Indirect dark matter searches: A mini-review
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Weakly interacting massive particles (WIMPs) still arguably provide the leading hypothesis for
the nature of the elusive cosmological dark matter. In astrophysical regions of high dark matter
density, these particles would self-annihilate with rather high rates; trying to spot the annihilation
products in cosmic rays of various kinds therefore provides a way, in principle, of indirectly
detecting dark matter and thereby confirming the particle dark matter hypothesis. Here, I present a
short review of the current situation of indirect searches with various messengers and comment on
recent theoretical developments in the field. I conclude by advocating that a dedicated instrument
for indirect dark matter detection, a concept so far familiar only from direct detection experiments,
would allow to fully exploit the potential of indirect searches and make them truly complementary
to direct and collider searches for dark matter.
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1. Introduction

over the older, slightly steeper NFW profile [9] with ρχ ∝ r−1 at small distances r from the center.
For quantitative predictions of the expected annihilation flux, however, one unfortunately needs to
extrapolate the above scaling behavior several orders of magnitude beyond the actual numerical
resolution. Such simulations also do not (fully) include the effect of baryons which are likely to
lead to a steeping of the DM profile [10], though one can also make the opposite case [11] (for a
discussion of this still ongoing debate, see e.g. Ref. [12]). Also on the observational side, evidence
has not yet converged, even for DM-dominated systems, whether there is a clear preference for
shallow DM profiles with a central core [13] or full consistency with NFW profiles [14].
While the NFW (or Einasto) profile is a very natural assumption for WIMP DM, in particular
useful to constrain the annihilation rate, one should keep in mind that the above mentioned uncer2
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About eight decades after the existence of dark matter was first conjectured [1], its nature still
remains an open issue. Evidence for the very existence of a non-baryonic, cold dark matter (DM)
component in the total energy budget of the universe, however, has been accumulating significantly
and now spans an impressive range of unrelated cosmological observations of its gravitational effects, covering distance scales from tens of kpc to several Gpc. There is thus indeed very little room
for alternative explanations to a DM component which, according to the most recent measurements,
contributes Ωχ = 0.229 ± 0.015 to the total energy density on cosmological scales [2].
While in principle there is a whole zoo of possibilities for the nature of DM, weakly Interacting
Massive Particles (WIMPs) provide a theoretically particularly appealing and well-motivated class
of candidates [3]. These particles usually arise as by-products in models for new physics that are
introduced in order to address the shortcomings of the standard model of particle physics (SM) at
the electroweak scale, in particular its extreme ultraviolet sensitivity in the scalar sector; as it turns
out, WIMPs would be thermally produced in the early universe with a relic density that generically
is rather close to the observed DM density today. The lightest supersymmetric neutralino is often
taken as a standard template for such a WIMP, but alternative candidates like the lightest KaluzaKlein photon in theories with universal extra dimensions [4] or the lightest T -odd particle in little
Higgs models [5] provide interesting and viable alternatives. WIMPs are not only well-motivated
from the point-of-view of particle physics, but have the additional advantage of being, at least in
principle, detectable by means other than gravitational: at collider searches for missing transverse
energy, in direct detection experiments looking for the recoil of WIMPs off the nuclei of terrestrial
detectors or indirectly through the observation of WIMP annihilation products in cosmic rays of
various kinds. In fact, it has been argued that the non-observation of any hints for new physics at
the CERN LHC may already in the near future start to disfavor the WIMP DM hypothesis [6].
One generic challenge for indirect DM searches is the astrophysical distribution of DM. As it
is difficult to constrain directly from kinematic observations – especially in the innermost part of
the Milky Way, which is not DM-dominated – one essentially has to rely on the result of N-body
simulations. For WIMPs, these consistently find cuspy DM distributions in virialized halos; recent
high-resolution simulations [7] tend to somewhat favor the Einasto profile [8]
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tainties may induce a considerable uncertainty in the normalization of any signal. A convincing
claim of indirect DM detection can thus in general only be expected when backed with distinctive spectral signatures that allow a discrimination from astrophysical sources – or simultaneous
evidence in several channels that all point to the same, consistent description of DM parameters.

2. Gamma rays from DM annihilation
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where hσ viann is the velocity-weighted annihilation cross section averaged over the line of sight
(l.o.s.), mχ the mass of the DM particle, B f the branching ratio into channel f and Nγf the number
of photons per annihilation; the right part counts the number of WIMP pairs along the line of sight.
The existence of clear spectral signatures is one of the great advantages of using gamma rays
as detection channel. In general, the following contributions to the spectrum can be distinguished:
• At tree-level, WIMPs annihilate into pairs of quarks, leptons, Higgs and weak gauge bosons.
Secondary photons are produced in the hadronization and further decay of these primary
annihilation products, resulting in a featureless, almost universal spectrum with a rather soft
cutoff at Eγ = mχ [15].
• Photons from internal bremsstrahlung (IB) generically dominate at high energies, adding
pronounced signatures like a very sharp cutoff at Eγ = mχ or bump-like features at slightly
smaller energies [16, 17] to the spectrum. Electroweak corrections, with a final state W or
Z boson instead of a photon, can also give sizable corrections that could visibly effect the
spectrum [18], albeit at smaller energies and thus typically in a less pronounced way.
• Monochromatic γ-ray lines from DM annihilation into two-body final states containing a
photon [19] provide a striking signature. Unfortunately, these processes are loop-supressed
and thus usually subdominant, i.e. not actually visible when taking into account realistic
detector resolutions [17]; however, examples of particularly strong line signals exist [20].
Dedicated line searches have not reported any signals so far [21]. Extending such searches to
IB-induced spectral features, on the other hand, might well be more promising [22] – not only because a signal would immediately provide important hints about the WIMP nature but also because
even the resulting constraints on the total annihilation cross section may in some cases actually be
stronger than those induced by secondary photons.
Traditionally, however, the focus has been on secondary photons since these dominate the
spectrum at lower energies and the total number of photons above the detector threshold is a very
convenient and simple measure to constrain possible exotic contributions to the observed gammaray flux. These constraints are then usually presented in the hσ vi vs. mχ plane, assuming that
WIMPs annihilate dominantly into b̄b.
3
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Gamma rays propagate essentially unperturbed through the galactic halo and therefore directly
point back to their sources. The differential gamma-ray flux from a source in the direction ψ,
averaged over the opening angle ∆ψ of the detector, is thus given by
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3. Charged Cosmic Rays from DM annihilation
Unlike gamma-rays, charged cosmic rays interact with both galactic magnetic fields and the
interstellar matter and radiation fields. This adds, in general, more complex astrophysical uncertainties to any potential DM-induced component in observed cosmic-ray spectra – not the least
because any pronounced spectral feature in the injection spectrum tends to get smeared out. The
propagation of cosmic rays in the galaxy is well described by assuming scattering events on randomly distributed magnetic field inhomogeneities, resulting in a diffusion equation for the number
density n of cosmic rays as a function of location and momentum p:
∂
∂
∂
∂
n − ∇ (K∇ −Vc ) n +
bloss n −
KEE
n = qsource .
∂t
∂p
∂p
∂p

(3.1)

Here, K is the diffusion coefficient (often assumed to scale as a power-law with the particle rigidity,
K ∝ R δ ), Vc describes the effect of a convective "wind" (usually taken to transport particles away
from the disk, Vc ∝ êz ), bloss describes all relevant energy losses, qsource includes both astrophysical
and DM sources and KEE encodes the effect of diffusive re-acceleration by a second order Fermi
mechanism (i.e. acceleration due to moving scattering centers). The free parameters of propagation
models can generally be very well determined from a fit to a rather small subset of cosmic ray data,
in particular the ratio of secondary to primary species like B/C.
For the search of DM signals, one obviously has to concentrate on antimatter cosmic rays since
these are much less abundant; in WIMP annihilations, on the other hand, CP invariance guarantees
that particles and antiparticles are produced in equal amounts. In practice, this means that indirect
searches using cosmic rays concentrate on antiprotons, anti-deuterium and positrons.
Antiprotons and Antideuterons
Astrophysical antiprotons are only produced as secondary products, through the spallation of
interstellar gas (mostly hydrogen and helium) by impinging cosmic rays. The uncertainties in this
background for DM searches are rather small, in particular for energies Tp̄ & 10 GeV where the
propagation is completely dominated by diffusion – in fact, predictions [31] made on the basis of
4
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The currently strongest limits of this kind, for WIMP masses mχ . 700 GeV, are provided
through observations of nearby dwarf galaxies by the Fermi satellite [23] ; for mχ . 25 GeV, these
limits are actually stronger than hσ vi ∼ 3 · 10−26 cm3 s−1 , the annihilation rate expected for thermally produced WIMPs in the most simple case (i.e. s-wave annihilation without resonances or
co-annihilations [24]). At higher WIMP masses, mχ & 700 GeV, the currently strongest limits
are presented by the HESS collaboration from observations of the galactic center region [25];
at mχ ∼ 1 TeV, these limits are about a factor of 10 weaker than the thermal value (see also
Ref. [26, 27] for independent studies of these limits). Galaxy clusters may have an even better
discovery potential [28], though current constraints are somewhat less stringent due to the involved
astrophysical uncertainties [29]. Also constraints from the extragalactic diffuse gamma-ray background are very interesting, but strongly depend on the adopted model for the distribution of DM
subhalos [30].
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a B/C analysis [32] in a simple two-zone diffusion model perfectly agree with the subsequent data
from BESSpolar [33] and PAMELA [34] in this regime.

A DM-induced excess in the antiproton flux would have a rather featureless form, making a
convincing discovery claim extremely difficult. Unlike for gamma rays, it could also not be used
to distinguish between DM candidates [31]. Antiprotons may, however, be very efficient in setting
constraints [36] – in particular on light DM candidates like those that seem to be compatible with
recent claims in direct detection experiments [37]. In this context it is worth noting that the above
mentioned degeneracy between the diffusion constant and L can be lifted when considering not
only cosmic ray propagation but also synchrotron radiation [38]; the resulting lower bound on L
would strengthen the antiproton bound on the DM annihilation rate considerably.
Finally, let us mention the case of antideuterons which have, so far, not been detected in cosmic
rays. Since the expected flux at energies Ed¯ . 1 GeV would be considerably higher from DM annihilations than for the astrophysical background, already the detection of a few antideuterons could
be interpreted as a strong indication of a DM signal [39] – even though propagation uncertainties
are at least as high as for antiprotons [40].

Positrons
The excess in cosmic-ray positrons at Ee+ & 10 GeV seen by PAMELA [41], as well as in
follow-up observations of the electron and positron spectrum [42], has triggered a lot of excitement.
Relatively soon, however, it became clear that a DM-related origin of the observed excess (as first
proposed in Ref. [43]) is by far not the only – let alone the most natural – explanation in view of the
fact that many good alternative astrophysical explanations exist (see Ref. [44] for a recent review).
Measurements of the anisotropy in the positrons could be one possible way to distinguish between
an astrophysical and a DM induced origin of the positron excess [45].
In complete contrast to antiprotons and antideuterons, the propagation of positrons is dominated by energy losses (through synchrotron radiation, inverse Compton scattering and bremsstrahlung emission). The positrons seen at earth are thus mostly produced locally and uncertainties
in the propagation parameters have a much smaller effect than for antiprotons [46]. The lesson to
be learned from PAMELA, however, is that our knowledge of the local population of astrophysical
sources is simply not sufficient, at the time of writing, to use positrons as a reliable channel for
indirect DM detection. Usually, they cannot even be used to set competitive bounds on the annihilation rate, either, because the predicted flux in standard WIMP models like neutralino DM is
actually quite small compared to the expected astrophysical background [47].
5
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The uncertainty in the expected primary antiproton flux from DM annihilations, however,
is much larger for two reasons. The first is that the B/C analysis is restricted to sources in the
disk; as a result there are strong degeneracies between parameters that do not affect the standard
astrophysical background – most importantly between the diffusion constant K and the vertical
size L of the diffusive halo of our Galaxy – but may lead to a variation of the expected primary
flux (which strongly depends on the total volume probed and thus on L) by about one order of
magnitude [35]. The unknown form of the dark matter profile may induce an uncertainty almost as
big [31].
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4. Multi-wavelength approaches

5. Neutrinos from DM annihilation
Neutrinos travel unperturbed just like photons. Due to their small interaction rate, however,
they are usually not competitive to photons in setting limits on the WIMP annihilation rate when
observing targets like the galactic center [53]. WIMPs could, however, become gravitationally
trapped by celestial bodies like the sun or the earth and, after many subsequent scattering events,
lose enough momentum to fall into the respective gravitational potential well and thus accumulate
in the center; in this situation, neutrinos are the only annihilation products that would be visible.
For the case of the sun, this actually leads to rather competitive limits [54] in some cases – not
on the annihilation, but on the scattering rate of WIMPs with nuclei since this determines the rate
with which WIMPs are captured and sink to the center of the sun, where they annihilate. These
limits can actually be complementary not only to results from direct detection (in particular for
spin-dependent scattering rates) but also to results from the LHC (see, e.g., [55]).

6. Conclusions and Outlook
Indirect searches have become very competitive in recent years and start to rule out (part of)
the parameter space of well-motivated WIMP DM candidates. When constraining DM models, it is
important to consider essentially all indirect detection channels because they probe different aspects
of annihilating WIMPs. In terms of potential signals, gamma rays are particularly interesting since
they carry spectral information which could be used to infer detailed properties of the DM nature,
especially when correlated with indirect searches using other messengers or wavelengths.
Having (most likely) not seen any signal so far, a natural question is how far we could hope to
get with indirect searches in the future. Space-based gamma-ray telescopes will always be limited
by the effective area; ground-based detectors, on the other hand, are multi-purpose experiments
dedicated to the physics of extreme objects, with DM only one among many important science
goals, so the allocation of observation time will continue to be a critical issue. The main room for
6
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Electrons and positrons may still be very useful to constrain or even detect the effect of annihilating dark matter. One example are models where annihilation happens predominantly into
high-energy leptons, tailored to fit the above mentioned cosmic ray positron excess (like, e.g.,
[48]); an important effect that needs to be taken into account in this case would be the inverse
Compton scattering of high-energy electrons and positrons on microwave background or starlight
photons, leading to a potentially large additional gamma-ray component [49].
Electrons and positrons resulting from WIMP annihilations may also produce synchrotron radiation as a result of their interaction with the galactic magnetic field. Comparing this to radio
data may indeed lead to rather strong constraints which, however, depend on the galactic magnetic
field model adopted [50]. Particularly promising are truly multi-wavelength approaches that try
to study the annihilation signal in several wavelengths simultaneously; the combined information
from various channels can in this case provide important information and partially reduce systematic uncertainties (see Ref. [51] for a review and Ref. [52] for a recent example).
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