PRAMANA

c Indian Academy of Sciences


— journal of
physics

Vol. 79, No. 5
November 2012
pp. 1021–1043

Indirect searches for dark matter
MARCO CIRELLI1,2
1 CERN

Theory Division, CH-1211 Genève, Switzerland
CNRS, URA 2306 & CEA/Saclay, F-91191 Gif-sur-Yvette, France
E-mail:marco.cirelli@cea.fr, marco.cirelli@cern.ch
2 IPhT,

Abstract. The current status of indirect searches for dark matter has been reviewed in a schematic
way here. The main relevant experimental results of the recent years have been listed and the excitements and disappointments that their phenomenological interpretations in terms of almost-standard
annihilating dark matter have brought along have been discussed. The main sources of uncertainties
that affect this kind of searches are also listed.
[Report number: Saclay T11/206, CERN-PH-TH/2011-257, extended version in arXiv:1202.1454],
[Prepared for the Proceedings of Lepton–Photon 2011, Mumbai, India, 22–27 Aug. 2011].
Keywords. Dark matter; indirect detection; charged cosmic rays; gamma rays; neutrinos.
PACS Nos 95.35.+d; 96.50.S−; 12.60.−i

1. Introduction
Cosmology and astrophysics provide several convincing evidences of the existence of
dark matter (DM). The observation that some mass, which can explain the internal dynamics of galaxy clusters and the rotations of galaxies is missing, dates back respectively to the
1930s and the 1970s. The observations from weak lensing, for instance, in the spectacular
case of the so-called ‘bullet cluster’, provide evidence that there is mass where nothing is
optically seen. More generally, global fits to a number of cosmological datasets (cosmic
microwave background (CMB), large-scale structure and also Type Ia supernovae) allow
to determine very precisely the amount of DM in the global energy-matter content of the
Universe at DM h 2 = 0.1123 ± 0.0035 [1,1a].
All these signals pertain to the gravitational effects of DM at the cosmological and
extragalactical scale. Searches for explicit manifestation of the DM particles that are
supposed to constitute the halo of our own galaxy (and the large-scale structures beyond
it) have instead so far been giving negative results, but this might be on the verge of
changing.
Indirect searches for DM aim at detecting the signatures of the annihilations or decays
of DM particles in the fluxes of cosmic rays (CRs), intended in a broad sense: charged
particles (electrons and positrons, protons and antiprotons, deuterium and antideuterium),
photons (γ -rays, X-rays and synchrotron radiation) and neutrinos. In general, a key point
of all these searches is to look for channels and ranges of energy where it is possible
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to beat the background from ordinary astrophysical processes. This is for instance the
basic reason why searches for charged particles focus on fluxes of antiparticles (positrons,
antiprotons and antideuterons), much less abundant in the Universe than the corresponding particles, and searches for photons or neutrinos have to look at areas where the
DM-signal to astronoise ratio can be maximized.
Pioneering works have explored indirect detection (ID) as a promising avenue of discovery since the late-1970s. Since then, innumerable papers have explored the predicted
signatures of countless particle physics DM models. In the last 3 years or so, however,
the field has experienced a significant burst of activity, mainly due to the results presented
by a few very well-performing experiments, above all the PAMELA satellite, the FERMI
satellite and the HESS telescope. It is fair to say that the field has passed, for better or for
worse, from a theory-driven state to a data-driven phase.
The scope of this work is to schematically present the status of the field of indirect
DM detection [2,2a], with a specific attention to the experimental results and their phenomenological interpretation in terms of DM (in §2) and with some attention to future
expectations. What this write-up does not intend to be is a technical review of the methods and formulae employed for DM ID (which can instead be found to a large extent in
ref. [3]): indeed, there are hardly any equations in this work. It also does not intend to
be a proper, comprehensive backward-looking review of the activity mentioned above.
In §3, I list the main uncertainties that affect the interpretation of astrophysical signals
in terms of DM: this is an important area for the DM practitioners to follow, because
major advancements in the field of indirect detection will probably pass through related
advancements. Before moving to the subject matter, let us quickly remind ourselves of
the framework inside which most of the activity develops, the one centred around weakly
interacting massive particles (WIMPs).
1.1 Under the WIMP spell, or only slightly outside
A well-spread theoretical prejudice wants the DM particles to be thermal relics from the
early Universe. They were as abundant as photons in the beginning, being freely created and destructed in pairs when the temperature of the hot plasma was larger than their
mass. Their relative number density started being suppressed as annihilations proceeded,
but the temperature dropped below their mass, due to the cooling of the Universe. Finally,
the annihilation processes also froze out as the Universe expanded further. The remaining,
diluted abundance of stable particles constitutes the DM today. As it turns out, particles
with weak scale mass (∼100 GeV–1 TeV) and weak interactions could play the above
story remarkably well, and their final abundance would automatically (miraculously?)
be the observed DM . While this is certainly not the only possibility, the mechanism
is appealing enough that a several-GeV-to-some-TeV scale DM particle with weak
interactions (WIMP) is often considered as the most likely DM candidate.
Variations of this paradigm are of course possible, and have actually started to gain
strength in recent years, as the experimental programme to search for WIMPs reaches
its culmination. A close relative of the WIMP paradigm is the class of so-called
WIMPless models, in which the thermal freeze-out story still is at play, but the role of
weak interactions is filled by some other kind of interaction. Indeed, very close to this
class lie all the models postulating ‘dark forces’, ‘secluded DM’ and the like, which will
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be briefly addressed in the extended version of this document. The somewhat opposite
routes, instead, are to assume a different cosmological history [4], or to consider very feebly interacting particles which would have never reached thermal equilibrium [5,6], or to
postulate that DM originates from the decay of some other species, the latter may be being
itself a WIMP [7]. Finally, a recently-popular-again suggestion is that DM is produced
with a primordial asymmetry between particles and antiparticles, similar to baryons, and
that only one of the two species (say, particles, for definiteness) survives, exactly as in case
of baryons [8]. In this case, there is little point in speaking of indirect search, since annihilations of DM particles are not possible for lack of target antiparticles. Annihilations
of DM particles are not possible unless a mechanism such as DM–antiDM oscillations
intervenes to re-equilibrate the populations at late times and therefore re-switches on DM
ID signals [9,10].
Another belief which adds motivation to associating DM with the TeV scale is that new
physics is expected to show up at that scale, essentially to cure the Standard Model hierarchy problem. Such new physics, whatever form it takes (supersymmetry, extra dimensions, compositeness, etc.) may encompass a number of new particles, among which
(the conviction is) is the one constituting the DM.
In any case, even independently of the theory prejudices, this mass range
(TeV-ish DM) has the best chances of being thoroughly explored in the near future by
charged particle and photon observatories, also in combination with direct DM searches
(aiming at detecting the nuclear recoil produced by a passing DM particle in ultralow
background underground detectors) and, possibily, production at CERN’s Large Hadron
Collider. With notable exceptions (axions, KeV sterile neutrinos, etc.), which however
I shall not discuss further, the TeV-ish ballpark is therefore the focus of attention of the
largest majority of the DM ID community.
An important corollary of the long-term fascination of the community for the WIMP
miracle, or more generally the thermal relic production mechanism, is that DM particles are expected to annihilate in pairs into Standard Model particles. More precisely,
a velocity-averaged annihilation cross-section of σ v = 3 · 10−26 cm3 /s is seen as the
benchmark value, since it is the one that yields the correct relic abundance. Deviations
from this scheme are of course possible and have actually already been mentioned; for
instance, DM that decays, or that which annihilates into non-SM new states.
In this write-up, I pay due respect to the long-term fascination, and also to the historical
development: possible hints and bounds of DM in the cosmic rays are interpreted in the
frame of DM particles annihilating into pairs of SM particles.
2. Status of the searches and of the interpretation in terms of dark matter
2.1 Charged cosmic rays
There has been a flurry of positive results from a few indirect detection experiments looking at the fluxes of charged cosmic rays. In particular, the signals pointed to an excess of
electrons and positrons at the TeV and sub-TeV scale:
(1) Data from the PAMELA satellite [11] showed a steep increase in the energy spectrum
of the positron fraction e+ /(e+ + e− ) above 10 GeV up to 100 GeV, compatibly with
previous hints from HEAT [12] and AMS-01 [13].
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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(2) Recently, these findings have been confirmed with an independent measurement by
the FERMI satellite [14], and extended to about 200 GeV.
(3) Data from PAMELA [15] also showed no excess in the p̄/ p energy spectrum
compared with the predicted background.
(4) The balloon experiments ATIC-2 [16] and PPB-BETS [17] were reporting the
presence of a peak in the e+ + e− energy spectrum at around 500–800 GeV.
(5) This sharp feature has been later questioned and superseded by the results of the
FERMI satellite [18]: while an excess with respect to the expected background is confirmed, the e+ + e− spectrum is found to be instead reproduced by a simple power-law.
(6) The HESS telescope also reports the measurement of the e+ + e− energy spectrum
above energies of 600 GeV, showing a power-law spectrum in agreement with the one
from FERMI and eventually a steepening at energies of a few TeV.
The data are displayed in figure 1, together with the expected astrophysical ‘backgrounds’.
The latter ones are uncertain and are an interesting subject of study by themselves in CR
physics. For instance, the background positrons are thought to originate as by-products
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Figure 1. A compilation of recent and less recent data in charged cosmic rays,
superimposed on plausible but uncertain astrophysical backgrounds from secondary
production. (a) Positron fraction, (b) antiproton flux and (c) sum of electrons and
positrons.
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(‘secondaries’) of the spallations of other CRs on the interstellar medium, but the precise prediction of their spectral slope and overall normalization is far from easy. In this
vein, indeed, there have been initial suggestions attempting to ‘explain away’ (part of)
the PAMELA rise in terms of modified secondary spectra [19], e.g., with a dip in the e−
flux which enters in the denominator of the positron fraction. However, on the basis of
pretty general CR propagation arguments and also in the light of subsequent measurements of the pure e− flux by PAMELA and FERMI, these kinds of explanations have lost
strength [20,21].
The signals presented above are therefore striking because they imply the existence of a
source of ‘primary’ e+ (and e− ) other than the ordinary astrophysical ones. This unknown
new source can well be itself of astrophysical nature (... and it would actually be one of
the wisest conclusions, in the light of all the rest discussed in this paper), e.g., one or
more pulsar(s)/pulsar wind nebula(ae), supernova remnants, etc. [21]. It is however very
tempting to try and read in these ‘excesses’ the signature of DM.
2.1.1 Scent of dark matter. As already mentioned above, the DM particles that constitute the DM halo of the Milky Way are expected to annihilate into pairs of primary SM
particles (such as bb̄, μ+ μ− , τ + τ − , W + W − and so on) which, after decaying and through
the processes of showering and hadronizing, give origin to fluxes of energetic cosmic rays:
e− , e+ , p̄ (and also γ -rays, ν, etc.), denoted dN f /dE. Depending on which one has been
the primary SM particle, the resulting spectra differ substantially in the details. Generically, however, they feature a ‘bump’-like shape, characterized by a high-energy cut-off
at the DM particle mass and, for e± in particular, a softly decreasing tail at lower energies
(see e.g., the examples in figure 2). It is thus clear that it is very natural to expect a DM
source to ‘kick in’ on top of the secondary background and explain the e± excesses. The
energy range, in particular, is tantalizingly right: the theoretically preferred TeV-ish DM
would naturally give origin to TeV and sub-TeV bumps and rises.
The e− , e+ and p̄ produced in any given point of the halo propagate immersed in
the turbulent galactic magnetic field. The field consists of random inhomogeneities that
act as scattering centres for charged particles, so that their journey can effectively be
described as a diffusion process from an extended source (the DM halo) to some final
given point (the location of the Earth, in the case of interest). While diffusing, charged
CRs experience several other processes, and in particular energy losses due to synchrotron
radiation, inverse Compton scattering (ICS) on the low-energy photons of the CMB and
starlight, Coulomb losses, bremsstrahlung, nuclear spallations, etc. Quantitatively, the
x , E) per unit energy E of the cosmic ray species f
steady-state number density n f (
(= e+ , e− , p̄) in any given point x obeys a diffusion-loss equation [22]
− K(E) · ∇ 2 n f −



∂ 
∂ 
b(E, x) n f +
sign(z) Vconv n f
∂E
∂z
= Q(E, x) − 2h δ(z) n f .

(1)

The first term accounts for diffusion, with a coefficient conventionally parametrized as
K(E) = K0 (E/GeV)δ . The second term describes energy losses: the coefficient b is
position-dependent since the intensity of the magnetic field (which determines losses due
to synchrotron radiation) and the distribution of the photon field (which determines losses
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 2. Charged cosmic ray data interpreted in terms of dark matter annihilations:
the flux from the best-fit DM candidate (a 3 TeV DM particle annihilating into τ + τ −
with a cross-section of 2 · 10−22 cm3 /s) is the lower dashed line and is summed to the
supposed background, giving the pink flux which fits the data. (a), (b) and (c) as in
figure 1.

due to ICS) vary across the galactic halo (GH). The third term deals with convection while
the last term accounts for nuclear spallations, that occur with rate in the disk of thickness
h  100 pc. The different processes described above have a different importance depending on the particle species: the journey of electrons and positrons is primarily affected
by synchrotron radiation and inverse Compton energy losses, while for antiprotons these
losses are negligible and convection and spallation dominate.

The source, DM annihilations, is given by Q = 1/2 (ρ(
x )/m DM )2 i BRi σ v
(dN if /dE), where m DM is the DM mass, σ v is the total annihilation cross-section and
the sum runs over all primary channels i in which the cosmic ray species f is produced.
ρ(
x ) is the DM density distribution in the GH. What to adopt for the latter is one of the
main open problems in the field. Based on the results of increasingly more refined numerical simulations or on direct observations, profiles that differ even by several orders of
magnitude at the galactic centre (GC) are routinely adopted: e.g., the classical Navarro–
Frenk–White (NFW) or the Einasto one, which exhibit a cusp at the GC, or the truncated
isothermal or the Burkert one, which feature a central core. All profiles, on the other hand,
1026
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are roughly normalized at the same value at the location of the Earth (≈ 0.3 GeV/cm3 ).
These features generically imply that observables which depend mostly on the local DM
density (for instance, the flux of high-energy positrons, which cannot come from far away
due to energy losses) will not be much affected by the choice of profile, while those that
are sensitive to the density at the GC will be affected the most (e.g., observations of γ -rays
in regions close to the GC).
Equation (1) is usually solved numerically in a diffusive region having the shape of a
solid flat cylinder that sandwiches the galactic plane, with height 2L in the z-direction
and radius R = 20 kpc in the r -direction. The location of the solar system corresponds to
x = (r , z ) = (8.33 kpc, 0). Boundary conditions are imposed such that the number
density n f vanishes on the surface of the cylinder, outside of which the charged cosmic
rays freely propagate and escape. The values of the propagation parameters δ, K 0 , Vconv
and L are deduced from a variety of (ordinary) cosmic ray data and modelizations.
The datasets listed in §2.1 pin-point the properties of the DM particle needed to
interpret them in terms of annihilations quite precisely. The DM has to be:
(a) With a mass of a few TeV, in order to reproduce the feature in the e+ + e− spectrum.
(b) Leptophilic, i.e., annihilating almost exclusively into leptonic channels, otherwise the
antiproton measurements would be exceeded.
(c) With a very large annihilation cross-section, of the order of 10−23 cm3 /s or more (for
the masses under consideration), much larger than the thermal one, in order to produce
a large enough flux that can fit the positron rise and the e+ + e− bump.
Figure 3 illustrates these points in a systematic way. Figure 3a shows how the DM DM →
τ + τ − has the best χ 2 ; other leptonic channels (e.g., μ+ μ− ) can give acceptable fits, but
all other annihilations into quarks, vector and Higgs bosons are significantly disfavoured.
The value of the required annihilation cross-section as a function of the DM mass is
illustrated in figure 3b. The actual best-fit case is illustrated in figure 2: it consists of a
candidate with a mass of 3 TeV annihilating into τ + τ − , a channel which produces smooth
leptonic spectra, with a cross-section of 2 · 10−22 cm3 /s.
The appearence of a small but visible flux of antiprotons from a DM DM → τ + τ −
annihilation mode in figure 2b may be at first sight surprising because these fluxes are
computed including electroweak corrections, i.e., the radiation from the initial τ ± of EW
gauge bosons (W ± , Z ) which then decay into many other SM particles, including quarks
that hadronize into antiprotons. More generally, the importance of such corrections has
been appreciated only relatively recently, in a string of papers with varying scopes and
levels of accuracy [25]. Without entering in the details, it is enough to remind that (i) the
corrections are particularly relevant for large DM masses (above a TeV); (ii) they can alter
the ID fluxes significantly, both in their spectral shape and in their amplitude, affecting
especially the low-energy portions [26] and (iii) in some cases they can also largely modify the annihilation cross-section itself, since they can lift the helicity suppression into
light fermions [27].
This concludes my overview of the phenomenological interpretation of charged CR
data. A discussion on how natural or preposterous the properties are in previous page and
of what it takes to realize them is deferred to the extended version of this document (see
arXiv reference in the Abstract). Here we proceed along the lines of a phenomenological
model-independent approach.
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 3. (a) Global fit of different DM annihilation channels to the PAMELA,
FERMI and HESS data. The labels on each curve indicate the primary annihilation
channel (figure from ref. [23]; the fit results remain essentially valid even through the
subsequent data updates; the four-lepton lines refer to exotic channels not discussed
here). (b) Values of Be · σ v (right axis) and of the boost factor Be (left axis, for
σ v = 3·10−26 cm3 /s) needed to fit the data (figure from ref. [24]).

2.2 Photons
Given these tantalizing but surprising hints of DM annihilations in charged CRs, it is now
crucial to consider the associated signals in the photon fluxes that necessarily accompany
them. These photon fluxes can be produced in different ways, such as
(1) ‘Prompt’ γ -rays: produced directly by DM annihilations themselves (mainly from
the bremsstrahlung of charged particles and the fragmentation of hadrons, e.g., π 0 ,
produced in the annihilations). They peak therefore at energies close to the DM mass
m DM , i.e., typically in the γ -ray energy range of tens of GeV to multi-TeV. Their
spatial distribution of course follows closely the distribution of DM.
(2) ICS γ -rays: produced by the ICS of the energetic electrons and positrons, created
in the DM annihilation, onto the low-energy photons of the CMB, the galactic starlight and the infrared light, which are thus upscattered in energy. Typically, they
cover a wider range of energies than prompt γ -rays, from energies of a fraction of
the DM mass to almost up to the DM mass itself. Their spatial distribution traces the
distribution of e± , which originate from DM but then diffuse out in the whole galactic
halo (as seen above).
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(3) Synchrotron emission: consisting of the radiation emitted in the magnetic field of the
galaxy by the e± produced by DM annihilations. For an intensity of the magnetic field
of O(μG), as in the case of the Milky Way halo, and for e± of GeV–TeV energies,
the synchrotron emission falls in the MHz–GHz range, i.e., in the radioband. For
large magnetic fields and large DM masses, it can reach up to EHz, i.e., the X-ray
band [28,29]. Their region of origin is necessarily concentrated where the magnetic
field is highest; in particular, the galactic centre is the usual target of choice. However,
it has been recently suggested that the GH at large, or even the extragalactic ones, can
be interesting sources [30].
Individuating the best targets to search for these annihilation signals is one of the main
games in the field. Not very surprisingly, the preferred targets have to be (i) regions with
high DM densities and/or (ii) regions where the astrophysical ‘background’ is reduced
and therefore the signal/noise ratio is favourable. The distinction between (i) and (ii) is of
course not clear-cut, and of course there are specific cases in which other environmental
reasons make a region more suitable than another (such as in the case of synchrotron
radiation which needs a region with a strong magnetic field). Moreover, new promising
targets keep being individuated. However, for the sake of schematizing, one can list the
following targets at which the experiments look:
(a) The Milky Way GC − (i)
(b) Small regions around or just outside the GC, such as the galactic ridge (GR, an area
enclosed within galactic longitude −0.8◦ < < 0.8◦ and latitude |b| < 0.3◦ ), the
galactic centre halo (GCH, an annulus of about 1◦ around the GC, excluding the
galactic plane) etc. – (i) + (ii).
(c) Wide regions of the GH itself (such as observational windows centred at the GC and
several tens of degrees wide in latitude and longitude, or the so-called ‘intermediatelatitude strips’ defined by 10◦ < b < 20◦ , or the galactic poles at b > 60◦ ), from
which a diffuse flux of γ -rays is expected, including the one due to the ICS emission
from the diffused population of e± from DM annihilations – (ii).
(d) Globular clusters (GloC), which are dense agglomerates of stars, embedded in the
Milky Way GH. They are a peculiar kind of target since they are not supposed to
be DM-dominated, quite the opposite, as they are rich of stars. The interest in them
arises from two facts: that they may have formed inside a primordial DM subhalo and
some of the DM may have remained trapped; that the density of baryonic matter may
create a DM spike by attraction and thus enhance the annihilation flux – (i).
(e) Subhalos of the galactic DM halo, the position of which, however, is of course not
known a priori. In a similar class, intermediate mass black holes (IMBH) have
recently attracted some attention [31], because they create spikes of DM around
them – (i).
(f) Satellite galaxies of the Milky Way, often of the dwarf spheroidal (dSph) class, such
as Sagittarius, Segue1, Draco and several others, which are star-deprived and believed
to be DM-dominated – (i) + (ii).
(g) Large-scale structures in the relatively nearby Universe, such as galaxy clusters (e.g.,
the Virgo, Coma, Fornax, Perseus clusters, and several others with catalogue names
that are less pleasant to write) – (i) + (ii).
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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(h) The Universe at large, meaning looking at the isotropic flux of (red-shifted) γ -rays
that come to us from DM annihilation in all halos and all along the recent history of
the Universe. Often this flux is called ‘extragalactic’ or ‘cosmological’ – (ii).
Focussing on the range of energies above a GeV or so (i.e., proper γ -rays), the current
main experiments in the game are the FERMI satellite and the ground-based Imaging
Atmospheric Čerenkov Telescopes (IACT).
– The FERMI large area telescope (LAT) has un unprecedented sensitivity to γ -rays
across four orders of magnitude in energy (30 MeV–300 GeV). The collaboration
has published all the raw data online, which have been used by a large number of
independent authors. The collaboration itself has performed DM searches looking
over most of the sky for γ -ray lines [32], looking at satellite galaxies [33,34], at the
isotropic diffuse background [35], at clusters of galaxies [36], at diffuse γ -rays from
wide regions of the GH [37] and searching for DM satellites [38].
– The HESS telescope is mainly sensitive to γ -rays in a range from tens of GeV to tens
of TeV, nicely completing the FERMI range towards larger energies. The collaboration has performed a large number of studies which are relevant for DM searches.
There are observations towards the GC [39], the GR [40], the GCH [41], a couple of GLoC [42] and a number of dwarf galaxies such as Sagittarius [43], Carina
and Sculptor [44] and Canis Major (in the case of the latter, assuming it indeed is
a dwarf galaxy) [45]. HESS has also looked at possible signals from spikes of DM
accumulated around IMBH [46].
– The VERITAS telescope has observed a few dwarf spheroidal galaxies [47] and its
predecessor Whipple had also looked at a couple of dSphs, clusters and a GloC [48].
The MAGIC telescope has observed a few dwarf galaxies too [49] and the Perseus
galaxy cluster [50].
Besides these searches, many independent works have analysed varying combinations
of datasets, considered different targets and studied different models. For example, in
ref. [51] the HESS measurements of the emission from the GC, the GR and Sagittarius dSph, as well as the radiodata from the GC were analysed, while in refs [52] and [53]
FERMI measurements of diffuse galactic γ -rays were focussed. So did refs [23] and [54].
Similarly, the implications of preliminary FERMI data from the GC were considered in
ref. [55]. FERMI and MAGIC dwarf galaxies data were studied in ref. [56]. Reference [57] searched for DM galactic subhalos with HESS. Searches for γ -ray lines in
FERMI data have been addressed in ref. [58]. A multimessenger analysis which considered several probes was presented in ref. [59]. Recently, FERMI data on dwarf galaxies
have been independently studied by ref. [60], while galaxy cluster observations by FERMI
are used in refs [61] and [62]. And this is only a partial list.

2.2.1 Photon constraints. Without entering into the details of each single analysis, the
overall common conclusions of almost all the studies cited above is: no ‘anomalous’
signals are individuated, therefore upper bounds on DM annihilation cross-section can be
derived (see however §2.2.2). Figure 4 collects a few plots of such bounds.
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Now, therefore, for the flow of our discussion, two main questions need to be
addressed:
(1) Are these constraints enough to rule out the DM interpretation of charged CR
excesses, i.e., a few-TeV, leptophilic DM with very large annihilation cross-section?
(2) Are these constraints strong enough to test the standard thermal DM production
mechanism?
The answers are not as clear-cut as one would hope:
(1) Yes, unless... Yes, several independent constraints rule out the portion of the m DM−σ v
parameter space preferred by the charged CR fits, identified for instance in figure 4
by red, orange or grey blobs. Yet, there remain specific assumptions for which a
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marginal compatibility can be found. Most notably concerning the choice of DM
profile in the galaxy: if it is cored, something which is however disfavoured by
numerical simulations, the flux of photons from the inner regions of the galaxy is
expected to be lower and the constraints are somewhat lifted. This simple point
is illustrated in figure 5 in the case of constraints from the diffuse γ -rays from
the GH.
(2) No, except... No, the current bounds lie from a factor of a few to several orders of
magnitude higher than the ‘natural’ annihilation cross-section σ v = 3 · 10−26 cm3 /s
(see §1.1). The one exception is the recent constraint from satellite dwarf galaxies
with FERMI data [34,60]: for some annihilation channels, thermal DM is excluded
for masses below 30 GeV or so (see plot in figure 4).
Nevertheless, the bottom line message is clear: in γ -rays, no signal of DM is seen and a
tension with charged CRs (which goes from fatal to somewhat uncomfortable) is present.

2.2.2 A scent of DM... in photons?. Actually, sporadically, claims of evidence of DM
in γ -rays data from the FERMI satellite have been made: at the GC in [63–65], in the
isotropic flux [66], in the Virgo cluster [67], possibly in the MW halo [68]... It is fair to
say that none of these claims, so far, has gathered enough consensus to be considered more
than a tentative hint. The crucial points of criticism often have to do with the assumptions
made for the astrophysical background (which can, at this stage of significance, mimic
a DM signal, see e.g., refs [69,70], addressing the claim in ref. [64] and the rebuttal in
refs [65,71]) or the lack of independent confirmations of the same signal in other channels
or in other locations. In any case, this is one of the most interesting areas of development
and no claim should be dismissed without deep scrutiny. It might well be that one of these
claims will prove to be the harbinger of a full-fledged discovery!
Some of our best hopes for clarifying the situation lie in the FERMI satellite itself,
of which the prelaunch predicted sensitivities [72] let us believe that a DM with thermal
cross-section will be probed at 3σ up to a mass of several tens or even hundreds of GeV,
depending on the annihilation channel and the chosen target.

2.3 Neutrinos
Neutrinos are of course produced in DM annihilations together with all the other particles
discussed above. Similar to γ -rays, neutrinos have the advantage of proceeding straight
and essentially unabsorbed through the galaxy. Even more, they can cross long lengths of
dense matter with little interaction. Contrary to γ -rays, however, the detection principle
of neutrinos is more difficult and introduces limitations in the choice of targets. Neutrinos
are observed at huge Čerenkov detectors located underground (or under-ice or underwater) via the showers of secondary particles that they produce when interacting in the
material inside the instrumented volume or in its immediate surroundings. The charged
particles, particularly muons, emit Čerenkov light when traversing the experiment and
thus their energy and direction (which are connected to those of the parent neutrino) can
be measured. The main background for this search consists of the large flux of cosmic
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muons coming from the atmosphere above the detector. The experiments, therefore, have
to select only upgoing tracks, i.e., due to neutrinos that have crossed the entire Earth and
interacted inside or just below the instrumented volume.
Schematically, experiments look for neutrinos:
(a) From the GC or the GH, in close similarity with γ -rays [72a]. Experiments located at
the South Pole cannot ‘see’ the GC, which is essentially above-horizon for them. The
DeepCore extension of ICECUBE, however, circumvents this limitation by using the
outer portion of the experiment as an active veto.
(b) From the centre of the Sun (or even the Earth). The idea is that DM particles in
the halo may become gravitationally captured by a massive body, lose energy via
repeated scatterings with its nuclei and thus accumulate at its centre. The annihilations
occurring there give origin to fluxes of high-energy neutrinos which, albeit suffering oscillations and interactions in the dense matter of the astrophysical body (see
e.g., refs [73,74]), can emerge. The detection of high-energy neutrinos from the Sun,
on top of the much lower energy neutrino flux due to nuclear fusion processes, would
constitute the proverbial smoking gun for DM, as no known astrophysical processes
can mimic it.

2.3.1 Neutrino constraints. The main neutrino telescopes, such as SuperKamiokande,
ICECUBE and its predecessor Amanda, have looked for signals, without finding any. This
therefore once again imposes bounds on the relevant DM properties. Figure 6 collects a
few representative ones. The ANTARES Mediterranean Telescope, another player in the
game, has for the moment presented only projected sensitivities [80].
The non-observation of high-energy neutrino fluxes from the GC imposes constraints
on the DM annihilation cross-section. SuperKamiokande data have been analysed in
ref. [23]. The ICECUBE Collaboration also looked for neutrinos from the DM GH and
from the GC [76,77]. Quantitatively, such constraints fall somewhat above the γ -ray
bounds discussed in §2.2.1, and are therefore slightly less stringent. They have the advantage, however, of being less dependent on the DM particle mass: the reason is that while
a larger DM mass implies lower DM density (e.g., in the GC) and therefore fainter fluxes
and looser constraints, this is compensated by the fact that the higher energy neutrinos
coming from such heavier DM annihilations also have a higher cross-section for detection
(in the material of neutrino telescopes) and thus the loss in the rate is partly compensated.
Neutrino constraints become therefore somewhat competitive with γ -ray bounds at large
DM masses.
The non-observation of high-energy neutrino fluxes from the centre of the Sun, on
the other hand, imposes constraints on the scattering cross-section of DM particles
with nuclei, the same which are relevant for DM direct detection (DD). The ICECUBE
and AMANDA Collaborations present bounds in refs [75,79] while SuperKamiokande
presents results from 3109.6 days of data taking (!) in ref. [78]. Remarkably, the bounds
are competitive with those from the dedicated DD experiments, such as Xenon100 or
CDMS, both on the spin-dependent scattering cross-section and on the spin-independent
one. Reference [81] has looked in particular at SuperKamiokande data from the Sun and
their implication for light DM, of interest for explaining the events in DAMA, CoGeNT
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Figure 6. A collection of recent bounds on DM from neutrino observations. (a) Constraints on the DM annihilation cross-section from ICECUBE’s observation of the
galactic halo, comparing with the fit regions of charged CRs (figure from ref. [75]
or [76]). (b) A compilation of current constraints from ICECUBE, from the GC
and the galactic halo (figure from ref. [75] or [77]). (c) Bounds on the DM spindependent scattering cross-section on nuclei from SuperKamiokande’s, Amanda’s and
ICECUBE’s searches for high-energy neutrinos from the Sun (from ref. [78]). (d) The
same for spin-independent scattering (from ref. [79]).

and possibly CRESST-II. For the spin-independent case, neutrino constraints exclude light
DM if it annihilates into τ + τ − or neutrino pairs, while for the spin-dependent case, they
exclude all channels.
2.4 Antideuterons
Antideuterons (the bound states of an antiproton and an antineutron) fall of course in the
category of charged CRs, already discussed in §2.1. They get a subsection of their own
because of two lame excuses: (1) they have not been detected yet, so there is no datastatus to speak of and (2) on the other hand, they are believed to be quite promising as a
tool for DM searches.
Antideuterons can be produced by DM via the coalescence of an antiproton and an
antineutron originating from an annihilation event, provided that the latter are produced
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(a)

current BESS limit

(b)

Figure 7. Some predictions for the flux of d̄ from DM, compared with the current
BESS limit and projected sensitivities of GAPS and AMS-02. (a) For typical DM
models such as SUSY, KK DM etc. (figure from ref. [87]). (b) For multi-TeV DM
(from ref. [89]).

with momenta that are spatially aligned and comparable in magnitude [82]. This peculiar
kinematics in the production mechanism implies two things: (1) that the flux of d̄ from
DM is (unfortunately) predicted to be much lower than the one of other, more readily
produced, charged cosmic rays and (2) (fortunately) the flux peaks in an energy region,
corresponding typically to a fraction of a GeV, where very little astrophysical background
d̄’s are present, since the latter are believed to originate in spallations of high-energy cosmic ray protons on the interstellar gas at rest, a completely different kinematical situation.
It is therefore sometimes said that the detection of even just one sub-GeV antideuteron in
cosmic rays would be a smoking gun evidence for DM.
The GAPS [83] and AMS-02 [84,85] experiments are going to look for this smoking
gun. The GAPS experiment, in particular, will be a dedicated balloon or satellite mission
which employs a novel technique: it plans to slow down the d̄ nucleus, have it captured
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inside the detector to form an exotic atom and then annihilate emitting characteristic X-ray
and pion radiation. Currently, there is only an upper limit from the BESS experiment [86],
at the level of about two orders of magnitude higher than the most optimistic predictions.
Recent analyses [87–91] seem to suggest promising fluxes in different scenarios (see
e.g., figure 7). Reference [90], in particular, has pointed out that taking into account
the fact that the p̄ and the n̄ are produced in a jet in the annihilation process boosts the
coalescence rate and may give rise to a detectable signal also at much larger energies.

3. Uncertainties
By definition, DM ID deals with features embedded in astrophysical signals, and therefore
is ‘contaminated’ by the uncertainties that affect the latter ones. In addition, there are
specific uncertainties related to the DM itself and its particle physics origin. A list of the
most important sources of uncertainties affecting DM ID includes:
(1) The DM distribution in the galaxy and beyond, which articulates in a set of interrelated points:
– What is the profile of DM distribution in the Milky Way? As briefly mentioned in
§2.1.1, adopting a peaked vs. a cored profile may make a difference of orders of
magnitude in the prediction of the signals from DM, especially for those coming
from the GC.
– How reliable are the predictions we obtain from DM simulations? Numerical
simulations can resolve DM halos only down to a certain mass and down to a
certain spatial scale. Beyond that, we rely on extrapolations, sometimes of many
orders of magnitude.
– What is the effect of baryons on the DM profile? Baryons (i.e., ordinary matter
making up clouds, stars, black holes and all the associated phenomena) start only
now to be included in DM simulations. They could either steepen the DM profile
at the centre, thanks to adiabatic contraction, or smoothen it due to friction.
– What is the local density of DM? Its value affects the normalization of the
expected fluxes from the local environment but also that of the DM profiles in
general.
– What is the velocity distribution of DM particles in the GH? The details of the
velocity distribution of DM particles, including the escape velocity, mainly affect
the nuclear recoil experiments of direct detection, but also some ID signatures,
for instance the capture of DM particles in the Sun and thus the flux of neutrinos.
(2) The propagation of charged CR. The propagation of e± , p̄, d̄ in the galaxy, sketched
in §2.1.1, contains a number of uncertain parameters: the diffusion coefficient (its
normalization and energy dependence), the energy loss parameters, the values of the
convective (and re-acceleration) velocity, the thickness of the diffusion box, the size
of the effect of approaching the solar sphere, etc. The fact that we cannot precisely
predict them traces back to our fundamental ignorance about the details of the magnetic field inhomogeneities in the galaxy, of the gas distribution, of background light,
of solar-generated fields, etc. We can determine reasonable ranges of values for these
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parameters, fitting a number of ordinary cosmic ray data, but still DM predictions can
differ by more than one order of magnitude when the parameters are varied within
these ranges. Progress in better understanding CR propagation will undoubtedly bring
much progress in the DM field as well.
(3) Particle physics uncertainties. This refers of course not to the unknown particle
properties of DM such as the annihilation cross-section or channels, which are the
parameters to discover, but to the intervening tools from particle physics that are used
to predict DM signatures.
– For instance, almost every DM indirect search analysis uses the collider MonteCarlo code P YTHIA [92] to compute the annihilation spectra, despite the fact
that other codes are available and that in any case all codes have been designed
and calibrated for the collider environment and in an energy range which (until
recently) was much lower than the multi-TeV one of interest for some DM models. In ref. [3] the uncertainty related to Monte Carlo (MC) issues is tentatively
quoted at ±20%, although bigger surprises are possible for some channels.
– Some initially overlooked particle physics effects may turn out to be important,
such as the electroweak (EW) corrections mentioned in §2.1.1.
– Some signals depend on poorly known nuclear or particle physics aspects, for
e.g., the coalescence process for antideuterons.
(4) The astrophysical ‘background’. While technically not an uncertainty affecting the
predictions from DM, the astrophysical background is arguably the source of most of
the uncertainty affecting the interpretation of the ID signals in terms of DM. In every
channel, knowing what can be ascribed to common (or even peculiar, but ordinary)
astrophysics is the most important ingredient to be able to single out the exotic contribution. There is obviously no straightforward solution, but (i) to continuosly improve
our knowledge of such backgrounds and (ii) to break the degeneracy requiring a genuine signal to be multimessenger, i.e., sticking out on top of at least two (hopefully
unrelated) ‘backgrounds’.

4. Conclusions
Like possibly other fields in particle physics in these days, the one of dark matter indirect
detection is currently characterized by an exciting mix of tantalizing hints, increasingly
stringent constraints and ever-rising hopes. According to my taste, and to the material
presented above, I would classify:
(1) Hints: the e+ and e± excesses in PAMELA, FERMI and HESS.
If interpreted in terms of DM annihilations, these point to a rather preposterous
particle: multi-TeV, leptophilic and with a huge annihilation cross-section.
(2) Constraints: the γ -ray measurements from FERMI and HESS (and, to a smaller
extent, VERITAS and the other Čerenkov telescopes), the neutrino measurements from SuperKamiokande and ICECUBE (and the CMB bounds based on
Wilkinson microwave anisotropy probe (WMAP), discussed in the extended version
of this document).
1038
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These rule out most or all of the parameter space for the preposterous DM above.
They also put in a difficult spot some of the more exotic models, discussed in the
extended version of this document.
On the other hand, they show how far-reaching these kinds of searches can be. They
are starting to explore the parameter space of ordinary (thermally produced) DM and
already rule out the lower mass portion of the tens-of-GeV range.
(3) Hopes: from the point of view of data, the γ -ray (and, probably to a smaller extent,
the neutrino) telescopes will continue to play a major role: they will keep up their
march across the parameter space and at some point they may see something. The
AMS-02 detector, onboard of the International Space Station, will probably deliver
data in 2012: if the e± excesses are of astrophysical origin (as it is probably judicious to believe) then they constitute a formidable background to any future signal
from DM in this channel; we have to place our hopes in another channel: the p̄ one
looks promising, and the d̄ one (also explored by the GAPS experiment) may reserve
surprises.
From the point of view of theory, the single most striking result of the recent activity
is that the community has diversified its interests and explored many new directions,
both in terms of phenomena that might enhance the DM signal and in terms of modelbuilding. The hope is that one or more of these interesting ramifications will bear fruit
soon.
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