galactic scales under certain circumstances [258, 259], and energy and mo-
mentum input from stellar evolution and black holes, which typically reduce the both the
amount of dark matter and the slope of the dark matter density profile in galaxies’ centers
[248, 249, 260-263].
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Assumptions when going from modeling the distribution of luminous matter to infer-
ring the distribution of dark matter are also a source of uncertainty. For example, non-
circular motions and inclination variations in galactic disks affect inferences regarding
the underlying total (dark matter plus baryonic) gravitational potential [264], and stellar
kinematic data are often limited to line-of-sight velocities, leaving the velocity anisotropy
of stellar orbits as a potentially large systematic when converting from velocities to the
underlying mass distribution [265]. Even the stellar initial mass function (IMF) plays a
role in modeling and contributes to the uncertainty budget: the stellar mass contributed
by an observed population of stars depends on the stellar mass-to-light ratio, which is set
by the IMF [266]. This is a particularly important issue for gravitational lensing studies of
dark matter.

4 Synergies in direct detection of dark matter

4.1 Astrophysical backgrounds

Contributors: Sebastian Baum, Shunsaku Horiuchi, Ibles Olcina, Volodymyr Takhistov

Solar, supernova and atmospheric neutrinos constitute irreducible astrophysical back-
grounds for direct DM detection experiments. Such “neutrino floor” [267-270] (or alter-
natively defined “neutrino fog” [271]) could significantly reduce sensitivity of future DM
searches, especially in the region where the recoil spectrum of the neutrino background is
approximately degenerate with DM signatures. Hence, the primary questions are: what is
the future progress in characterizing astrophysical neutrino fluxes, and given these improve-
ments, what can we learn about the nature of the dark matter and BSM physics using signals
below the present bounds from direct detection experiments?

Figure 1 shows the expected flux of all the dominant neutrino backgrounds, assuming
SNOLAB as the experiment’s location. The uncertainties of these fluxes remain variable,
with prospects for important improvements in the near future. Further studies are needed
for addressing the impacts on DM sensitivities over a wide range of masses, especially for
the backgrounds from the following astrophysical processes:

* Low-energy atmospheric neutrinos: below ~ 100 MeV energies, theory uncertainty
is ~ 25% and arise from Solar effects and geomagnetic fields [273-275]. Extensions
of atmospheric neutrino models to reach sub 100 MeV energies is ongoing [276],
and the Gadolinium upgrade of Super-Kamiokande [277], with first loading stage
completed [278], would improve signal to noise in relevant energies.

» Diffuse supernova neutrinos: the diffuse supernova neutrino background (DSNB)
uncertainty is driven by uncertainties in the cosmological rate of core collapse, the
frequency of collapse to black holes, simulations of stellar core collapse, and neutrino
oscillations [279, 280]. Each can contribute at the tens of percent level or more.
Current predictions incorporate effects such as dependence on the progenitor star
and binary effects, e.g., [281-283]. The first detection of the DSNB is anticipated by
gadolinium-enhanced Super-Kamiokande [278].
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Figure 1: Fluxes of the dominant neutrino backgrounds for direct dark matter searches.
They can be classified in broad categories as solar (pp chain and CNO cycle [272]), atmo-
spheric, diffuse supernova background, geo- and reactor neutrinos. Figure from [270].

* Solar neutrinos: much of the solar neutrinos have been measured and the domi-
nant pp chain has percent errors while those involving heavier isotopes (7Be, 8B, and
CNO) have tens of percent uncertainty. In recent years, the Standard Solar Model has
not been able to explain new measurements of photospheric heavy element abun-
dances in the Sun’s atmosphere [284] along with helioseismology measurements,
creating a new solar “metallicity” problem, e.g., [285].

Currently, how uncertainties should be assigned to the normalization of each of these
fluxes is an open question. Ref. [286], taking input from all the main direct dark matter
experiments, offers a possible solution and provides a set of recommended values.

Sensitivity to neutrino backgrounds allows to exploit future DM experiments, such as
argon-based ARGO [287] or xenon-based DARWIN [288], as unique instruments for ex-
ploration of neutrino astronomy and phenomenology. Taking advantage of enhanced co-
herent neutrino scattering, thanks to heavy targets such as argon or xenon, which is sen-
sitive to all neutrino flavors, low keV-level thresholds, as well as good detection prospects
for neutrino-electron scattering empowers large direct DM experiments to provide com-
plementary information to conventional neutrino telescopes. This includes studies of so-
lar neutrinos [289, 290], supernova neutrinos [291], geo-neutrinos [292], pre-supernova
neutrinos [293] as well as neutrinos associated with supermassive star explosions [294]
that could be related to the origin of supermassive black holes. Further studies are nec-
essary to explore the full potential as well as complementarity capabilities of upcoming
direct DM detection experiments.
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4.1.1 Probes with paleo detectors

Another handle on astrophysical backgrounds could be offered by paleo-detectors [295,
296], a proposed alternative to conventional direct detection experiments. Paleo-detectors
would use the nuclear damage tracks recorded in natural minerals over time-scales as
large as a gigayear to search for sources of keV-scale nuclear recoils, promising exposures
much larger than what is feasible in conventional dark matter detectors. For example,
measuring the tracks in 100 g of target material that has been recording events for 1 Gyr
corresponds to an exposure of 100 kilotonne-years. As in conventional direct detection
experiments, the signal in paleo detectors are nuclear recoils and hence, paleo-detectors
could measure the same sources of astrophysical neutrino fluxes, i.e., solar neutrinos,
supernova neutrinos, and atmospheric neutrinos. Unlike conventional experiments that
measure nuclear recoils in real time however, paleo-detectors would measure the number
of events integrated over the age of the mineral, reaching up to a billion years for minerals
routinely found on Earth. This has various important implications.

Regarding supernova neutrinos, when averaged over time-scales much longer than the
few-decades average interval between core collapse supernovae in our Galaxy, the galac-
tic supernova neutrino flux is about two orders of magnitude larger on Earth than the
DSNB. Potentially, this galactic supernova neutrino flux could be measured with paleo-
detectors [297], providing a direct measurement of the galactic supernova rate. Perhaps
more interestingly, using a series of paleo-detectors of different ages [298], one could ob-
tain (coarse-grained) information about the time-dependence of various neutrino fluxes at
Earth over gigayear timescales.

An experimental program is needed to demonstrate the feasibility of paleo detectors
and to better understand limitations imposed by other backgrounds, in particular natu-
ral defects in minerals that could potentially mimic nuclear recoil tracks and radiogenic
backgrounds. However, if successful, paleo-detectors could allow for measurements of the
changes in the solar neutrino flux [299], galactic supernova rate [297], or atmospheric
neutrino flux [300], providing information about solar evolution, the Milky Way’s star
formation history, and the cosmic ray rate impinging on Earth over gigayear timescales.
All of these would serve to realize new and potentially powerful methods to identify DM
scattering events amongst astrophysical backgrounds [298, 301].

4.2 Systematics due to dark matter distribution

Contributors: JiJi Fan, Lina Necib, Ibles Olcina, Volodymyr Takhistov

Direct detection [309] of DM depends highly on the local phase space distribution of
DM. More explicitly, DM direct detection rates involve an astrophysical term that contains
the flux of DM through the detector, and is therefore proportional to the local DM density
and velocity distribution.

With the advances brought in by observations, particularly the Gaia mission [310-312],
progress has been made on the DM phase space distribution. We mention some of them
here:
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Figure 2: Measurements of the local density profile of DM ppy; from recent studies [302-
307]. [308] argues that these measurements, although seemingly consistent within errors,
are missing effects of the tilt term in the analysis, leading to an order unity systematic error.
Figure from [308].

* Local DM density distribution Kinematic stellar catalogs have been crucial in in-
forming the local DM density, based on the vertical motion of stars (see [313] for a
review of the methods employed to measure the local DM density). The presence of
small local dark subhalos, or dark streams can affect these measurements, which in-
troduce an error on the expected DM rate for direct detection measurements. Recent
measurements have led to a value of ppy ~ 0.5 GeV/cm?, as summarized in Fig. 2
from Ref. [308]. However, [308] argues that the disk wobbling leads to a systematic
error affecting these measurements. Future work will address these systematic errors
and lead to a more accurate value of the local DM density.

* Local DM velocity distribution Direct detection experiments typically assume a
Maxwell Boltzmann distribution for DM [314]. However, given the large swaths
of stellar structure found through Gaia (see [315] for a review), a more empiri-
cal approach is required. [316] showed using simulations a correlation between
the velocity distributions of accreted stars and accreted DM from the same mergers,
building in [317] an initial velocity distribution of the local DM from the luminous
satellites. This distribution peaks at lower values than the assumed Maxwell Boltz-
mann distribution, leading to a suppression of the DM rate at lower masses. This
is however incomplete, and further work is required to include all DM components,
particularly the smaller scale local streams, and dark subhalos. Additionally, the
correlation between the stellar velocities of DM and stars breaks down when non-
standard interactions of the dark sector as added, and therefore need to be studied
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separately. Unlike the local density measurement of DM, which is a shift in the stan-
dard direct detection limit plots, differences in velocity distributions affect different
experiments differently, and the most constraining experiment with a Maxwell Boltz-
mann velocity distribution might not actually be the one setting the strongest limits
(see [317-320]).

* DM substructure Kinematic substructure in DM, which can be accompanied by a
stellar kinematic structure like a stream, can affect direct detection rates and signal
modulation [321]. It is therefore crucial to map out the full local kinematic history
of the local solar neighborhood. This is a work in progress with the recent updates
from Gaia, (see e.g. [315, 322-327]).

Alternatively, halo-independent analysis methods for direct DM detection experiments,
developed for both nucleon (e.g. [328, 329]) as well as electron [330] scattering, avoid the
problem of uncertain local DM distribution and instead infers its properties from data. This
allows then to compare different experimental data and possible signals without making
any assumptions on the uncertain local dark halo.

The impact of the DM distributions with Gaia data on direct detection searches has just
started to be explored [318-320, 331-334]. Each study mainly focuses on the effects from
a subset of DM distributions on either the DM-nucleon or DM-electron scattering. Further
developments in understanding astrophysical DM distributions is needed to evaluate their
full impacts on DM direct detection. On the other hand, future data from direct detection
could potentially probe DM distributions, i.e., constrain the substructure DM fraction, even
when it constitutes a sub-dominant component of the local DM density [319].

5 Synthesis and novel techniques

In parallel to improved understanding of astrophysical phenomena, new analysis strategies
and statistical techniques also allow for powerful improvements to DM sensitivity. In this
section, we cover some promising methods being explored in the literature in the context
of DM search with cosmic messengers.

5.1 Synthesis of targets and messengers

Contributors: Michael Burgess, Pat Harding, Kohta Murase, Laura Olivera-Nieto, Volodymyr
Takhistov

Recent coincidence observations by IceCube of neutrinos coincident with gamma-rays
for blazar TXS 0506+056 [335] as well as IceCube neutrinos coincident with radio signals
associated with tidal disruption events [336] have established the significance of multi-
messenger astronomy for uncovering the nature and mechanisms of astrophysical sources.
Along with other observations, such as neutrino production from cosmic-ray line-of-sight
interactions [82, 85], further multimessenger studies with neutrinos will identify and assist
in disentangling astrophysical background sources for indirect DM searches.
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There are several open-source packages that can be used to jointly fit data from differ-
ent instruments and observatories. One of them, focused on the the gamma-ray range,
is Gammapy, a community developed open source Python package for gamma-ray as-
tronomy. It relies on a common FITS-based open data format developed by an initia-
tive called "Gamma Astro Data Formats” (GADF) [337]. Gammapy provides methods for
the analysis of high level data of many gamma-ray instruments including Imaging Atmo-
spheric Cherenkov Telescopes (IACT), such as HESS, MAGIC and VERITAS [338], Water
Cherenkov Observatories, such as HAWC [339] as well as support for Fermi-LAT data. Ad-
ditionally, Gammapy will be the base library for the ”Science Tools” of future Cherenkov
Telescope Array (CTA)!. Data can be combined at different stages, ranging between rela-
tively low-level data products like event lists and instrument response functions, but also
higher level data products like flux points, if the corresponding likelihood profiles are pro-
vided as well. This is relevant for stacked analysis, for example.

Another high-level open code that can be used to combined experiments in multi-
messenger or multi-wavelength analysis is the Multi-Mission Maximum Likelihood frame-
work (3ML) [340]. Rather than unifying the underlying base analysis of each experiment,
each experiment has a written plugin which takes model input and gives output of like-
lihood to the main 3ML framework. In this way, the under-the-hood behavior of each
experiment is left to that experiment itself, without any enforced formats, modules, or ca-
pabilities - as long as the experimental code takes in a model and outputs a likelihood, it
can be added into a joint analysis. In this way, 3ML is always able to use the best possible
up-to-date algorithms and data from each experiment and maintained by that experiment
as it best sees fit. The nature of the 3ML code is such that it is outside the space of indi-
vidual experiments, although it is regularly used for analysis with the HAWC observatory?.
The 3ML framework itself is responsible for the combination of likelihoods from the input
experiments as well as the minimization, Markov Chain Monte Carlo, or nested sampling
used to derive best-fit model parameters and confidence intervals. To be as general as
possible, 3ML has a wide code base of model examples and templates to consider for any
analysis.

Independent on the specific package, the ongoing development of open-source tools
and the definition of standards that facilitate the sharing of data will be crucial to fully
exploit the synergies between different wavelengths and astrophysical messengers.

5.2 Novel techniques

Contributors: Shin’ichiro Ando, Ilias Cholis, Shunsaku Horiuchi, Nick Rodd

A fundamental problem in astronomy affecting indirect DM search is the detection of
point sources. When studying a population of sources, as the individual sources dim, there
is a transition to a regime where characterizing the properties of any one object becomes
unreliable, and instead one must study the features of the population as a whole. These
novel statistical techniques take us beyond the energy spectrum of the diffuse emissions,

lhttps://www.cta-observatory.org/ctao-adopts-the-gammapy-software-package-for-science-analysis/
2https://threeml.readthedocs.io/en/stable/notebooks/hal_example.html
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including spatial distributions and cross correlations with source catalogs.

5.2.1 Angular power spectrum

If the photon data are dominated by a handful of bright point sources rather than by in-
finite number of dim sources, statistics — especially the flux distribution — of the photons
will be very characteristic. One of the simplest statistics is the angular power spectrum
that incorporates the variance of the flux distribution. Analyzing the modern gamma-ray
data sets using the angular power spectrum was proposed in order to distinguish various
astrophysical point sources and dark matter annihilation or decay [341, 342]. The angular
power spectrum of the all-sky gamma-ray background data obtained with the Fermi-LAT
was detected in 2012 [343], which revealed dominant contribution from the gamma-ray
blazars [344, 345]. Neither intrinsic source clustering nor signatures of particle dark mat-
ter that might be encripted in the angular power spectrum, however, has not been detected
yet.

5.2.2 Non-Poissonian template fit

One of the most widely used methods for studying point-source populations is the statis-
tical framework of the non-Poissonian template fit (NPTF) [346-349]. The NPTF rose to
prominence given its application to the question of whether the anomalous Galactic Center
~-ray emission was associated with a population of point-sources, or instead was a signal
of dark-matter annihilation, although it has also been applied to neutrino datasets [350].
The method exploits the fact that a population of sources can predictably modify the ob-
served distribution of photons away from the Poisson distribution expected of smoother
emission — as encapsulated in an analytic likelihood.

In order to be computationally tractable, the NPTF makes approximations, such as
assuming each pixel in a binned sky-map is statistically independent, even though they
are demonstrably not (the finite point spread function of any instrument can correlate
the pixels around a point source). More recently, it has been shown that NPTF suffers
from biases that lead it to generate spurious evidence for point sources [351-353]. A
subset of the issues identified can be resolved [354, 355], however, others appear more
fundamental.

The identification of shortcomings in the NPTF has spurred recent efforts to introduce
more reliable methods. The Compound Poisson Generator (CPG) framework introduces
a novel likelihood that removes a number of biases fundamental in the NPTF framework,
leading to improved performance particularly for X-ray point-source searches [356]. How-
ever, even this method assumes nearby pixels are independent. With a view to accounting
for these missed correlations, several groups have pursued an approach based on convolu-
tional neural networks [357-360]. These methods appear to be able to avoid the pitfalls
of the NPTF, and further exhibit considerable sensitivity to dim sources. However, going
forward, these machine learning based approaches will need to be tested considerably to
determine whether their results are robust, or whether they have their own set of chal-
lenging systematics.
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Refined versions of these methods will have an important role to play in characteriz-
ing any emerging indirect detection dark-matter signal. Point sources are ubiquitous, and
validating that any putative signal of new physics is not a dim population of sources will
be an important step in building confidence on the path to discovery. A clear example of
this is provided by the Galactic Center excess: the possibility that this is in fact a signal of
annihilating dark-matter has yet to be robustly excluded, although there are by now a sev-
eral of strains of evidence disfavoring the possibility. Yet the leading alternative hypothesis
to dark matter remains point sources; the debate around this excess — and indeed future
anomalies — may eventually be resolved by the successors to the NPTF. More details can
be found in an accompanying whitepaper [14].

5.2.3 Wavelets

Wavelets are mathematical objects that have been used widely in image analysis at vari-
ous wavelengths to decompose images in structures of different scales [361, 362]. Thus,
wavelets rely less on the presumptive distinction of backgrounds vs signals and may pro-
vide an alternative way forward. It has been shown that wavelets can detect pixels where
point sources bellow Fermi detection threshold may lie [363, 364]. Such techniques work
best on high-resolution maps that impose a small angular scale cut-off only at angles
smaller than the point spread function. Moreover, they require high statistics and an ex-
tensive search over the best type of wavelet family of functions used. Future analyses will
greatly benefit from the continuous Fermi-LAT observations.

5.2.4 Cross correlations

Cross correlating different datasets allows correlated information to be extracted while
removing uncorrelated noise. For example, if gamma-ray emission from astrophysical
sources are correlated with emission in other low-frequency wavebands (e.g., optical, ra-
dio, etc.), one can fully utilize the correlated information in order to study the gamma-ray
source properties or extract information on particle DM. Similarly, since most, if not all, as-
trophysical sources trace the large-scale structure of DM, one can consider correlating with
datasets with tracers of large-scale structure such as catalogs of galaxies or gravitational
lensing maps.

If a catalog of galaxies focuses on a particular redshift range, taking the cross cor-
relation with that catalog will essentially single out source contributions from the same
redshift range, and at the same time remove source contributions from other redshift
ranges [365]. This tomography provides powerful diagnostics for searchiing for DM and
astrophysics alike. Since the contributions of DM annihilation or decay are predicted to be
biased towards lower redshift ranges when compared with ordinary astrophysical sources
such as such as blazars and starburst galaxies, taking the cross correlations with nearby
galaxy catalogs such as 2MASS is optimal for the search of particle DM [366]. On the
other hand, one must be mindful that galaxies are a biased tracer of the DM distribution;
cross correlating with weak gravitational lensing catalogs has the advantage that they are
an unbiased tracer of the DM distribution, which makes the technique complementary to
the one with galaxy catalogs [367, 368].
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Both of these strategies have been performed with the Fermi-LAT data. Cross correla-
tion with various galaxy catalogs have showed positive correlations in many cases [369,
370]. Cross correlation with lensing maps have been limited by lensing coverage [371-
373], but recently, the Dark Energy Survey (DES) collaboration found possible cross corre-
lation between the Fermi-LAT gamma-ray data and DES weak lensing data, which is found
consistent with theoretical expectation with gamma-ray blazar models [374].

In the future, cross correlation is a technique which is anticipated to become even
more powerful as gravitational tracers become more complete. For example, the Vera C.
Rubin Observatory will increase sky coverage of existing lensing maps by some factor ~ 10
or more, contributing to an significant improvement in the amount of data that can be
correlated. In parallel, as the properties of astrophysical sources are better understood—
through multi-messenger astrophysics including the cross correlation technique—the in-
formation will further feedback into future searches for DM.

6 Concluding remarks

The coming decade of DM searches will be driven by both strong sensitivity improve-
ments with new instruments, synergies between experiments, as well as the rise in multi-
messenger astrophysics. By coming together and sharing data, DM studies in direct detec-
tion, indirect detection, and natural laboratories can all benefit from each other, and fur-
thermore all can benefit from the progress in non-DM-driven studies from multi-messenger
astrophysics. In this whitepaper, we have covered major backgrounds to DM searches with
photons, cosmic rays, neutrinos, as well as gravitational waves; and highlighted impor-
tant future developments of astrophysical sources and processes, as well as new numerical
techniques to merge datasets. With synergistic studies, the community can get the most
science out of its data and can delve even deeper into the DM parameter space. The future
is promising for the search for DM and by continuing to work together as a community we
can strengthen it further.
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