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Ways to search for dark matter 
Accelerator searches Direct searches

Indirect searches

• Gamma rays from the galactic halo

• Gamma rays from external galaxies/
halos

• Neutrinos from the Earth

• Neutrinos from the Sun

• Antiprotons from the galactic halo

• Antideuterons from the galactic halo

• Positrons from the galactic halo

• Synchrotron radiation or neutrinos 
from the galactic center

• Inverse Compton Scattering

• Microwave haze from galactic center

• Dark Stars

• ...

Need to treat all of these in 
a consistent manner, both 
regarding particle physics 

and astrophysics

Will not cover all of these...



Outline

• Will focus on

- some general ideas on cosmic ray searches 
(gamma rays, charged cosmic rays and neutrinos) 
and their uncertainties

- leptophilic dark matter models explaining 
Pamela, Fermi and HESS as an example of how 
multichannel constraints are important

- Future indirect searches: gamma rays?

• Will not cover neutrinos fully (see talks Wednesday and talk by Rott) or 
microwave haze (see Finkbeiner’s talk).



Annihilation in the halo
Neutral annihilation products

• Gamma rays can be searched for with e.g. Air Cherenkov 
Telescopes (ACTs) or Fermi (launched June 11, 2008). 

• Signal depends strongly on the halo profile,

χχ → γγ, Zγ, νχχ → γ, ν

Φ ∝
�

line of sight
ρ2dl



We can write the flux as

with
Particle physics 

(SUSY, ...)

Astrophysics
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Gamma ray fluxes from the halo

Need to include: – continuous gammas
– IB/FSR (Internal Bremsstrahlung, Final State Radiation)
– Monochromatic gamma lines

Need to include: – smooth halo, dark matter profile?
– substructures, how many/large?



• Substructures could in principle boost the signal by 
orders of magnitude.

• However, recent N-body simulations indicate that the 
boost factor is of the order of

- 5-15 (Via Lactea II)

- 1-2 (Aquarius)

• The boost factor will typically be different in different 
regions in the sky, smaller towards the galactic centre and 
possibly larger in other directions.

Substructures

Φ ∝
�

l.o.s.
ρ2dl

Boost factor: B � �ρ2�
�ρ�2



• Diffusion of charged particles. Diffusion model with parameters fixed from 
studies of conventional cosmic rays (especially unstable isotopes). 

• Current detectors are e.g. Pamela, ATIC, Fermi. 

• Future detectors are e.g. AMS, GAPS and Calet. AMS to be launched fall 
2010.

χχ → p̄, D̄, e+

Annihilation in the halo
Charged annihilation products

Diffusion zone



∂z (VC ψ) − K ∆ψ + ∂E

�
bloss(E) ψ − KEE(E) ∂Eψ

�
= Q (x, E)

Wind Spatial diffusion Energy losses Energy diffusion
(reacceleration)

Source term

K(E) = K0 β (R/1 GV)δ Q(x, E) ∝ ρ2�σv�dN

dE

As the source term depends on the DM density squared, we 
are very sensitive to the halo profile and substructure.
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Diffusion equation



Diffusion parameters

• The most important diffusion parameters 
are

 K0 (D0) – diffusion coefficient

 δ – exponent for energy dependence of 
diffusion coefficient

 L – diffusion zone half height

• In addition, more parameters are needed 
for energy losses, galaxy radial extent, etc

See talks of Lavalle and Taillet for more details



Propagation

• By the fall of 2010, we “should” have 2–3 code 
releases:

- Galprop (numerical), new version, Moskalenko et al

- USINE (semi-analytical), first release, Maurin et al

- Dragon (numerical), first release, Grasso et al

• All of which should have interfaces to DarkSUSY and 
other signal codes like micrOmegas

See talks by Lavalle and Taillet
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Capture sensitive to the 
low-velocity region

Direct detection sensitive 
to higher velocities

f(v)

v

Remember the 
different velocity 
dependencies!

• BUT, we cannot fiddle too much with this without violating the dynamical 
constraints from the Milky Way

• Also, the local density NOW is most likely not lower than the average by 
a factor of two (M. Kamionkowski and S.M. Koushiappas, arXiv: 0801.3269)

A note about velocity distributions
Also, velocity distribution 
in the galaxy most likely 
not Maxwellian

Preliminary results from Shogo Masaki

http://arxiv.org/find/astro-ph/1/au:+Koushiappas_S/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Koushiappas_S/0/1/0/all/0/1


Multi-channel approach

• Apart from the “standard” indirect search 
channels (gammas, antiprotons, positrons, 
neutrinos), we can also use other probes.

• As an example of the multi-channel 
approach, let’s focus on dark matter models 
giving good fits to Pamela, HESS and Fermi 
data



Data and background expectations

A.A. Abdo et al, [Fermi-LAT], arXiv: 0905.0025 (PRL)
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O. Adriani et al., [PAMELA], arXiv: 0810.4995 (Nature)

Positron fraction e++e- spectrum

What are these excesses compared to the background?

more than 550 papers written on Pamela since Nov. 2008
...and more than 300 citing the Fermi-LAT paper from May 2009

...of which all but at most one are wrong...?



Possible explanations for the excess

• The diffuse background model is wrong?

• The local astrophysical sources (pulsars, reacceleration at 
SNR, localized SNR, ...) give a contribution?

• Dark matter annihilations give a contribution?

• There is no excess (non-standard diffusion)

• ...



Dark matter – μ channel

We get good fits to Fermi, HESS and PAMELA data
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Nice feature 
to look for

Cored isothermal 
profile assumed here



Results – AH4 model
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DM + DM → φφ, φ→ µ+µ−

mφ = 0.25 GeV



Results – N3 model
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Fits
• We can get very good fits to both Fermi, HESS and 

PAMELA data with ‘off-the-shelf ’ halo, diffusion and 
background models

• Masses in the range 1–4 TeV fit well

• However, we need to assume enhancement factors 
of the order of 1000 (e.g. from Sommerfeld 
enhancements).

• Note: we have focused on muons as they give very 
good fits. Some electrons and tau leptons are 
certainly also possible though.



Constraints from the galactic centre 
and dwarf spheroidals

• These models just barely escape gamma and 
synchrotron constraints from the galactic centre and 
dwarf spheroidals (Bergström et al, arXiv:0812.3985)

• For a steeper halo profile than the isothermal sphere 
considered here, the models would be excluded (too 
much synchrotron radiation/gamma)

Also see talk of Shakya



Constraints from the CMB

• For Sommerfeld enhanced 
models (AH & N 
models), effects could also 
arise in the cosmic 
microwave background 
radiation. The models we 
have considered here are 
(just barely) OK with 
current constraints, but 
can be probed with 
Planck (launched May14!).
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FIG. 4: Constraints on the self-annihilation cross-section at
recombination (σv)zr

times the gas–shower coupling param-
eter f . The dark blue area is already excluded by WMAP5
data, whereas the more stringent limit (dashed area) refers to
the constraints which will be possible to apply with Planck.
The light blue area is the zone ultimately allowed to probe by
a cosmic variance limited experiment with angular resolution
comparable to Planck.

in the cosmomc package. We use a cosmic age top-hat
prior as 10 Gyr ≤ t0 ≤ 20 Gyr. We include the five-year
WMAP data [1] (temperature and polarization) with
the routine for computing the likelihood supplied by the
WMAP team (we will refer to this analysis as WMAP5).

IV. RESULTS

Using the WMAP-5 dataset and applying the analysis
method described in the previous section, we found an
upper limit pann < 2.0× 10−6 m3/s/kg at 95% c.l., with
no indications for modified recombination in agreement
with previous and similar analyses. The implications of
this limit are discussed in the next section. While we de-
tect only an upper limit it is interesting, from a cosmo-
logical point of view, to investigate the possible impact
of this parameter on the estimation of other parameters
as the baryon density ωb, the cold dark matter density
ωc and the scalar spectral index nS . In Figure 3 we plot
the 1-D likelihood distributions for these three parame-
ters derived assuming the standard case (i.e. pann = 0)
and letting this parameter to vary freely. As we can see,
including pann into the analysis changes the constraints
of ωb = 0.0228 ± 0.0006 and ns = 0.965 ± 0.014 (ob-
tained in the standard case) to ωb = 0.0230± 0.0006 and
ns = 0.977± 0.018. The cosmological constraints on the
cold dark matter density are on the contrary not affected
by the inclusion of pann.

With the advent of the Planck satellite mission, it is in-
teresting to forecast to what extent the above limit will be
improved by this mission. We have therefore forecasted

future constraints on pann assuming simulated Planck
mock data with a fiducial model given by the best fit
WMAP5 model (with standard recombination) and ex-
perimental noise described by (see [23]):

N! =

(

w−1/2

µK-rad

)2

exp

[

"(" + 1)(θFWHM/rad)2

8 ln 2

]

, (12)

with w−1/2 = 63µK as the temperature noise level (we
consider a factor

√
2 larger for polarization noise) and

θFWHM = 7′ for the beam size. We take fsky = 0.65
as sky coverage. We found that the Planck mission in
the configuration described above will have the ability of
placing a constraint of pann < 1.5×10−7 m3/s/kg at 95%
c.l.

It is also interesting to investigate the ultimate ability
of cosmology to place constraints on pann. We have there-
fore repeated the analysis with an ideal Cosmic Variance
Limited experiment with resolution up to "max = 2500.
In this case we found pann < 5.0× 10−8 m3/s/kg at 95%
c.l.

These constraints are summarized in fig. 4, where we
show the allowed values of f〈σv〉 as a function of the
WIMP mass mχ, for the different experiments described
above. These results place useful constraints on the DM
annihilation cross-section at very small relative velocity.
This is particularly important for models with a large
“Sommerfeld enhancement” (SE), a non-perturbative ef-
fect arising from the distortion of the wave functions
of the two annihilating particles, due to the exchange
of Coulomb-like forces mediated by (possibly new) force
carriers [24]. The interest in these models arises from the
fact that larger-than-thermal annihilation cross-section
are required if one wants to explain the the rise in the
electron and positron spectra observed by PAMELA and
ATIC in terms of DM annihilation (see e.g. the discus-
sion in Ref. [25]). We briefly recall here the basics of the
SE. For two DM particles undergoing s-wave annihila-
tion, the wave function in the non-relativistic limit obeys
the Schrödinger equation

ψ′′(r) − mχV (r)ψ(r) + m2
χβ2ψ(r) = 0 (13)

In the limit where the mass of the carrier and the relative
velocity of DM particles are small, it is easy to find an
analytic approximation to the SE

S(β) =
απ

β
[1 − exp−απ/β ] (14)

which exhibits the S ∼ 1/β behaviour that we mentioned
in the introduction. Interestingly, a full calculation shows
that the true solution saturates at β ∼ mφ/mχ, and it
actually develops resonances, that lead to very large SE
for specific combinations of masses mφ and mχ, and the
coupling α. In order to compare the constraints on pann

obtained from the analysis of CMB data with theoreti-
cal models, we have numerically integrated equation 13,
assuming a Yukawa potential V (r) = − exp[−mφr]α/r

Galli et al, arXiv:0905.0003;
see also Slatyer et al, arXiv:0906.1197) 
and talk by Iocco

μ+μ–



Constraints from heating and reionization 
of the intergalactic gas

• DM annihilations would 
at time of structure 
formation heat and 
reionize the intergalactic 
gas

• Measurements of the 
optical depth constrain 
the amount of heating 
and reionization allowed

• Current models are 
(given the uncertainties) 
just barely OK with 
current constraints
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Figure 4: The regions on the parameter space ‘DM mass’ – ‘Annihilation cross section’ that

are excluded by the reionization and heating bounds. The first column of panels refers to DM

annihilations into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume

respectively an NFW, an Einasto and a Burkert profile. Each panel shows the exclusion contour

due to exceeding the optical depth (blue short dashed line) and the exclusion contour imposed

by excessive heating of the intergalactic gas (red long dashed line). We also report the regions

that allow to fit the PAMELA positron data (green and yellow bands, 95 % and 99.999 % C.L.

regions) and the PAMELA positron + FERMI and HESS data (red and orange blobs, 95 % and

99.999 % C.L. regions). The horizontal orange band indicates the typically preferred value for

the thermal annihilation cross section.
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Cirelli et al, arXiv:0907.0719; see also Hütsi et al, arXiv:0906.4550 and talk by Iocco.



ICS on CMB also gives constraints

Profumo & Jeltema, arXiv:0906.0001
See also Belikov & Hooper, arXiv:0906.2251

Profumo & Jeltema: Extragalactic IC Light from Dark Matter and the Pamela Positron Excess 14
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Figure 4. The dependence of the dark matter all-redshift all-halo annihilation
emission on the structure formation and halo model setup, for particle dark matter
models that offer an explanation to the Pamela positron excess and that are compatible
with the Fermi-LAT electron-positron data. Tab. 1 gives the details of the mass,
annihilation rate and final state for the four models we show in panels (a)-(d).

annihilation even, in accord with the results of Pamela reported in [64] and (ii) the

φ particle can be also responsible for a “new force” in the dark sector leading to a
velocity-dependent enhancement that can explain the thermal relic abundance of dark

matter as well as the large pair-annihilation rate in the Galaxy today [13]. We consider

• Inverse Compton 
Scattering on the CMB 
in cosmological halos 
can give a contribution 
in gamma rays

• For optimistic halo 
models and structure 
formation setups, these 
models are excluded, but 
for more conservative 
models, these DM 
models are OK
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Figure 4. Upper limits on the annihilation cross-section for a bb̄ final state (left panel)
and a µ+µ− final state (right panel) for the Coma and Fornax clusters including the
effect of substructure on the expected gamma-ray signal. The constraints are shown
for no substructure (solid lines), our conservative substructure setup which includes
only substructure of dwarf galaxy mass or larger (dashed lines), and our optimistic
setup which includes substructure down to Mcut = 10−6 M" (dot-dashed lines). The
dark matter models are the same as in Fig. 3.

only the expected contribution from galactic scale substructure and gives a boost to the

expected gamma-ray flux of ∼ 4.6 for Fornax and ∼ 2.1 for Coma. In this setup, the

Fornax constraints exclude models fitting the Pamela e+e− data with masses above 1

TeV for a µ+µ− final state and begin to probe thermally produced WIMP models with

a relic density consistent with the observed universal matter density for a bb̄ final state.
In the more optimistic substructure setup (dot-dashed lines in Fig. 4), where we

include substructure down to roughly the expected substructure cutoff scale for WIMP

models, the predicted boosts to the cluster gamma-ray flux are even higher, ∼ 10 for

Fornax and ∼ 9 for Coma. In this case, the left panel indicates that winos lighter than

200 GeV are ruled out, as is a dark matter interpretation of the Pamela positron fraction

with a µ+µ− final state and a sub-TeV mass. In general, models with a µ+µ− final state
with cross sections greater than ∼ 10−23 cm3 s−1 and particle masses greater than ∼ 1

TeV are excluded which includes most of the parameter space fitting the Fermi-LAT

e+e− data.

Similar to our conclusions here, Ref. [3] predicts that for a particle mass of 1.6

TeV with a cross-section of 3 × 10−23 cm3 s−1 annihilating to a pure µ+µ− final state,

Fermi-LAT should detect local clusters if the cut-off scale for substructures is 104M" or

less.

Galaxy clusters give constraints

• Galaxy clusters also 
constrain these type 
of models.

• They are OK right 
now, but there is 
some tension, 
depending on how 
much of the mass is in 
substructure

No substructures

With substructures
Ackermann et al [Fermi],
arXiv:1002.2239, JCAP.



Constraints from neutrinos

• DM annihilations at the 
galactic centre produce 
neutrinos that can be 
searched for with e.g. 
IceCube/DeepCore

• With a less steep 
profile, the sensitivity is 
reduced though

High Energy Neutrinos As A Test of Leptophilic Dark Matter

Douglas Spolyar1,2, Matthew Buckley3, Katherine Freese4, Dan Hooper1,5, and Hitoshi Murayama6,7,8

1Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510 USA
2University of California, Santa Cruz, Physics Department, Santa Cruz, CA 95064 USA
3Department of Physics, California Institute of Technology, Pasadena, CA 91125, USA

4Michigan Center for Theoretical Physics, Physics Dept., University of Michigan, Ann Arbor, MI 48109, USA
5Astronomy and Astrophysics Department, University of Chicago, Chicago, IL 60637 USA

6Department of Physics, University of California, Berkeley, CA 94720, USA
7Theoretical Physics Group, LBNL, Berkeley, CA 94720, USA and

8IPMU, University of Tokyo, 5-1-5 Kashiwa-no-ha, Kashiwa, Japan 277-8568
(Dated: May 28, 2009)

Recently, observations by PAMELA, the Fermi Gamma Ray Space Telescope, and other cosmic ray experi-
ments have generated a great deal of interest in dark matter particles which annihilate at a high rate to leptons.
In this letter, we explore the possibility of using large volume neutrino telescopes, such as IceCube, to constrain
such models. We find that IceCube (in conjunction with the planned low threshold extension, DeepCore) should
be capable of detecting neutrino-induced showers from dark matter annihilations taking place in the inner Milky
Way in a wide variety of models capable of producing the excess reported by the Fermi Gamma-Ray Space Tele-
scope and PAMELA. If Dark Matter annihilations are responsible for the signals observed by both PAMELA
and FGST, then IceCube/DeepCore should detect or exclude the corresponding neutrino signal from the inner
Milky Way with a few years of observation. If only the PAMELA signal is generated by dark matter annihila-
tions, IceCube/DeepCore will be able to place stringent constraints on the fraction of dark matter annihilations
that proceed to muons, taus, or neutrinos.

PACS numbers: 95.35.+d;95.30.Cq,98.52.Wz,95.55.Ka FERMILAB-PUB-09-269-A CALT-68-2740

Weakly Interacting Massive Particles (WIMPs) are among
the best motivated classes of candidates for the dark matter
(DM) of our universe (for reviews, see Refs. [1, 2, 3, 4]). The
search for these particles is one of the primary missions of the
Large Hadron Collider at CERN. Stable particles with weak-
scale interactions and masses are naturally predicted to anni-
hilate among themselves (or with their antiparticles) at a rate
in the early universe that leads to a thermal abundance similar
to the observed density of DM. This same annihilation process
is also expected to be taking place in the present universe, po-
tentially providing an opportunity for DM’s indirect detection.
The products of WIMP annihilations consist of a combina-
tion of electrons, positrons, protons, antiprotons, photons, and
neutrinos, each of which may be potentially detected in exist-
ing or planned experiments. Some of the most studied strate-
gies for the indirect detection of DM include searches for neu-
trinos from the Sun [5] or Earth [6], searches for gamma rays
from the Galactic Center [7] or dwarf spheroidal galaxies [8],
and charged cosmic rays from annihilations throughout the
halo of the Milky Way [9].

Over the past several years, there have been a number of
experimental signals which have been interpreted as possible
indications of DM [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
Confirmation that any of these observations are actually due
to DM, rather than being a mere experimental artifact or astro-
physical background, would likely require more than one ex-
periment to provide complementary information. In this letter,
we consider the anomalous features in the spectrum of cos-
mic ray positrons and electrons reported by PAMELA [10],
ATIC [11], PPB-BETS [12], and very recently by the Fermi
Gamma Ray Space Telescope (FGST) [13] (as well as in ear-
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FIG. 1: Reach of ICECUBE/DeepCore to neutrinos from DM anni-
hilation to µ+µ−. Shown are the 5σ (dashed) detection and the 2σ
limit (solid) on the boost factor as a function of WIMP mass after
5 years of operation. Also shown are the 2σ contours in the boost
factor B as function of DM mass for Fermi (dotted) and PAMELA
(dot-dashed) inferred from [26] for (χχ→ µ+µ−).

lier indications from HEAT [14] and AMS-01 [15]). These
observations have led to a great deal of speculation that DM
annihilations [21, 22] or decays [23] may be responsible.
However, any explanation of these positron/electron signals
in terms of DM annihilation requires somewhat nonstandard
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Sensitivity for NFW and 5 years 
of IceCube/DeepCore operation



Additional features of the
dark matter models

• As we produce many charged 
leptons, we expect final state 
radiation giving a 

spectrum of gamma rays

• These should provide a distinctive 
signature to search for from e.g. 
the galactic centre, especially for 
the muon channel model

• We would also get gammas from 
Inverse Compton Scattering (ICS) 
on the interstellar radiation field

2

Arkani-Hamed et al. type Nomura-Thaler type

mφ[GeV] type e+e− µ+µ− ms[GeV] ma[GeV]

AH1 0.1 scalar 100% - N1 5 0.5

AH2 0.1 vector 100% - N2 20 0.36

AH3 0.25 vector 67% 33% N3 20 0.5

AH4 0.25 scalar - 100% N4 20 0.8

N5 50 0.5

TABLE I: Our benchmark scenarios.

decay into hadronic modes (see, e.g., [17]) is kinemat-
ically forbidden and that Sommerfeld enhancements in
the limit of the small galactic DM velocities expected to-
day allow for the very large annihilation cross sections
that are needed to explain the PAMELA/ATIC results,
but which at first seem to be at odds with the cross
sections required to get the right thermal relic density
for the DM. Another interesting feature of the Arkani-
Hamed et al. model [16] is that it encompasses ideas that
have been proposed to explain the WMAP haze [18] and
the INTEGRAL excess [19]. As pointed out in [16, 20],
one may basically distinguish between scalar and vector
φ and whether or not mφ ! 2mµ (in which case it dom-
inantly decays into e+e−). For mφ " mπ, even decays
into pions should be taken into account (which we ne-
glect here). While mφ " 10 MeV is roughly needed not
to be in conflict with Big Bang Nuclesynthesis, one has
to require mφ " 100 MeV in order to get Sommerfeld
enhancements of the order 103 − 104 that are needed to
explain the PAMELA/ATIC result with these types of
DM models. Based on this discussion, we adopt the four
benchmark settings A1–A4 summarized in Tab. I.

While [16] describes a rather general set-up, [21] in-
troduces a concrete realization of this idea; the proposed
model has the appealing feature of containing a “stan-
dard” Peccei-Quinn axion and can be embedded in a
fully realistic supersymmetric scenario. Here, DM an-
nihilates into a scalar s and a pseudoscalar a, χχ → sa.
With a mass scale of 360 MeV ! ma ! 800 MeV, the lat-
ter mostly decays into muons, which subsequently decay
into electrons or positrons. The benchmark models for
this setup N1–N5 are also given in Tab. I.

For the first a particle created in the χχ annihila-
tion, we analytically compute the photon multiplicity
(dN/dEγ)(a) from a → µ+µ−γ in the rest frame of a.
We then make a Lorentz boost back to the DM frame,
i.e. the Galactic rest frame, to get

(

dN

dEγ

)(DM)

=
1

2βγ

∫ E/(γ(1−β))

E/(γ(1+β))

dE′

E′

(

dN

dE′
γ

)(a)

, (2)

with γ = (mχ/ma)
[

1 − (m2
s − m2

a)/(4m2
χ)

]

since the an-
nihilation takes place essentially at rest (typical galactic
velocities are 10−3). Axions resulting from s → aa we
treat in a similar way, boosting them first to the s-frame

FIG. 1: The various possible photon spectra that can arise
from DM annihilating to new light particles which in turn
decay into charged leptons. For the models N1 – N5, we
neglect here the decay of s to tau-leptons or bottom quarks –
see Fig. 2 for an example of how this changes the spectra. For
comparison, we also indicate the spectrum from DM directly
annihilating to charged leptons.

and from this to the DM frame. Since s may have a
mass up to 50 GeV, the gamma-ray spectrum may even
receive important contributions from its decay into bot-
tom quarks or tau leptons, a possibility which we will
shortly return to. (Bremsstrahlung from electrons in the
muon decay will give γs of lower energies and will thus
not be important for our constraints.)

Summing up all these contributions, we arrive at the
total photon spectrum in the DM frame that we show
in Fig. 1 for the models N1–N5 in Tab. I. We also in-
clude the corresponding spectra obtained in the Arkani-
Hamed et al. set-up (models A1–A4) and, for comparison,
the case of 1 TeV DM particles directly annihilating into
e+e− or µ+µ−. Please note that, from Eq. (2), the quan-
tity dN/dx for the models listed in Tab. I is independent
of mχ as long as mχ # ma, ms; the direct annihilation of
DM into leptons, on the other hand, does contain a log-
arithmic dependence on mχ. Let us mention that while
Eq. (1) provides a rather good approximation to our an-
alytic results for photons radiated from e+e− pairs, it
overestimates the photon yield from muons (especially
when the mass of the decaying particle is close to mµ

like, e.g., in model AH4).
Once a DM profile ρ(r) is assumed, it is straightforward

to estimate the corresponding gamma-ray flux from a
solid angle ∆Ω towards the galactic center:

dΦγ

dE
=

1

8π

σv

m2
χ

dNγ

dE

∫

dλ

∫

∆Ω
dΩρ2(λ) (3)

where λ is the line of sight distance. In Fig. 2, we
compare the resulting flux to the gamma-ray data from
the galactic center taken by the H.E.S.S. telescope [22],

Bergström et al, arXiv:0811.3895

dN

dEγ
∝ E−1

γ

Borriello et al, arXiv:0903.1852

2

FIG. 1: The upper panels show the positron fraction and the total e+e− spectrum for the CR background and the DM
annihilation signal compared with the Pamela and ATIC data. Also shown is a compilation of previous data (HEAT [3] and
AMS-01 [4] for the positron fraction and PPB-BETS [6], AMS-01 [5] and HESS [7] for the e+e− spectrum). The lower right
panel shows the gamma spectrum for the CR background and the ICS signal from DM electrons in the Halo together with
the EGRET measurements and the errors expected after a 1 yr survey by Fermi. The red dashed curve shows the spectrum
of gamma-rays produced directly through the annihilation into µ+µ− (without final state radiation). The lower left panel
shows the DM synchrotron emission in units of brightness temperature 10◦ away from the GC compared with the galactic
backgrounds and the rms fluctuations of the CMB. The open points indicate the 9 Planck frequencies while the dotted line
shows the expected Planck sensitivity for a 14 months survey. For comparison also shown is the signal from the WMAP Haze
10◦ degrees away from the GC as derived in [25]. A model with a WIMP of mχ = 1.5 TeV which annihilate only into µ+µ−

with a rate 〈σAv〉 ∼ 5 × 10−23cm3s−1 is considered for all the plots. The propagation parameters are specified in the text.

ICS and synchrotron maps. The code also produces maps
of the CR gamma diffuse emission using available data
on the CR abundances and the distribution of galactic
gas. For our calculations we employ a diffusion coefficient
D = D0(E/E0)−α with D0 = 5 × 1028 cm2s−1, E0 = 3
GeV and α = 0.33, corresponding to a Kolmogorov spec-
trum of turbulence. The transport equation is solved in
a cylinder of half-height z = ±4 kpc and radius R = 20
kpc, while the GMF used to derive the synchrotron radi-

ation is modeled as
〈

B2
〉1/2

= B0 exp(−r/rB − |z| /zB)
with B0 = 11µG rB = 10 kpc and zB = 2 kpc. It is worth
reminding, however, that electrons have typically a quite
short propagation length (in terms of the galactic size)
corresponding to a path of O(1 kpc) [18] before losing a
significant percentage of their energy. The final spectrum
and distribution of electrons has thus only a weak depen-
dence on the chosen propagation parameters. The GMF,

on the other hand, is still affected by large uncertainties
especially in the inner kpc’s of the galaxy (see [20] and
refs therein for a recent review). The synchrotron radia-
tion, which is quite dependent on the GMF, shares, thus,
a similar uncertainty on the normalization. The Inter-
Stellar Radiation Field, which is the photon target that
determines the ICS signal, is, instead, better known and
the derived ICS signal is thus a more robust prediction
than the synchrotron signal. The ISRF implemented in
Galprop is described in details in[19]. Finally, for the DM
profile we choose a very conservative isothermal cored
profile ρ(r) = ρ0

(

r2
c + r2

"

)

/
(

r2
c + r2

)

with DM density
at the solar position ρ0 = 0.4 GeV/cm3, r" = 8.5 kpc
the solar position and rc = 2.8 kpc the core size. The
particular choice is anyway not crucial given that we will
calculate the signal not in GC but form the Halo where
the uncertainties in the profile are less significant.

Notice rise ~ E

μ channel

N3 AH4



Other features

• The galactic diffuse 
emission will be more 
spherical from dark 
matter than from other 
sources (DM dominates 
at mid-high latitudes, 
Eγ>100 GeV)

• Discrimination between 
dark matter and 
astrophysical 
explanations possible 
with e.g. Fermi

Fig. from Regis and Ullio,
arXiv:0904.4645
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FIG. 9: Sky-map at 150 GeV of the emissions associated to Galactic primary+secondary CRs in the ”conventional” model B0.
The intensity is shown in logarithmic scale and units [MeV cm−2 s−1 sr−1]. Left Panel: Inverse Compton radiation. Right
Panel: π0-decay emission.

FIG. 10: Sky-map at 150 GeV of the emissions induced by WIMP annihilations in the propagation model B0. The intensity is
shown in logarithmic scale and units [MeV cm−2 s−1 sr−1]. Left Panel: Inverse Compton radiation in the DMe scenario. Right
Panel: π0-decay emission in the DMτ scenario.

associated to the smooth component of the Milky Way DM halo, in a configuration with no significant enhancement
in the DM density in the Galactic center region, hence with none of the DM signals usually discussed from the center
of the Galaxy at a detectable level. The goal was to present an analysis based on minimal sets of assumptions and
extrapolations with respect to locally testable or measurable quantities (for comparison, e.g., Ref. [71] considers also
DM profiles with a central cusp, finding strong, though heavily model-dependent, constraints from GC observations).
In this respect, e.g., we are not directly comparing to the possibility of detecting DM fluxes from Milky Way satellites
or other dark matter dominated objects, avoiding the extrapolations that are required when addressing this kind of
predictions. Estimates of extragalactic γ-ray background from unresolved DM structures lead typically to a flux below
the astrophysical EGB (unless a substantial enhancement stems from populations of dense substructures), which is
mainly related to unresolved blazars; this component is therefore marginally relevant for our analysis (although it could
be possibly detected studying its anisotropy pattern [88]). On the other hand, a contribution of unresolved Galactic
subhalos to the diffuse emission of the Galaxy could be substantial [89]. Our conclusions would be strengthened, in
particular, in case of a spatial distribution of subhalos antibiased with respect to the host halo mass distribution [90],
which would give a larger diffuse emission at high latitudes and longitudes. While not changing the general picture,
the estimation of this component depends on several quantities which are not well-known, such as the mass function,
the spatial distribution and the concentration of subhalos.

We have compared the DM signal to standard astrophysical components, analyzing spectral and spatial features to
derive which are the best energy band and region of the sky to disentangle the DM contribution from the Galactic
plus extragalactic background with the FERMI LAT telescope. Being the sources of acceleration for CR (namely,
Supernovae Type II) distributed within a thin disc, the ratio of the associated background versus the DM signal
decreases as the latitude increases. The extragalactic background has, on the other hand, a flat spatial distribution,

Inverse Compton from DM



What is needed to really find 
dark matter in the cosmic rays?

• Bigger and better antiparticle cosmic ray 
detectors (AMS, Calet, etc). But how do we 
distinguish dark matter from conventional 
astrophysical sources (SNR, pulsars, ...)

• Or maybe we should go for gamma ray 
signatures? No propagation uncertainties, 
but maybe not as clear spectral features 
(unless we have gamma lines). 



CTAs?
• A Cherenkov Telescope Array (CTA) is a large improvement 

over current Cherenkov telescopes, but it is a multi-purpose 
detector.

• A CTA has a limited field of view and we can only 
optimistically hope for ~50 hrs of observation at DM sources

• What if we had a
dedicated array just for
dark matter

• Let’s be optimistic and...

!"#$%&'&(#)$*+,,-./#$0"#(#12+3$!#/#,4+5#$6((78$
90!6:$-1$;&(+5#<6=>?$-1$'"#$@?$9,##$'7/2,$.8$
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;H7B5/#$+%$5(#,#1'$.#,'$/-B-',$%(+B$I(+&1JK
.7,#J$#H5#(-B#1',$9L;F>!6?C$M&1#$NOPO:

J. Conrad, 
2009



...think 
BIG!



BIG ⇒ DMA = Dark Matter Array

• Let’s be optimistic and consider a DMA 
with

- CTA-like design, but with 

- low energy threshold (10 GeV)

- dedicated for dark matter searches,
tobs ~ 5000 hrs feasible

Aeff
DMA ∼ 10×Aeff

CTA ∼ 10 km2

⇒ Factor of 1000 better than CTA on Aeff x tobs + lower threshold



Is it only a dream?

• Maybe, but in principle possible.
Let’s investigate what DMA could 
do before disregarding the idea.

• Compare with “5@5”, Aharonian 
et al 2001.



Direct vs indirect

• ~106 models (mSUGRA 
+ MSSM). 

• Within 3σ WMAP 
bound on relic density

• Accelerator constraints 
OK

  WMAP, 
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This large area usually not shown in direct 
detection figures. How do we reach it?

Direct
⬇ ⬅ Indirect



Setup for DMA analysis

• Large scan of MSSM and mSUGRA parameter space (~106 models) satisfying WMAP 3σ 
bound on relic density and accelerator constraints.

• Experiment sensitivities from

- CDMS: As published in Z. Ahmed & al., 2010

- SuperCDMS: As described in T. Bruch, 2010

- Xenon 1t: As described in K. Arisaka & al., 2008

- FERMI-LAT: Effective exposure 1 year ( = 5 years observing time), 20 log-bins 
between 1 och 300 GeV, everything else according to LAT home page

- CTA: Energy threshold 40 GeV, 17 bins up to 5 TeV, sensitivity curve according to 
Bernlöhr (2007), integration time 50 hours, effective area as in Arribas (thesis) - max 
Aeff ~2x106 m2

- DMA: Energy threshold 10 GeV, sensitivity curve CTA/sqrt(1000), max Aeff = 2x107 
m2, integration time 5000 hours.



What can a DMA do?

• Assume 5000 hrs towards the galactic centre (GC)

• Assume that the angular resolution is good enough 
to separate the HESS source from the GC

• Assume smooth diffuse background as measured 
by Fermi (from S. Digel, Fermi Symposium, Nov. 
2009), extrapolated as power law above 100 GeV

• Demand that S/(S+B)0.5 > 5 in best energy bin to 
claim sensitivity
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Direct vs indirect
• NFW

• No boost

←DMA ←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010 ←Fermi



Direct vs indirect
• NFW

• Bost factor = 10

←DMA←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Direct vs indirect

←DMA←CTA
Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Direct detection 
territory!

Sweet spot: Both 
direct detection 
and indirect 
detection should 
see a signal

Indirect 
detection 
territory!

The impossible 
part...



Direct vs indirect

• NFW

• Adiabatic contraction

←DMA
←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Another possibility which is more robust to astrophysical 
uncertainties is to look at dwarves instead.



Complementarity
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DarkSUSY

• For any of these multi-channel searches, it 
is crucial to use consistent tools, like e.g. 
DarkSUSY (or micrOmegas), where all 
calculations can be performed with 
consistent particle physics and astrophysics 
assumptions.

• To download DarkSUSY:
http://www.physto.se/~edsjo/darksusy



Conclusions

• Many ways to search for dark matter: accelerators, direct 
and indirect.

• Use as many of these as possible to test/constrain our 
models

• Crucial to perform these calculations in a consistent 
framework, with e.g. a tool like DarkSUSY or micrOmegas

• A dedicated Dark Matter Array (DMA) may prove useful 
to reach previously unreachable parts of the parameter 
space. Complementary to direct searches.


