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Solving the Puzzle

A (very reasonable) assumption: dark matter is made out of particles!

Several theoretical models (Supersymmetry, Universal Extra Dimensions, 
etc.) have been proposed that naturally predict the existence of a WIMP at 
the weak scale that is a natural dark matter candidate

The Fermi LAT has a unique perspective and it will investigate the existence 
of  WIMPs indirectly primarily through their annihilation or decay into 
photons and into electrons.

Indirect detection of a dark matter signal would be complementary to 
direct detection and collider searches and it would provide invaluable 
information on the distribution of dark matter in space 

➡ Not an easy task! Large uncertainties in the signal (DM distribution, underlying 
particle physics model) and in the background (particle background,  photons from 
diffuse emission and point sources in the galactic center)



γ from WIMP Annihilation

Continuum spectrum with 
cutoff at Mχ

 Spectral line at  Mχ (for γγ)

Detection of prompt annihilation into γγ 
(γZ0) would provide smoking gun for  dark 
matter annihilation 
Requires best energy resolution
However, annihilation fraction in the range 
10-3-10-4 (depending on the model)



Annihilation Signal

particle physics
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Two different Particle Physics Scenarios: 
UED vs SUSY

m0 = 500 GeV
m1/2 = 1160 GeV

A0 = 0, tanβ = 10

mSUGRA parameters:

(*) G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov,  Comput. Phys. Commun. 174 (2006) 577; hep-ph/0405253
     G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov,  Comput. Phys. Commun. 149 (2002) 103; hep-ph/0112278

➡Spectra can look very different             
in these scenarios

Consider the photon spectrum from 500 GeV WIMP annihilation in SUSY and in UED (*):

★ UED: photons mostly from lepton bremsstrahlung

★ SUSY: photons mostly from b quark hadronization and then  decay, energy spread 
through many final states  lower photon energy. p-wave dominated cross-section yields 
lower photon fluxes for equal masses

scaled to same area

Mχ=500 GeV

UED
SUSY



Dark Matter Distribution

NFW profile

cut radius = 10−10 kpc

ρ(r) = ρ0
1 + (r0/a0)2

1 + (r/a0)2

a0 = 3.5 kpc

Isothermal profile

ρ(r) = ρ0
r0

r

1 + (r0/a0)2

1 + (r/a0)2
ρ0 = 0.3 GeV/cm3

a0 = 20 kpc, r0 = 8.5 kpc
cut radius = 10−5 kpc

The dark matter annihilation (or decay)  signal strongly depends on the dark matter 
distribution.

Cuspier profiles and clumpiness of the dark matter halo can provide large boost 
factors 

Integral over los of dark matter density squared

Isothermal
NFW



Backgrounds

Total flux
CR protons
CR e-, e+

Albedo p, pbar
Albedo e-

Albedo e+

Albedo γ
Heavy nuclei

Photons from galactic diffuse emission (due to CR particles interactions - IC, π0  decay,  bremsstrahlung -  
with gas in the ISM and low energy photons in the IRF), photons from extra-galactic diffuse emission 

Charged particles (protons, electrons, positrons), some neutrons, Earth albedo photons. They dominate 
the flux of cosmic photons

Less than 1 in 105 survive the photon 

selection

Above a few GeV, background 

contamination is required to be less than

10% of EGB γ measured by EGRET 



Search Strategies
Galactic center:

Good Statistics but source 

confusion/diffuse backgroundSatellites:

Low background and good source id, 

but low statistics, astrophysical background
Milky Way halo:

Large statistics but diffuse background 

Extra-galactic:

Large statistics, but astrophysics, galactic 
diffuse background 

Spectral lines:

No astrophysical uncertainties, 

good source id, but low statistics

All-sky map of DM gamma ray emission (Baltz 2006)

➡ Uncertainties in the underlying particle physics model and DM distribution affect all analyses 

Pre-launch sensitivities published in Baltz et al., 2008, JCAP  0807:013  [astro-ph/0806.2911]



Galactic Center

5 yrs

Select a region of 0.5O around the galactic center, assume NFW profile and consider one WIMP 
annihilation channel at the time
Remove astrophysical sources (based on spectral analysis, multiwavelength observations. 
Difficult, their behavior at these energies is not known) in the region and perform χ2 test to 
disentangle dark matter contribution from diffuse background



Galactic Halo

1 year

Complementary to galactic center analysis: no source crowding, but significant 
uncertainty in astrophysical background
Determine sensitivity by removing ±10o band in galactic latitude around the galactic disk, 
or by removing galactic center only (10o radial cut.) Assume NFW profile
Log-likelihood fit in energy, spatial distribution to exploit differences between signal and 
background



Dark Matter Satellites

1 yr

Expect isotropic distribution of subhaloes in the galactic halo

DM spectrum very different from power law, no appreciable counterpart in radio, optical, X-ray, TeV; 
emission is expected to be constant in time

Assume NFW profile+tidal stripping (satellite distribution by Taylor and Babul, Mon. Not. Roy. Astron. Soc. 
364 (2005) 535-551); 100 GeV WIMP, <σv> = 2.3x10-26 cm3/sec annihilating into b-bbar. Background: 
extra-galactic, galactic emission 

Generic observable (5σ, 1 yr) satellite: high galactic latitude, ~9kpc from the sun, 3x107 M☉, 1o angular size

After 4 yrs, EGRET wouldn’t have detected any satellites and  after 9 yrs, no satellites above 5 σ



Other Searches

Not only photons! In UED theories for example,  the largest annihilation channel is into leptons 
and thus the signal can be strong when probing leptonic final states directly (more on this later):

Large Extra Dimensions can also be tested with Fermi. Long lived KK states (~MeV) may be 
produced in supernovae, stay gravitationally bound by the supernova core and form a halo around 
the neutron star. They could produce a detectable signal through their decay into photon pairs.

Probe the existence of axion-like particles searching for distortions in AGN spectra due to axion-
photon oscillations in magnetic fields

  H. C. Cheng, J. L. Feng and K. T. Matchev
  Phys. Rev. Lett.  89, 211301 (2002)

Positron spectrum
background



Hints from Space

Tantalizing signals from space could be interpreted as dark matter 
annihilation/interaction:

WMAP haze

EGRET GeV excess

PAMELA positron fraction

ATIC (and PPB-BETS) electron spectrum

HESS electron spectrum

(Integral/SPI)

(DAMA/LIBRA)



WMAP Haze

Excess of microwave emission from the inner galaxy 

It can be interpreted as synchrotron emission from e+ e- from annihilation of dark matter 
particles with a mass 100 GeV  to TeV (Hooper, Finkbeiner, and Dobler, astro-ph/0705.3655)

Spatial distribution and intensity consistent with a dark matter cusped halo profile and with the 
predicted annihilation cross section for a thermal relic. No boost factors are required.

If the haze is the product of dark matter 
annihilation, it could yield a signal in gamma-rays 
observable by Fermi

Angle from GC (degrees)

3

inant, and smaller far from the Galactic Center, where
the CMB is the largest contributor [12].

In addition to the diffusion constant and energy loss
rates, we must select a set of boundary conditions. In
particular, we treat our diffusion zone as a cylindrical
slab, with a thickness of 2L. All of the particles to reach
this boundary escape freely from the diffusion zone, re-
flecting the lack of confining magnetic fields beyond this
region. We have adopted a thickness of L = 3 kpc for
our default choice.

The source term in the diffusion-loss equation reflects
the distribution of dark matter in the Galaxy, as well
as the mass, annihilation cross section, and dominant
annihilation modes of the WIMP. The dark matter halo
profile is the most important factor in calculating the an-
gular distribution of the resulting synchrotron emission.
The WIMP’s mass and leading annihilation modes are
important in determining the spectrum of that emission.

To constrain the halo profile needed to produce the
WMAP Haze, we focus on the 22 GHz band, which con-
tains the least noise of the five bands. In the upper frame
of Fig. 2, we show the angular distribution of 22 GHz syn-
chrotron for the simple case of a 100 GeV WIMP, anni-
hilating to e+e−, using our default diffusion parameters.
We have used a 10 µG magnetic field for calculating the
synchrotron spectrum and intensity. We first consider
the Navarro-Frenk-White (NFW) halo profile [13], which
is shown as a solid line. Here, the dark matter annihila-
tion cross section was normalized to the data. It is clear
that the NFW profile results in too little synchrotron
power near the Galactic Center. This problem can be
alleviated, however, if we consider a somewhat steeper
profile model. Examples of such halo profiles include the
Moore et al. profile [14], as well as distributions which
have been steepened by adiabatic contraction [15]. The
dashed line in the upper frame of Fig. 2 shows the result
for a profile which scales as ρ(r) ∝ r−1.2 within the scale
radius (rather than the ρ(r) ∝ r−1.0 behavior of NFW).
This profile fits the WMAP data very well within the
inner 15◦ for our choice of default diffusion parameters.

In the lower frame of Fig. 2, we consider an NFW pro-
file, but with diffusion parameters different from our de-
fault choices. As a dashed line, we show the case of a
diffusion zone width of L = 2 kpc, smaller than our de-
fault choice. As a dotted line we show the case of an
energy loss rate half as large as our default value (or
equivalently, a diffusion constant twice as large). From
this, we conclude that variations in the diffusion coeffi-
cient or energy loss rate are unlikely to provide the large
synchrotron power in the inner Galaxy without a halo
profile somewhat steeper than NFW. Narrowing the dif-
fusion zone could increase the intensity of the haze in the
inner 10◦, but produces less at larger angles. Variations
in the WIMP’s mass and annihilation modes have only a
mild effect on the synchrotron’s angular distribution.

By comparing the intensity of the haze in the various
WMAP frequency bands, we can estimate the spectrum
of injected electrons and positrons needed to generate the

FIG. 2: The specific intensity of microwave emission in the
22 GHz WMAP channel as a function of the angle from the
Galactic Center, compared to the synchrotron emission from
the annihilation products of a 100 GeV WIMP annihilating
to e+e−. In the upper frame, our default diffusion parameters
have been used. The solid line denotes the choice of an NFW
halo profile, while the dashed line is the result from a profile
with a somewhat steeper inner slope, ρ(r) ∝ r−1.2. In the
lower frame, we have used an NFW profile with our default
propagation parameters (solid), and with a smaller diffusion
zone of L = 2 kpc (dashed), and a longer energy loss time of
τ (1GeV) = 4 × 1015 s (dotted).

haze. This, in turn, can be used to constrain the proper-
ties of the WIMP which are required. The synchrotron
spectrum depends on the energy of the emitting elec-
trons/positions, with higher energy particles contribut-
ing more at high frequencies.

We consider the ratio of intensities observed in
WMAP’s 22 and 33 GHz frequency channels, taking ad-
vantage of the fact that the relative intensity between the
channels does not significantly vary with direction. This
allows us to consider an average of spectral information
over a range of angles. We focus on the 22 and 33 GHz
bands, as they are considerably less noisy and are more
robust to the foreground subtraction method than the
higher frequency channels.

When averaged over angles out to 15◦, we find
F22 GHz/F33GHz ≈ 1.18 ± 0.10 (corresponding to a spec-
tral index of Iν ∝ ν−0.4), where the range reflects the
statistical errors. This result depends on how we per-
form the foreground subtraction, however, and could be
somewhat altered if the foregrounds are subtracted dif-
ferently. For this reason, the information we can derive
regarding the synchrotron spectrum is limited.

In the upper frame of Fig. 3, we compare this ratio
to the prediction from synchrotron emission from dark
matter annihilation products, using our default diffusion
parameters and a halo profile with an inner slope of 1.2.
The horizontal dashed lines represent the 2σ (statisti-
cal) measured range. The results for several specific dark

astro-ph/0705.3655

22 GHz WMAP band
dashed: ρ(r)∝ r-1.2

solid: ρ(r)∝ r-1 (NFW)
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FIG. 5: The spectrum of gamma rays from WIMP annihilations in the Galactic Center region, normalized to produce the
observed intensity of the WMAP Haze. In the left frames, the flux is averaged over a solid angle of 10−5 sr (a circle of
approximately 0.1◦ radius) centered around the Galactic Center. In the right frames, the result is from angles between 0.3 and
0.5◦ from the Galactic Center. Each frame represents annihilations to a different set of final state particles, and for several
WIMP masses (labeled in GeV). We show both the spectra from dark matter annihilations alone, and those spectra plus the
background extrapolated from the observed HESS source. Errors bars projected for GLAST are for the case of the lightest
WIMP mass shown. The error bars and points shown above 200 GeV in the left frames are from the HESS telescope [21]. For
the three annihilation modes shown, GLAST should be capable of identifying the component from dark matter annihilations.

Hooper et al., astro-ph/0709.3114

0.1o around GC, b-bbar
color: 5 years Fermi simulation
black: HESS



EGRET GeV Excess

EGRET observed an all sky excess in the GeV range compared to predictions from 
cosmic ray propagation and γ ray production models  which could be attributed to dark 
matter annihilation 

de Boer et al.: Diffuse Galactic Gamma Rays as Tracer of Dark Matter 5
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Fig. 2: Fit of the shapes of background and DMA signal to the EGRET data in the Galactic disk (top row, regions A, B,C from

Table 1)and outside the Galactic disk (bottom row, regionsD,E,F). The light shaded (yellow) areas indicate the background

using the shape of the conventional GALPROP model, while the dark shaded (red) areas are the signal contribution

from DMA for a 60 GeV WIMP mass. The individual shapes of background and DMA have been indicated by dashed

lines, while the extragalactic background is given by the hatched area. The χ2 of the background is determined with an

independent background only fit, which yields a probability practically zero, as can be estimated from the indicated χ2

values for the statistically independent regions. The fit including DM has a total probability around 0.8.

free normalization parameter, only these relative errors between the energy points are the relevant ones, which were taken to be

7%.

Fitting the known shapes of the three contributions (GB, EGBG, DMA) to the EGRET data, as discussed before in section

2, yielded astonishingly good fits, as shown in Fig. 2 for the 6 different sky directions given in Table 1. For energies between

0.07 and 0.5 GeV the flux is dominated by the background, while above these energies a clear contribution from Dark Matter

annihilation is needed. The excess in different sky directions can be explained by a singleWIMPmass around 60 GeV and a single

boost factor of about 100. The free normalization of the background comes out to be in reasonable agreement with the absolute

predictions from the GALPROP propagation model of our Galaxy (Strong & Moskalenko 1998; Moskalenko, Strong & Reimer

1998; Strong, Moskalenko & Reimer 2000), as shown in Fig. 3 for a fine binning of the skymaps. Thus the fitting method yields

the correct normalization for the BG and the high energy excess for a given background shape determines the normalization for

the DMA. The excess in all sky directions has a similar shape, as demonstrated in Fig. 4 for the first five sky regions of Table 1.

The quality of the EGRET data can be appreciated from Fig. 4, where only the statistical errors are plotted. They are only visible

at large latitudes. The right hand side of Fig. 4 shows the plots for WIMP masses of 50 and 70 GeV; the 70 GeV WIMP mass

clearly fits worse. WIMP masses below 50 GeV lead to a too low relic density, since in that case one hits the Z0-resonance and

for WIMP masses below 40 GeV, i.e. on the other side of the resonance, the fit to the EGRET becomes worse. Therefore a lower

limit of 50 GeV is taken and the 95% C.L. upper limit depends somewhat on the background model: 70 GeV for the shape of the

conventional model and more like 100 GeV for the shape of the optimized model. Therefore the WIMP mass is estimated to be

between 50 and 100 GeV.

de Boer et al, A&A (2005)

10o < |b| < 20o

mWIMP = 60 GeV
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Fig. 2: Fit of the shapes of background and DMA signal to the EGRET data in the Galactic disk (top row, regions A, B,C from

Table 1)and outside the Galactic disk (bottom row, regionsD,E,F). The light shaded (yellow) areas indicate the background

using the shape of the conventional GALPROP model, while the dark shaded (red) areas are the signal contribution

from DMA for a 60 GeV WIMP mass. The individual shapes of background and DMA have been indicated by dashed

lines, while the extragalactic background is given by the hatched area. The χ2 of the background is determined with an

independent background only fit, which yields a probability practically zero, as can be estimated from the indicated χ2

values for the statistically independent regions. The fit including DM has a total probability around 0.8.

free normalization parameter, only these relative errors between the energy points are the relevant ones, which were taken to be

7%.

Fitting the known shapes of the three contributions (GB, EGBG, DMA) to the EGRET data, as discussed before in section

2, yielded astonishingly good fits, as shown in Fig. 2 for the 6 different sky directions given in Table 1. For energies between

0.07 and 0.5 GeV the flux is dominated by the background, while above these energies a clear contribution from Dark Matter

annihilation is needed. The excess in different sky directions can be explained by a singleWIMPmass around 60 GeV and a single

boost factor of about 100. The free normalization of the background comes out to be in reasonable agreement with the absolute

predictions from the GALPROP propagation model of our Galaxy (Strong & Moskalenko 1998; Moskalenko, Strong & Reimer

1998; Strong, Moskalenko & Reimer 2000), as shown in Fig. 3 for a fine binning of the skymaps. Thus the fitting method yields

the correct normalization for the BG and the high energy excess for a given background shape determines the normalization for

the DMA. The excess in all sky directions has a similar shape, as demonstrated in Fig. 4 for the first five sky regions of Table 1.

The quality of the EGRET data can be appreciated from Fig. 4, where only the statistical errors are plotted. They are only visible

at large latitudes. The right hand side of Fig. 4 shows the plots for WIMP masses of 50 and 70 GeV; the 70 GeV WIMP mass

clearly fits worse. WIMP masses below 50 GeV lead to a too low relic density, since in that case one hits the Z0-resonance and

for WIMP masses below 40 GeV, i.e. on the other side of the resonance, the fit to the EGRET becomes worse. Therefore a lower

limit of 50 GeV is taken and the 95% C.L. upper limit depends somewhat on the background model: 70 GeV for the shape of the

conventional model and more like 100 GeV for the shape of the optimized model. Therefore the WIMP mass is estimated to be

between 50 and 100 GeV.

de Boer et al, A&A (2005)

10o < |b| < 20o

mWIMP = 60 GeV

➡ The data collected by the Fermi LAT  during the first 5 months of operation does not 
confirm the excess at intermediate latitudes (see T. Porter’s talk) and strongly constrains 
dark matter interpretations 

Preliminary



CR e+e- Measurements 

PAMELA’s increase of the positron fraction at high energy is in disagreement with theoretical 
predictions for secondary positron production

The data could be interpreted introducing a primary positron source, for instance a nearby 
pulsar(s), or by dark matter annihilation in a nearby clump

Secondary positron production
Moskalenko&Strong (1998)

PAMELA DATA

7

FIG. 3: As in Fig. 2, but from the nearby pulsar B0656+14. The solid lines correspond to an energy in pairs given by 3× 1047

erg, while the dotted lines require an output of 8 × 1047 erg.

FIG. 4: The positron spectrum and positron fraction from the sum of contributions from B0656+14, Geminga, and all pulsars
farther than 500 parsecs from the Solar System.

high-energy spectra presented here should be considered as a robust prediction, since they depend crucially on the
detailed spectral properties of B0656+14, Geminga or and other nearby, mature pulsars that contribute significantly
to the high energy positron spectrum.

IV. DISTINGUISHING BETWEEN PULSAR AND DARK MATTER ORIGINS OF HIGH ENERGY
COSMIC RAY POSITRONS

The positron fraction reported by PAMELA taken alone is likely insufficient to distinguish between dark matter
and pulsar origins of this signal. In this section we discuss an additional measurement which may help to resolve
this issue. In particular, even after the diffusive propagation of electrons and positrons from pulsars is taken into
account, at sufficiently high energies a small dipole anisotropy should be present in the direction of the dominant
nearby source(s). In a very general way, the anisotropy associated with diffusive propagation can be written as:

δ =
Imax − Imin

Imax + Imin
=

3K|∇(dNe/dEe)|
c (dNe/dEe)

, (11)

where ∇(dNe/dEe) is the gradient of the electron/positron density. The measurement of such an anisotropy in a
statistical significant manner requires a large number of electron/positron events. For example, in order to detect an

Hooper, Blasi & Serpico 
astro-ph/0810.1527

solid line: pulsar contribution

astro-ph/0810.4995
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Hooper, Blasi & Serpico 
astro-ph/0810.1527

solid line: pulsar contribution

astro-ph/0810.4995
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Figure 1: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for M =
150 GeV (upper row, excluded by p̄), M = 1 TeV (middle row, favored by data), M =
10 TeV (lower row, disfavored by the current e+ + e− excess). Galactic DM profiles and
propagation models are varied to provide the best fit. See Sec. 4 for the discussion on the
treatment of the uncertain astrophysical background.
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Figure 1: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for M =
150 GeV (upper row, excluded by p̄), M = 1 TeV (middle row, favored by data), M =
10 TeV (lower row, disfavored by the current e+ + e− excess). Galactic DM profiles and
propagation models are varied to provide the best fit. See Sec. 4 for the discussion on the
treatment of the uncertain astrophysical background.
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CR e+e- Measurements 
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FIG. 2: The distribution of reconstructed shower maximum
(Xmax) for H.E.S.S. data, compared to simulations. For
each shower the measured Xmax is corrected for the energy
dependent shower elongation (93 g cm−2/decade is the re-
constructed elongation rate expected for electron primaries).
Showers with reconstructed energies between 1 and 4 TeV are
included. The bands show the combination of electrons and
protons (simulated using SIBYLL) and of γ-rays and protons,
with a ratio determined by a fit to the ζ distribution of the
data in this energy range. The distributions of electrons and
γ-rays are shown for comparison. The inset contains a com-
parison of this data (black) with a γ-ray rich data set taken
from regions < 0.15◦ from γ-ray sources (gray).

change in spectral shape. Detailed tests of the analy-
sis using different zenith angle ranges, different analysis
cuts (variations of the cuts on ζ, the maximum impact
distance of the showers and the minimal intensity of the
shower image in the camera), different regions in the sky,
different seasons and years as well as another fitting al-
gorithm all yield consistent results. The estimated sys-
tematic errors, apart from the 15% scale uncertainty, are
illustrated by the shaded band in Fig. 3. Our data are
well described by a power-law: dN/dE = k (E/1TeV)−Γ

with k = (1.17 ± 0.02) × 10−4 TeV−1 m−2 sr−1 s−1 and
Γ = 3.9 ± 0.1 (stat) (χ2/ν = 3.6, p = 10−3, Fit A),
which implies a steepening of the spectrum compared to
GeV energies. The spectral index shows little model and
sample dependence, resulting in ∆Γ(syst.) ! 0.3. At
lower energies the flux reported here is somewhat higher
than previous results, but fully consistent within the 15%
scale error. Leaving the scale factor free, H.E.S.S. data
combined with earlier electron data are well reproduced
by an exponentially cutoff powerlaw with an index of
−3.05 ± 0.02 and a cutoff at 2.1 ± 0.3 TeV, combined
with a scale adjustment of −11% (Fit B). H.E.S.S. data
are also compatible with very recent ATIC data [22], but

due to the limited energy range no conclusion can be
drawn concerning the existence of a step in the spectrum
as claimed by ATIC.
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FIG. 3: The energy spectrum E3 dN/dE of CR electrons as
measured by H.E.S.S. in comparison with previous measure-
ments. The H.E.S.S. data are shown as solid points. The two
fit functions (A and B) are described in the main text. Upper
limits are given for a confidence level of 95%. The shaded
band indicates the approximate systematic error arising from
uncertainties in the modeling of hadronic interactions and in
the atmospheric model. The double arrow indicates the ef-
fect of an energy scale shift of 15%, the approximate system-
atic uncertainty on the H.E.S.S. points. Previous data are
reproduced from: AMS [18], HEAT [19], HEAT 94-95 [20],
BETS [21], Kobayashi [2] and ATIC [22].

Whilst the detailed interpretation of this result is be-
yond the scope of this paper, we note that our measure-
ment implies the existence of at least one source of CR
electrons in the local Galaxy (within ∼1 kpc). Some sce-
narios of a strong local source [2] are excluded. This
measurement is the first ground-based measurement of
CR electrons. Future IACT arrays with effective areas
beyond 106 m2 should be able to extend the spectrum to
10 TeV using this technique.

The support of the Namibian authorities and of the
University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
support by the German Ministry for Education and Re-
search (BMBF), the Max Planck Society, the French Min-
istry for Research, the CNRS-IN2P3 and the Astroparti-
cle Interdisciplinary Programme of the CNRS, the U.K.
Science and Technology Facilities Council (STFC), the
IPNP of the Charles University, the Polish Ministry of
Science and Higher Education, the South African De-
partment of Science and Technology and National Re-
search Foundation, and by the University of Namibia.
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HESS

ATIC has observed an excess of electrons in the 300-800 GeV range  with a steepening at the 
high energy end also observed by HESS

In addition to astrophysical explanations for these measurements (nearby source of high 
energy electrons), heavy dark matter primarily annihilating into leptons, such as suggested by 
UED theories, could explain the excess and the high energy downturn

sources of high-energy gamma radiation, including pulsar wind
nebula and supernova remnants, finding spectra that fall as E22 with
an exponential cut-off in the teraelectronvolt region3,17. This implies
that particles have been accelerated to tens of teraelectronvolts or
higher, which would not be consistent with the current electron data.
The nearby object that comes closest to meeting the source require-
ments is the Geminga pulsar and associated remnant, whose poten-
tial contribution to high-energy electrons has been modelled4,18.
However, the calculated flux from Geminga is about a factor of 60
too low to explain the observations (see Supplementary Information
section 5). Nevertheless, the classes of object discussed here have the
potential to produce energetic electrons, and there may well be a
nearby, unstudied astrophysical object that is accelerating the elec-
trons observed by ATIC.

An alternative explanation invokes annihilation of dark matter
particles. There has been considerable theoretical work on the pre-
dicted dark matter distribution in the Galaxy as well as on the pro-
duction and propagation of the products of dark matter
annihilations19–23. Electrons and positrons are predicted as products
of the annihilation of some exotic particles suggested as dark matter
candidates24, including weakly interacting particles from supersym-
metric theories, such as neutralinos, and particles resulting from
theories involving compactified extra dimensions—the ‘Kaluza–
Klein’ (KK) particles7. The annihilation of supersymmetric and
Kaluza–Klein types of dark matter can proceed through different
channels including production of either electron–positron pairs or
high-energy c-rays (Supplementary Information section 6). The sig-
nature of this annihilation process is an increase in electron intensity
above that expected from astrophysical sources, the details of which
depend on the dark matter type and primary annihilation channel.
Direct production of e1e2 pairs is suppressed for supersymmetric
particles, resulting in a source spectrum that has a broad peak and
decreases in flux up to the particle mass19. This spectrum is
further broadened by propagation and would not be consistent with
the electron data. In contrast, direct production of e1e2 pairs is not
suppressed for Kaluza–Klein particles, resulting in a source spectrum
that is dominated by a delta function at theparticlemass. Energy losses
during propagation broaden this distribution to lower energies.
According to current theory, the mass of the lightest Kaluza–Klein
particle is expected to be greater than 300GeV (refs 19, 20). Further,
the Wilkinson Microwave Anisotropy Probe (WMAP) has observed
an excess in the microwave emission around the inner region of our
Galaxy (‘WMAP haze’) that could be a product of dark matter anni-
hilation. This assumption provides a constraint on the dark matter
annihilation rate19,23. For Kaluza–Klein particles, the annihilation rate
is inversely proportional to the square of the particle mass, and the
mass of the lightest Kaluza–Klein particle that could reproduce the
WMAP haze is estimated to be 550 to 650GeV (refs 25, 26).

The GALPROP code includes the capability to inject and prop-
agate a source of electrons resulting from the annihilation of a dark
matter particle14,21. As an example, the spectrum produced for a
Kaluza–Klein particle mass of 620GeV is shown in Fig. 4. When
added to the general spectrum, this reproduces the observed data
well. The ATIC energy range includes this mass and, therefore, the
calculation should be relatively immune to uncertainties in the over-
all dark matter distribution, and to galactic propagation, but would
be sensitive to conditions in our local galactic neighbourhood22. The
difficulty is that a model with a smooth distribution of Kaluza–Klein
particles annihilating in our Galaxy produces a much smaller signal
than the feature reported here. To be consistent with the WMAP
haze, the annihilation rate for a 620-GeV thermal relic Kaluza–
Klein particle would need to be about 4.43 10226 cm3 s21, a factor
of,200 smaller than that required to fit the observed electron excess.
Such enhancements are usually attributed to a ‘boost factor’ assoc-
iatedwith non-uniform clumps in the darkmatter distribution27, and
such clumps could also be located near our Solar System28.Moreover,
‘minispikes’ of darkmatter overdensities, associated for instancewith

intermediate-mass black holes, can result in boost factors of a few
thousand29. In any case, the exact level of ‘boost’ is still subject to
debate.

It should be noted that other authors19,21 have found the need to
introduce boost factors of 200–300 to explain the cosmic-ray posi-
tron excess observed by the HEAT magnetic spectrometer experi-
ment30 in terms of an annihilation signature of Kaluza–Klein dark
matter. Thus, amodel for Kaluza–Klein darkmatter annihilation that
would explain the observed ATIC electron excess could also fit the
excess positrons observed by HEAT at ,30GeV.

The ‘feature’ in the spectrum of high-energy cosmic-ray electrons
reported here provides an intriguing puzzle. Either an as yet
unknown astrophysical source or the annihilation of a dark matter
particle is a possible explanation. If the ‘feature’ is caused by an
astrophysical object this would be the first direct observation of a
nearby source of particles with energies of hundreds of gigaelectron-
volts and would open a new window for studying such objects.
Kaluza–Klein dark matter arises from multi-dimensional theories
of our Universe in which the extra dimensions are ‘compact’, mean-
ing that they have only a small (but non-zero) effect on our four-
dimensional physical reality. If the Kaluza–Klein annihilation
explanation proves to be correct, this will necessitate a fuller invest-
igation of suchmulti-dimensional spaces, with potentially important
implications for our understanding of the Universe.

Received 23 May; accepted 1 October 2008.
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Figure 4 | Assuming an annihilation signature of Kaluza–Klein dark
matter, all the data can be reproduced. The GALPROP general electron
spectrum resulting from sources across the galaxy is shown as the dashed
line. The dotted curve represents the propagated electrons from the
annihilation of a Kaluza–Klein particle. The dotted curve assumes an
isothermal darkmatter halo of 4-kpc scale height, a local darkmatter density
of 0.43GeV cm23, a Kaluza–Klein mass of 620GeV, and an annihilation
cross section rate of 13 10223 cm3 s21, which implies a boost factor of,200.
The sum of these signals is the solid curve. Here the spectrum is multiplied
by E3.0 for clarity. The solid curve provides a good fit to both the magnetic
spectrometer data30,31 and calorimeter data16,32 and reproduces all of the
measurements from 20GeV to 2TeV, including the cut-off in the observed
excess. All error bars are one standard deviation.
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Electrons with the LAT

Fermi MC Simulation - 30 days 
(shown in black)

Fermi MC Simulation - 30 days 
(shown in black)

The Fermi LAT is an excellent electron+positron detector (but it can’t discriminate charge)

It will provide a measurement of the combined CR electron+positron spectrum (up to 
energies of ~1 TeV) with very large statistics:

over 200k  events above 100 GeV (2.5k above 500 GeV) in 6 months

Demonstrated background contamination <20% at all energies



Electrons with the LAT

Fermi MC Simulation - 30 days 
(shown in black)

Fermi MC Simulation - 30 days 
(shown in black)

Results from Fermi will be presented at the APS 
(Denver) and Tango (Paris) conferences in May and 
will be submitted to PRL very soon!

The Fermi LAT is an excellent electron+positron detector (but it can’t discriminate charge)

It will provide a measurement of the combined CR electron+positron spectrum (up to 
energies of ~1 TeV) with very large statistics:

over 200k  events above 100 GeV (2.5k above 500 GeV) in 6 months

Demonstrated background contamination <20% at all energies



Summary

The Fermi/LAT has great capabilities for indirect dark matter and new physics 
searches.  Analyses are underway 

Many hints of possible dark matter signals from space make these analyses 
particularly exciting and Fermi can contribute information to any of these potential 
signals.

With the measurement of the galactic diffuse emission at intermediate latitudes, the 
data coming from the LAT have already made significant impact in the dark matter 
interpretation of the EGRET excess

Measurements of the CR electrons and positrons by several experiments could be 
attributed to dark matter annihilation. The Fermi/LAT measurement is eagerly 
awaited and it will be released very soon! 



Enhancement of the Signal

m3/2=150 GeV

±10o band around galactic disk excluded

 A. Ibarra and D. Tran, arXiv:0804.4596 [astro-ph]

mχ=233 GeV

T. Bringmann, L. Bergstrom and J. Edsjo,
JHEP 0801, 049 (2008), arXiv:0710.3169 [hep-ph]

Gravitino as LSP, lifetime much longer than the 
age of the Universe (decay rate suppressed by 
Planck mass and small R-parity violation)

Decay can produce photons in the GeV range. 
Very distinctive spectral line, hard to mimic by 
astrophysical sources

Decaying DM

Radiative Corrections
Enhancement in the high energy gamma ray signal 
from internal bremsstrahlung effects in WIMP 
annihilation into charged particle final states

Very distinctive spectral features



Dwarf Galaxies

• Dwarf spheroidal (dSph) galaxies are DM 
dominated (large mass to light ratio).  
Promising targets for indirect DM detection

• Sagittarius dwarf is closest to the sun (24 
kpc).  Assume Moore profile and WIMP 
annihilation into b-bbar

5 yrs

➡10x worse sensitivity if the NFW 
profile is considered



Lines
• Search region: annulus between 20o-35o in galactic 

latitude, removing ±15o band from the galactic disk 
(signal to background ratio >10x larger than 
galactic center). Assume NFW profile

• Very distinctive spectral signature

• Generate lines between 50-300 GeV+diffuse 
background for 5 yrs.

• Better sensitivity is achieved if location of the line 
is known (discovery at LHC, for example)

200 GeV line - 5σ
solid: signal+background
dashed: background

5σ sensitivity (5 yrs)

➡ For the assumed annulus and  profile,  
boost factors of ~500 are needed to 
explore interesting MSSM regions



Cosmological WIMPS

70 GeV

200 GeV

--- unresolved blazar model

EGRET EGRB Srekumar et al.
Strong et al.

• Search for WIMP annihilation signal at all 
redshift. Spectral distorsion caused by 
integration over redshift

• Assume generic WIMP (masses 
50-250GeV) annihilating into b-bbar, with 
5x10-4 annihilation fraction into lines

• Uncertainties in DM distribution over 
cosmological scales (but less sensitive to 
exact choice of profile) and absorption of 
high energy γ in the intergalactic medium

• Different assumptions for the 
background: EGRB measurement by 
EGRET, unresolved blazar model



Cosmological WIMPS

70 GeV

200 GeV

--- unresolved blazar model

EGRET EGRB

➡High concentration of dark matter in 
substructures yields better sensitivity

Srekumar et al.
Strong et al.

• Search for WIMP annihilation signal at all 
redshift. Spectral distorsion caused by 
integration over redshift

• Assume generic WIMP (masses 
50-250GeV) annihilating into b-bbar, with 
5x10-4 annihilation fraction into lines

• Uncertainties in DM distribution over 
cosmological scales (but less sensitive to 
exact choice of profile) and absorption of 
high energy γ in the intergalactic medium

• Different assumptions for the 
background: EGRB measurement by 
EGRET, unresolved blazar model



Sensitivity to UED 
• Annihilation of  into leptons dominant for 

Lightest KK Particle (B1, the KK mode of the 
hypercharge boson)

• Search for B1 annihilation into e+e-: sharp 
cutoff in e+e-  spectrum at the LKP mass 
(cannot discriminate charge)

• Assume NFW profile with boost factor of 5 
and local density 0.4 GeV cm-3

• 3% residual background from hadrons in e+e- 
sample after selection, 5-20% energy 
resolution in 20 GeV to 1 TeV range. Expect 
~107 events/yr

➡5σ detection after 5 yrs possible up to LKP 
masses ~500-600 GeV 

  H. C. Cheng, J. L. Feng and K. T. Matchev
  Phys. Rev. Lett.  89, 211301 (2002)

Positron spectrum

background



• Search for evidence of axion like particles (ALPs) in AGN spectra

• Spectral distorsion due to ALP-photon oscillation in B fields

• Efficient conversion can be achieved for                                 . gaγ ~2x10-12 GeV-1 can 
be probed. This is true for AGNs

• As benchmark, use 3c279, which is the strongest AGN in the GLAST energy range 
(~100 ph/day above 0.1 GeV)

• Background: galactic, extragalactic diffuse emission diffuse, intrinsic source emission. 
Hard to disentangle source spectrum, not very well understood,  from signal. 

➡10 days of GLAST data sufficient to observe attenuation due to ALP-photon 
conversion

Axions
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CAST limits:

ma <~0.02 eV ; gaγ < 9 x10-11 GeV-1   

Attenuation on spectra due to 
photon-axion conversion         
(Hooper and Serpico, Phys. Rev. 
Lett. 99, 231102 (2007) )

ξ = 0.5 GeV
Spectral- Counts produced in the LAT detector

Photon Flux  (~10-6 ph/cm2s ), comparable
to big flare observed in 1996 by EGRET

€ 

15g11BG ⋅ spc >~ 1


