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Existence by now essentially 
impossible to challenge!
 
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible free-
streaming effects
(collisionless)

ΩCDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN)

(structure formation)

(bullet cluster)
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Existence by now essentially 
impossible to challenge!
 
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible free-
streaming effects
(collisionless)

ΩCDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN)

(structure formation)

(bullet cluster)

WIMPS are particularly      
good candidates:

well-motivated from particle physics
[SUSY, EDs, little Higgs, ...]
thermal production “automatically” 
leads to the right relic abundance
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DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density

ii) discrimination against other sources 
       low background; clear signatures

The challenge:
!
!
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Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look for
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Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look for maybe most important!Clear spectral signatures
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ
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particle physics

mχ

〈σv〉ann

Bf
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γ

: total annihilation cross section

: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV ! mχ ! 5 TeV)
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  CDM N-body simulations Fits to rotation curves?Λ

ρEinasto(r) = ρs e−
2
a [( r

a )α−1]

ρNFW =
c

r(a + r)2
ρBurkert =

c

(r + a)(a2 + r2)

ρiso =
c

(a2 + r2)

rather stable result conflicting observational claims 
(NB: observation of stars)

! !
(α ≈ 0.17)
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Halo profiles

5

  CDM N-body simulations Fits to rotation curves?Λ

ρEinasto(r) = ρs e−
2
a [( r

a )α−1]

ρNFW =
c

r(a + r)2
ρBurkert =

c

(r + a)(a2 + r2)

ρiso =
c

(a2 + r2)

rather stable result conflicting observational claims 
(NB: observation of stars)

! !

Situation a bit unclear; effect of baryons?
    (But could also lead to a steepening of the profile!)

Difference in annihilation flux several orders 
of magnitude for the galactic center 
Situation much better for e.g. dwarf galaxies

(α ≈ 0.17)



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Substructure
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Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

“Boost factor”
each decade in Msubhalo contributes about the same

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM

e.g. Diemand, Kuhlen & Madau, ApJ ’07

Indirect detection 
effectively involves 
some averaging:

N-body simulations: Halo contains a lot of substructure!

ΦSM ∝ 〈ρ2
χ〉 = (1 + BF)〈ρχ〉2

important to include realistic value for         !
NB: not                          , but model-dependent                                     !!!

Mcut

Mcut ! 10−6M" 10−11M"≤Mcut≤10−3M"
TB. NJP ’09
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π0 → γγ

Secondary photons from fragmentation
mainly from 
result in a rather featureless,                           
model-independent spectrum

Torsten Bringmann, Stockholm

Secondary photons

Quark and gauge boson fragmentation give essentially
degenerate photon spectra: (Figs. from Bertone et al., astro-ph/0612387)
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Bertone et al., astro-ph/0612387

E−1.5 various (gauge 
boson and quark) 
final states
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Quark and gauge boson fragmentation give essentially
degenerate photon spectra: (Figs. from Bertone et al., astro-ph/0612387)
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Line signals (2)

but:
the signal is necessarily
loop-suppressed, i.e. O (α2)

! energy resolution
(" 10%) and sensitivity
of current detectors usually
not sufficient to discrim-
inate the signal from the
continuum part.

e.g. the LKP in UED:

Bergström, TB, Eriksson & Gustafsson ’04

0.5%

1%

2%

mB(1) = 800 GeV
(energy resolution as indicated)

1

2

3

4

0.78 0.78 0.79 0.80 0.81

Eγ [TeV]

d
Φ

/d
E

γ
[1

0−
8

m
−

2
s−

1
T
eV

−
1
]

.

Radiative corrections to DM annihilation – p.18/38

Bergström, TB, Eriksson 
& Gustafsson, JCAP ’05

χχ→ γγ, γZ, γH

O(α2)

Line signals from

necessarily loop suppressed:
smoking-gun signature

Bergström, Ullio & Buckley, ApJ ’98
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whenever charged final states are present:
characteristic signature (details model-dependent!) 
generically dominates at high

O(α)

Birkedal, Matchev, Perelstein & Spray, hep-ph/0507194
TB, Bergström & Edsjö, JHEP ’08

Eγ

χχ→ γγ, γZ, γH

O(α2)

Line signals from

necessarily loop suppressed:
smoking-gun signature

Bergström, Ullio & Buckley, ApJ ’98
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mSUGRA spectra
focus point region (mχ = 1926 GeV)
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DM annihilation signals – p.13/19

(benchmarks taken from TB, Edsjö & Bergström, JHEP ’08 and Battaglia et al., EPJC ’03)
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Diemand, Kuhlen & Madau, ApJ ’07 

Galactic center
brightest DM source in sky
large background contributions

Dwarf Galaxies
DM dominated, M/L~1000
fluxes soon in reach!

Galactic halo
good statistics, angular information
galactic backgrounds?
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Diemand, Kuhlen & Madau, ApJ ’07 

Galactic center
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(once found)
bright enough?
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DM dominated, M/L~1000
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good statistics, angular information
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Extragalactic background
DM contribution from all z
background difficult to model Galactic center
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(once found)
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Dwarf Galaxies
DM dominated, M/L~1000
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Observational targets

9

Diemand, Kuhlen & Madau, ApJ ’07 

Extragalactic background
DM contribution from all z
background difficult to model

Galaxy clusters
cosmic ray contamination
better in multi-wavelength?

Galactic center
brightest DM source in sky
large background contributions

DM clumps
easy discrimination 
(once found)
bright enough?

Dwarf Galaxies
DM dominated, M/L~1000
fluxes soon in reach!

Galactic halo
good statistics, angular information
galactic backgrounds?
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30TH INTERNATIONAL COSMIC RAY CONFERENCE
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Figure 2: Comparison of conventional integral flux F (> E) sensitivity of three test configurations at 20◦
zenith angle with current and near-future IACTs [2, 5, 6] as well as the GLAST all-sky survey [7]. The ’1
Crab Unit’ (C.U.) and milli-Crab dotted lines correspond to the HEGRA power-law fit to the flux of the
Crab Nebula [8]. Note that array configurations and in particular data analysis have not been optimized yet
(and cuts not optimized for high energies, see dashed part of lines).

ther the system configurations nor the analysis was
optimized for high energies (above 10 TeV).
Configurations studied so far include systems
made of one size of telescopes only (either very
large – 23 m – or moderate size – 12 m), as well
as systems with two different telescope sizes (28 m
and 12 m). Layouts include systems with constant
spacing of telescopes as well as graded spacings –
densely packed in the centre and more widely sep-
arated at the perimeter. While most of the simu-
lations were done for 2000 m or 1800 m altitude,
some were also carried out for higher altitudes up
to 5000 m. Figure 1 shows the three basic con-
figurations tested at low altitudes. The final CTA
layout emerging from a full design phase will not
necessarily resemble any of them.
While the 12 m telescopes resemble current
H.E.S.S. telescopes, both in terms of the Davies-
Cotton optics and the camera pixels, the larger tele-
scopes are based on parabolic dishes with spher-
ical mirror tiles and finer pixels (0.10◦ for the
23 m and 0.07◦ for the 28 m telescopes). A field

of view of 5◦ was assumed, except for the 12 m
telescopes in the 97-telescope configuration with
7◦ f.o.v. PMTs with standard bi-alkali quantum
efficiency and afterpulse rates were assumed ex-
cept for the 97-telescope configuration with a 50%
higher Q.E. and correspondingly higher night-sky
background.

Integral and spectral sensitivity

Figure 2 shows the integral sensitivity of the three
low-altitude test configurations for 50 hours of ob-
servation time in comparison with a number of cur-
rent and near-future ground and space-based detec-
tors. An improvement of up to an order of magni-
tude with respect to the best current instruments is
seen, despite analysis techniques being still under
development.
Even more dramatic can be the improvements in
the capability to obtain high-quality spectra within
a short time-frame, as illustrated in figure 3 for a
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Ground-based
large eff. Area (~km2)
small field of view
lower threshold    40 GeV!

http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
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Crab Unit’ (C.U.) and milli-Crab dotted lines correspond to the HEGRA power-law fit to the flux of the
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(and cuts not optimized for high energies, see dashed part of lines).

ther the system configurations nor the analysis was
optimized for high energies (above 10 TeV).
Configurations studied so far include systems
made of one size of telescopes only (either very
large – 23 m – or moderate size – 12 m), as well
as systems with two different telescope sizes (28 m
and 12 m). Layouts include systems with constant
spacing of telescopes as well as graded spacings –
densely packed in the centre and more widely sep-
arated at the perimeter. While most of the simu-
lations were done for 2000 m or 1800 m altitude,
some were also carried out for higher altitudes up
to 5000 m. Figure 1 shows the three basic con-
figurations tested at low altitudes. The final CTA
layout emerging from a full design phase will not
necessarily resemble any of them.
While the 12 m telescopes resemble current
H.E.S.S. telescopes, both in terms of the Davies-
Cotton optics and the camera pixels, the larger tele-
scopes are based on parabolic dishes with spher-
ical mirror tiles and finer pixels (0.10◦ for the
23 m and 0.07◦ for the 28 m telescopes). A field

of view of 5◦ was assumed, except for the 12 m
telescopes in the 97-telescope configuration with
7◦ f.o.v. PMTs with standard bi-alkali quantum
efficiency and afterpulse rates were assumed ex-
cept for the 97-telescope configuration with a 50%
higher Q.E. and correspondingly higher night-sky
background.

Integral and spectral sensitivity

Figure 2 shows the integral sensitivity of the three
low-altitude test configurations for 50 hours of ob-
servation time in comparison with a number of cur-
rent and near-future ground and space-based detec-
tors. An improvement of up to an order of magni-
tude with respect to the best current instruments is
seen, despite analysis techniques being still under
development.
Even more dramatic can be the improvements in
the capability to obtain high-quality spectra within
a short time-frame, as illustrated in figure 3 for a
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted withE2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
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
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on 〈σv〉 can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).
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FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on 〈σv〉 as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for 〈σv〉
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For

Recent strong limits from HESS by using a clever 
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thermal value
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted withE2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
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
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on 〈σv〉 can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).
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FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on 〈σv〉 as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for 〈σv〉
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted withE2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
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
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on 〈σv〉 can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).

!"#"$%&$'()*+&%,-.'/-.+0

!
"#
"$
%&
$'
(
"%
&%
,
-
.'
/-
.+
0

12

13

14

5

4

1353

!

"

#

$%&'()*+%,-./

01(234%4*+%,-./

5&(6,'.3/4*+%,-./

7

FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on 〈σv〉 as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for 〈σv〉
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For
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Figure 5: Cross section 〈σv〉 limits on dark matter annihilation into bb̄ final states. The
blue regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM
structure scenario (and for the other structure scenarios only 95% upper limit lines). The
absorption model in Gilmore et al. [68] is used, and the relative effect if instead using the
Stecker et al. [69] model is illustrated by the upper branching of the dash-dotted line in
the MSII-Res case. Our conservative limits are shown on the left and the stringent limits
on the right panel. The grey regions show a portions of the MSSM7 parameter space
where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is > 80%.
See main text for more details.

It is not always direct to compare different works on DM annihilation cross section
limits; different physics assumptions, different analysis methods and different data sets
are often used. We will anyway make a comparison to a few other DM constraints, as to
put our cosmological DM results into context. With the MSII-Sub2 case our cross section
limits are among the strongest indirect detection limits presented to date, but this setup
is admittedly a WIMP structure scenario that might be overly optimistic. The structure
and substructure description applied in our BulSub scenario as well as the strict analysis
procedure is similar to what was used in the Fermi analysis of Galaxy clusters [13] and
(with the exception of no additional inclusion of substructure) the Fermi analysis of dwarf
galaxies [8], see also [7]). It is therefore worthwhile to compare those analyses with our
BulSub scenario with the strict upper limit calculation procedure. Our bb̄ cross section
limits are, in this perspective, comparable to the ones presented in the Fermi analysis
of dwarf galaxies [8] and somewhat stronger than the constraints from galaxy clusters
in [13]. For hadronic annihilation channels, cosmic-rays, especially antiproton data, can
provide comparable limits [82]. Such limits are, however, associated with additional un-
certainties due the uncertainties related to charged particle propagation in the Galaxy.
In the preparation of this paper, Fermi-LAT data was used in [10, 11] to set cross section
limits on Galactic DM induced gamma-rays. In these two papers, their data analysis
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Figure 5: Upper bounds on the annihilation cross section into gamma-pairs, 〈σv〉ψψ→γγ , as
a function of the dark matter mass mψ, derived from the center region fluxes assuming the
NFW dark matter profile. The gray-solid line shows the 95% C.L. limits as directly derived
from the line flux limits shown in Fig. 3. The black dots show the weakest limits obtained in
the adopted energy bands and are listed in Tab. 3. For comparison, the previous Fermi LAT
limits from Ref. [52] as well as the limits derived from EGRET observations of the Galactic
center [53] are also shown by the red-dashed and the black-dotted lines, respectively. The blue
bands illustrate how the bounds change when using the isothermal or Einasto dark matter
profiles instead.

2.3 Discussion

One crucial assumption underlying our analysis is that the background flux in the different
considered energy windows can be well approximated by a power-law. This assumption
is most likely to break down in cases where the statistics is very good. In order to check
the validity of a power-law ansatz, we show in Fig. 6 the χ2/d.o.f. of the background-only
(green lines) and of the background-plus-signal (red lines) fits, as function of the gamma-
ray line energy.11 The grey band corresponds to a p-value of ≥ 5%. For the center region
the fits are essentially in agreement with the data over the whole energy range. However,
p-values significantly smaller than 5% occur at energies between 1 and 10 GeV (as well as
at high energies close to 300 GeV) when considering the halo region, which has a three
times larger statistics than the center region. Assuming that the astrophysical gamma-
ray fluxes follow smooth bended power-laws, this tension points to an instrumental effect,
presumably related to the energy reconstruction of gamma-ray events.

11The smallness of the differences between the χ2/d.o.f. of the background-plus-signal and background-
only fit at high energies comes from the fact that the χ2 values are actually dominated by the background
and not by the narrow signal.
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Figure 5: Upper bounds on the annihilation cross section into gamma-pairs, 〈σv〉ψψ→γγ , as
a function of the dark matter mass mψ, derived from the center region fluxes assuming the
NFW dark matter profile. The gray-solid line shows the 95% C.L. limits as directly derived
from the line flux limits shown in Fig. 3. The black dots show the weakest limits obtained in
the adopted energy bands and are listed in Tab. 3. For comparison, the previous Fermi LAT
limits from Ref. [52] as well as the limits derived from EGRET observations of the Galactic
center [53] are also shown by the red-dashed and the black-dotted lines, respectively. The blue
bands illustrate how the bounds change when using the isothermal or Einasto dark matter
profiles instead.

2.3 Discussion

One crucial assumption underlying our analysis is that the background flux in the different
considered energy windows can be well approximated by a power-law. This assumption
is most likely to break down in cases where the statistics is very good. In order to check
the validity of a power-law ansatz, we show in Fig. 6 the χ2/d.o.f. of the background-only
(green lines) and of the background-plus-signal (red lines) fits, as function of the gamma-
ray line energy.11 The grey band corresponds to a p-value of ≥ 5%. For the center region
the fits are essentially in agreement with the data over the whole energy range. However,
p-values significantly smaller than 5% occur at energies between 1 and 10 GeV (as well as
at high energies close to 300 GeV) when considering the halo region, which has a three
times larger statistics than the center region. Assuming that the astrophysical gamma-
ray fluxes follow smooth bended power-laws, this tension points to an instrumental effect,
presumably related to the energy reconstruction of gamma-ray events.

11The smallness of the differences between the χ2/d.o.f. of the background-plus-signal and background-
only fit at high energies comes from the fact that the χ2 values are actually dominated by the background
and not by the narrow signal.

12



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Search for spectral features

14

Fermi all-sky search for line signals:

〈σv〉γγ ∼ α2
em〈σv〉therm $ 10−30cm3s−1

Natural expectation:

Figure 5: Upper bounds on the annihilation cross section into gamma-pairs, 〈σv〉ψψ→γγ , as
a function of the dark matter mass mψ, derived from the center region fluxes assuming the
NFW dark matter profile. The gray-solid line shows the 95% C.L. limits as directly derived
from the line flux limits shown in Fig. 3. The black dots show the weakest limits obtained in
the adopted energy bands and are listed in Tab. 3. For comparison, the previous Fermi LAT
limits from Ref. [52] as well as the limits derived from EGRET observations of the Galactic
center [53] are also shown by the red-dashed and the black-dotted lines, respectively. The blue
bands illustrate how the bounds change when using the isothermal or Einasto dark matter
profiles instead.

2.3 Discussion

One crucial assumption underlying our analysis is that the background flux in the different
considered energy windows can be well approximated by a power-law. This assumption
is most likely to break down in cases where the statistics is very good. In order to check
the validity of a power-law ansatz, we show in Fig. 6 the χ2/d.o.f. of the background-only
(green lines) and of the background-plus-signal (red lines) fits, as function of the gamma-
ray line energy.11 The grey band corresponds to a p-value of ≥ 5%. For the center region
the fits are essentially in agreement with the data over the whole energy range. However,
p-values significantly smaller than 5% occur at energies between 1 and 10 GeV (as well as
at high energies close to 300 GeV) when considering the halo region, which has a three
times larger statistics than the center region. Assuming that the astrophysical gamma-
ray fluxes follow smooth bended power-laws, this tension points to an instrumental effect,
presumably related to the energy reconstruction of gamma-ray events.

11The smallness of the differences between the χ2/d.o.f. of the background-plus-signal and background-
only fit at high energies comes from the fact that the χ2 values are actually dominated by the background
and not by the narrow signal.
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FIG. 2: Thick lines: Expected 2σ upper limits on 〈σv〉 for selected DM models, DM profiles (Einasto only; NFW gives similar
results) and observational scenarios; bands indicate the variance of these limits. Thin lines: Spectral feature of DM signal has
S/B ≈ 1% (after convolution with energy dispersion). In the central panel the gray band indicates the expected 〈σv〉 for KK
DM, the black part being compatible with the observed relic density. In the right panel we indicate the adopted neutralino
benchmark points, and the dotted lines show the projected 5σ sensitivity; see text for further details.

center of the sliding energy window Ē; this choice op-
timizes the resulting limits for the adopted instrument
specifications and background model.

In the following, we will discuss three types of typi-
cal endpoint features that result from radiative correc-
tions to the tree-level annihilation process. The most
striking spectral signature, in terms of a possible dis-
crimination from a power-law background, is a gamma-
ray line at Eγ = mχ (Eγ = mχ[1 −m2

Z/H/m2
χ]), which

would result from the direct annihilation of DM into γγ
(Zγ or Hγ) [7]. Generically, for thermal cross sections,
the annihilation rate is expected to be of the order of
〈σv〉line ∼ α2

em × 〈σv〉tree ∼ 10−30cm3s−1, but there are
examples for much stronger line signals [26].

As an example for a step-like feature we use the
gamma-ray spectrum [9] expected from annihilating
Kaluza-Klein (KK) DM in models of universal extra di-
mensions [27]. In the minimal version of these models,
the DM particle is the B(1), i.e. the first KK excita-
tion of the weak hypercharge gauge boson, and the cor-
rect relic density is obtained for mB(1) ∼ 1.3TeV [28].
Its total gamma-ray annihilation spectrum dN/dx (with
x ≡ E/mχ) at high energies is dominated by final state
radiation off lepton final states and turns out to be essen-
tially independent of mB(1) and other model parameters.

Pronounced bump-like features at E ' mχ may arise
from internal bremsstrahlung (IB) in the annihilation of
neutralino DM [10]. While these spectra are in general
highly model-dependent, we follow here a simplified ap-
proach by defining two spectral templates dN/dx (which
we take to be independent of mχ) by referring to neu-
tralino benchmark models introduced in Ref. [10]. Here,

BM3 is a typical example for a neutralino in the stau
co-annihilation region, where photon emission from vir-
tual sleptons greatly enhances dN/dx; BM4 refers to a
situation in which IB from W± final states dominates.

Limits and discussion.— In Fig. 2 we show our re-
sults for the expected 2σ upper limits (thick lines) on
the above DM models as well as the variance of these
limits among the 200 mock data sets that we created for
this analysis. We find that in particular IB features in
the spectrum (right panel) have the potential to constrain
the annihilation rate at least down to values typically ex-
pected for thermal production, 〈σv〉 ∼ 3 · 10−26cm3s−1,
already for modest assumptions about the DM profile;
this is very competitive compared to corresponding lim-
its that do not explicitly take into account pronounced
spectral features (see, e.g., [29]). In case of an adiabat-
ically compressed profile these limits could improve by
two orders of magnitude, as demonstrated for γ-ray lines
in the left panel; under such conditions one could even
hope to constrain models with very small annihilation
rates like BM3 or BM4. As shown in the central panel
of Fig. 2, the future CTA should be able to improve cur-
rently possible limits by about one order of magnitude,
and the proposed DMA could improve the limits by an-
other factor of ten (in this last case we included non-zero
background curvatures in the fit to allow the use of en-
ergy windows larger than what is shown in Fig. 1).

When probing a specific DM model, the corresponding
S/B is a good measure for the level on which spectral
artefacts in the energy reconstruction of the instrument
must be understood. As can be inferred from Fig. 2 (thin
lines), most of our derived limits correspond to moderate

TB, Calore, Vertongen 
& Weniger, 1106.1874

HESS

CTA

DMA

Line signals Kaluza-Klein DM (step) Neutralino DM (IB bump)
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Figure 5: Upper bounds on the annihilation cross section into gamma-pairs, 〈σv〉ψψ→γγ , as
a function of the dark matter mass mψ, derived from the center region fluxes assuming the
NFW dark matter profile. The gray-solid line shows the 95% C.L. limits as directly derived
from the line flux limits shown in Fig. 3. The black dots show the weakest limits obtained in
the adopted energy bands and are listed in Tab. 3. For comparison, the previous Fermi LAT
limits from Ref. [52] as well as the limits derived from EGRET observations of the Galactic
center [53] are also shown by the red-dashed and the black-dotted lines, respectively. The blue
bands illustrate how the bounds change when using the isothermal or Einasto dark matter
profiles instead.

2.3 Discussion

One crucial assumption underlying our analysis is that the background flux in the different
considered energy windows can be well approximated by a power-law. This assumption
is most likely to break down in cases where the statistics is very good. In order to check
the validity of a power-law ansatz, we show in Fig. 6 the χ2/d.o.f. of the background-only
(green lines) and of the background-plus-signal (red lines) fits, as function of the gamma-
ray line energy.11 The grey band corresponds to a p-value of ≥ 5%. For the center region
the fits are essentially in agreement with the data over the whole energy range. However,
p-values significantly smaller than 5% occur at energies between 1 and 10 GeV (as well as
at high energies close to 300 GeV) when considering the halo region, which has a three
times larger statistics than the center region. Assuming that the astrophysical gamma-
ray fluxes follow smooth bended power-laws, this tension points to an instrumental effect,
presumably related to the energy reconstruction of gamma-ray events.

11The smallness of the differences between the χ2/d.o.f. of the background-plus-signal and background-
only fit at high energies comes from the fact that the χ2 values are actually dominated by the background
and not by the narrow signal.
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FIG. 2: Thick lines: Expected 2σ upper limits on 〈σv〉 for selected DM models, DM profiles (Einasto only; NFW gives similar
results) and observational scenarios; bands indicate the variance of these limits. Thin lines: Spectral feature of DM signal has
S/B ≈ 1% (after convolution with energy dispersion). In the central panel the gray band indicates the expected 〈σv〉 for KK
DM, the black part being compatible with the observed relic density. In the right panel we indicate the adopted neutralino
benchmark points, and the dotted lines show the projected 5σ sensitivity; see text for further details.

center of the sliding energy window Ē; this choice op-
timizes the resulting limits for the adopted instrument
specifications and background model.

In the following, we will discuss three types of typi-
cal endpoint features that result from radiative correc-
tions to the tree-level annihilation process. The most
striking spectral signature, in terms of a possible dis-
crimination from a power-law background, is a gamma-
ray line at Eγ = mχ (Eγ = mχ[1 −m2

Z/H/m2
χ]), which

would result from the direct annihilation of DM into γγ
(Zγ or Hγ) [7]. Generically, for thermal cross sections,
the annihilation rate is expected to be of the order of
〈σv〉line ∼ α2

em × 〈σv〉tree ∼ 10−30cm3s−1, but there are
examples for much stronger line signals [26].

As an example for a step-like feature we use the
gamma-ray spectrum [9] expected from annihilating
Kaluza-Klein (KK) DM in models of universal extra di-
mensions [27]. In the minimal version of these models,
the DM particle is the B(1), i.e. the first KK excita-
tion of the weak hypercharge gauge boson, and the cor-
rect relic density is obtained for mB(1) ∼ 1.3TeV [28].
Its total gamma-ray annihilation spectrum dN/dx (with
x ≡ E/mχ) at high energies is dominated by final state
radiation off lepton final states and turns out to be essen-
tially independent of mB(1) and other model parameters.

Pronounced bump-like features at E ' mχ may arise
from internal bremsstrahlung (IB) in the annihilation of
neutralino DM [10]. While these spectra are in general
highly model-dependent, we follow here a simplified ap-
proach by defining two spectral templates dN/dx (which
we take to be independent of mχ) by referring to neu-
tralino benchmark models introduced in Ref. [10]. Here,

BM3 is a typical example for a neutralino in the stau
co-annihilation region, where photon emission from vir-
tual sleptons greatly enhances dN/dx; BM4 refers to a
situation in which IB from W± final states dominates.

Limits and discussion.— In Fig. 2 we show our re-
sults for the expected 2σ upper limits (thick lines) on
the above DM models as well as the variance of these
limits among the 200 mock data sets that we created for
this analysis. We find that in particular IB features in
the spectrum (right panel) have the potential to constrain
the annihilation rate at least down to values typically ex-
pected for thermal production, 〈σv〉 ∼ 3 · 10−26cm3s−1,
already for modest assumptions about the DM profile;
this is very competitive compared to corresponding lim-
its that do not explicitly take into account pronounced
spectral features (see, e.g., [29]). In case of an adiabat-
ically compressed profile these limits could improve by
two orders of magnitude, as demonstrated for γ-ray lines
in the left panel; under such conditions one could even
hope to constrain models with very small annihilation
rates like BM3 or BM4. As shown in the central panel
of Fig. 2, the future CTA should be able to improve cur-
rently possible limits by about one order of magnitude,
and the proposed DMA could improve the limits by an-
other factor of ten (in this last case we included non-zero
background curvatures in the fit to allow the use of en-
ergy windows larger than what is shown in Fig. 1).

When probing a specific DM model, the corresponding
S/B is a good measure for the level on which spectral
artefacts in the energy reconstruction of the instrument
must be understood. As can be inferred from Fig. 2 (thin
lines), most of our derived limits correspond to moderate
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• Direct detection 
and the neutrino 
signal from the 
Earth are both 
sensitive to the 
spin-independent 
scattering cross 
section 

• Large correlation

Neutrino-induced muon fluxes from the Earth
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• Compared to the 
Earth, much 
better 
complementarity 
due to spin-
dependent 
capture in the 
Sun.
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capture rate evaporation rate

Annihilation rate:

more in talks from 
G.  Lambard & F. Lee
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Charged cosmic rays:

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)

talks by     
O. Adriani &  
B. Bertucci
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Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ
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−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary config.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ

convection 

energy 
losses

diffusive 
reacceleration
K ∝ v2

ap2/D

Sources
(primary & 
secondary)



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Analytical vs. numerical

19

How to solve the diffusion equation?



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Analytical vs. numerical

19

How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
“black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
“black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.

(Semi-)analytically
Physical insight from analytic solutions
fast computations allow to sample
full parameter space
only 2D possible
simplified gas distribution, energy losses

+
+

‒
‒

e.g.  Donato, Maurin, Salati, Taillet, ...

2h

R = 20kpc

ISM

L ! 1kpc

vc
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Propagation parameters                      of two-zone 
diffusion model strongly constrained by B/C

This can be used to predict fluxes for other species:
Maurin, Donato, Taillet & Salati, ApJ ’01

(K0, δ, L, va, vc)

TB & Salati, PRD ’07
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Rather straightforward      
to handle:
no significant astrophysical sources
for                   completely diffusion 
dominated

Ep̄ ! 10 GeV

p̄Uncertainties in    flux from 
DM annihilation much larger 
than for secondaries!

TB & Salati, PRD ’09

up to ~200 from DM profile

TB & Salati, PRD ’09

up to ~40 from range of propagation 
parameters compatible with B/C
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‒ Cannot be used to 
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Antiprotons
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TB & Salati, PRD ’09

‒ Cannot be used to 
discriminate between 
DM candidates...

+ …but are quite efficient 
in settings constraints!
light SUSY DM

non-standard DM profile 
proposed by deBoer

DM explanations for the 
PAMELA             excess

“Evidence” for DM seen in 
Fermi data towards the GC
...

e+/e−
Donato et al., PRL ’09

Bottino et al., PRD ’98+05

Bergström et al., JCAP ’06

TB, 0911.1124



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Positrons

23

Excess in cosmic ray positron data has triggered great 
excitement:

Are we seeing a DM signal ???
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Adriani et al., Nature ’09
(> 500 citations since 10/08!)
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Model-independent analysis:
strong constraints on hadronic 
modes from     data
                                 favoured
large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09highly non-conventional DM! 

p̄
χχ→ e+e− orµ+µ−

O(103)
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Model-independent analysis:
strong constraints on hadronic 
modes from     data
                                 favoured
large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09highly non-conventional DM! 

p̄
χχ→ e+e− orµ+µ−

O(103)

Propagation uncertainties not the main problem: 
secondaries ~2-4, primaries ~5 (cf.    …) Delahaye et al.,  PRD ’08, A&A ’09

e±for     , energy loss is dominant       must be locally produced (~ kpc)
very difficult to explain PAMELA data without primary component

p̄

but: many good astrophysical candidates for primary 
sources in the cosmic neighbourhood:

pulsars Grasso et al., ApP ’09
Yüksel et al., PRL ’09
Profumo, 0812.4457

old SNRs Blasi, PRL ’09
Blasi & Serpico, PRL ’09

and further 
proposals...
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In principle, high-energy positrons (and electrons!) 
from DM annihilations could induce further signals:

Inverse Compton
Synchrotron

CMB or starlight

e±

e±

radio 
(or soft X-ray)Gamma rays 

(or hard X-ray) Magnetic field
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Narayan et al.

Melia & Falcke
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E.g. the Galactic Center:

Gamma rays not necessarily 
most constraining!

Regis & Ullio, PRD ’08

see also talk 
by M. Regis

e±

e±
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Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

idea: introduce new force in dark 
sector, with
large annihilation rates (Sommerfeld enhancement)
later decay:

mφ ! 1 GeV

a)

χ

χ

φ

φ

φ ...

mφ ∼ GeV

b)

χ

χ
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φ
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φχ

χ

φ→ e+e− orµ+µ− (kinematics!)
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Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

idea: introduce new force in dark 
sector, with
large annihilation rates (Sommerfeld enhancement)
later decay:

mφ ! 1 GeV

a)

χ

χ

φ

φ

φ ...

mφ ∼ GeV

b)

χ

χ

φ

φ

φ

φ

φχ

χ

φ→ e+e− orµ+µ− (kinematics!)

but: strong constraints from   (IB) and radio (synchroton)!γ
Bertone, Bergström, TB, Edsjö & Taoso, PRD ’09



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Diffuse   -ray constraints

27

4

The CR background instead is expected to lie mostly
along the galactic plane where the astrophysical sources
are located.

The lower left panel shows the DM synchrotron emis-
sion in units of brightness temperature (T ∝ ν−2Fν)
10◦ away from the GC compared with the galactic back-
grounds. We use the WMAP background maps (CMB
subtracted) and their decomposition into synchrotron,
free-free and dust (Gold et al. 2008)3. For illustration
the frequency spectra in the plot are extrapolated also
outside the WMAP frequency coverage. We also show for
comparison the background synchrotron emission calcu-
lated with Galprop which, indeed, exhibits a close match
with the WMAP synchrotron spectrum in the 20-100
GHz range. It has to be noticed that the synchrotron
galactic CR emission dominates the background only up
to a frequency of ∼ 60 GHz, then there is a small fre-
quency window which is dominated by free-free (ther-
mal bremsstrahlung) emission, while above ∼100 GHz
the background is dominated by dust emission. The
fluctuations of the CMB dominates around ∼100 GHz
depending on the galactic latitude. The high quality
data from WMAP, however, allow to efficiently clean
this further “background”. The DM synchrotron radi-
ation would exhibit in principle a peak with respect to
the synchrotron background around a frequency ∼ 105

GHz( as shown in (Zhang et al. 2008)), where, however,
the dust background is dominating by many orders of
magnitude. Restricting the analysis in the more in-
teresting frequency range < 1000 GHz, the DM sig-
nal has an almost power law behavior with a slope
slightly harder than the background, while the spatial
distribution has a circular shape. These characteris-
tics indeed correspond to what is found in the WMAP
Haze (Dobler and Finkbeiner 2007; Hooper et al. 2007;
Cumberbatch et al. 2009) whose signal we also report
in the plot for comparison. Notice, however, that the
Haze feature has still to be firmly established and that
at the moment it is very much dependent on the method
employed to separate the foregrounds (Gold et al. 2008).
Interestingly, we find that, for the GMF model employed,
the DM signal exceeds the Haze for a factor of ∼ 3 simi-
larly to the IC case. The theoretical signal, on the other
hand is affected by the uncertainties on the GMF and
it is difficult to normalize reliably. Moreover, further
uncertainties come from the systematics involved in the
separations of the measured signal into the various com-
ponents, synchrotron, dust, free-free and DM, hence it
would be difficult to asses the real significance of this
excess.

We also consider the case of electrons arising from
WIMP decay considering a DM signal following linearly
the halo profile and with the same electron injection spec-
trum as for the µ+µ− channel. Formally, at the solar po-
sition, up to diffusion effects, exactly the same positron
fraction and electron spectrum can be obtained setting
the DM decay rate to Γ = ρ0 〈σAv〉 /2mχ. The ICS ra-
diation from the Halo is however significantly reduced
although Fermi can still discriminate this possibility as
shown in Fig.2 and Fig.3. At this level, however,the
confusion with a not well understood background could

3 Data are available at the Lambda web site:
http://lambda.gsfc.nasa.gov/

Fig. 3.— Top panel: Background and DM (either annihilat-
ing and decaying) latitude gamma profiles averaged in a strip of
60◦ along l = 0 compared with the EGRET data. Bottom panel:
same as above, but with the errors expected with a 1yr survey
from Fermi. At high latitudes the error bars appear artificially to
increase for the geometry of the 0.5◦ < |l| < 30.5◦ strip (which is
effectively shrinking along b).

become more problematic although the peculiar circu-
lar shape of the ICS Haze, present also in this case (see
Fig.2), can help to distinguish the DM signal from the
astrophysical background.

Finally, in Fig.3 we report another forecast example
of the excellent Fermi ability to discriminate among the
astrophysical and annihilating DM scenario considering
the latitude profile and a strip of 60◦ width along l = 0.
We also show in the upper panel the EGRET data in
the same region and energy range (as derived with the
Galplot package (see also (Strong et al. 2004b))). Com-
pared with the EGRET data the annihilation model
seems to produce a too much broad peak to fit the data,
beside producing an excessively high normalization. The
decaying model is instead difficult to separate from the
background within the EGRET error bars. With the up-
coming Fermi data at hands, the analysis can be easily
generalized to exploit the full angular shape of the IC
Haze. This would clearly offer the optimal sensitivity to
disentangle the different scenarios.

In summary, we have shown that Fermi has the poten-
tial to test the DM interpretation of Pamela/ATIC ba-
sically in a model independent way thanks to the strong
IC signal which the Pamela/ATIC electrons would them-
selves produce in the galactic halo. The EGRET data
seems, indeed, already to disfavor the DM annihilation
interpretation. Further, the IC signal give rise to a strik-
ing “IC Haze” feature peaking around 10-100 GeV which
would provide a further mean to discriminate the DM sig-
nal from the astrophysical backgrounds and/or to check
for possible systematics.

Borriello, Cuoco & Miele, PRL ’09

Already EGRET data in some tension with 
annihilating WIMP explanation of PAMELA

Prediction for Fermi: 
even decaying DM could be excluded!

γ
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in the plot for comparison. Notice, however, that the
Haze feature has still to be firmly established and that
at the moment it is very much dependent on the method
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the DM signal exceeds the Haze for a factor of ∼ 3 simi-
larly to the IC case. The theoretical signal, on the other
hand is affected by the uncertainties on the GMF and
it is difficult to normalize reliably. Moreover, further
uncertainties come from the systematics involved in the
separations of the measured signal into the various com-
ponents, synchrotron, dust, free-free and DM, hence it
would be difficult to asses the real significance of this
excess.
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WIMP decay considering a DM signal following linearly
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tial to test the DM interpretation of Pamela/ATIC ba-
sically in a model independent way thanks to the strong
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Figure 4: Similarly to figure 2 but for decaying Dark Matter. The vertical axis reports here the
half-life τdec in seconds. The exclusion contours are due to Fermi observations of the ‘10◦ − 20◦

strip’ (red dashed line), the |b| > 60◦ ‘Galactic Poles’ region (black long dashed line) and the
isotropic flux (magenta dotted 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) in terms of decaying
Dark Matter. We here report only the case of an Einasto galactic DM profile: the cases of an
Isothermal or a NFW profile are essentially identical (see text for details).

4 Discussion and Conclusions

In this article, we have provided a first assessment of the power that new data on the diffuse
emission from the Fermi Gamma-ray Space Telescope have in constraining Dark Matter indirect
signals. Even under the very brutal approximation of neglecting any astrophysical background
contributing to the signal and using conservatively 3 σ exclusion criteria, current data from the
inner Galaxy (e.g. ‘3◦ × 3◦’) exclude a benchmark DM mass mχ # 100 GeV if its annihilation
is larger than a factor 5÷30 (depending on the channel) of the typical 〈σv〉 # 3 × 10−26 cm3/s,
when profiles suggested by N-body simulations are employed. Higher-latitude constraints are a
factor ∼ 10 weaker and comparable to constraints for cored profiles. It is remarkable that already
such a simplified analysis is powerful enough to explore regions of parameter space not excluded
otherwise, providing better constraints than those obtained e.g. by the Fermi collaboration by
analyzing dwarf spheroidals, see e.g. [39]. This confirms, if needed, the Galactic halo as the “targer
of excellence” for constraining or detecting gamma rays DM.

On the other hand, the absence of astrophysical background is an extremely (unrealistically)
conservative assumption as visual inspection of the plots in Fig. 1 confirms. In the pre-Fermi
era, some studies have been performed showing the possible improvement in sensitivity when
accounting for pointlike and diffuse sources in the Galactic Center region (see e.g. [40]). The
current high-quality data certainly allow one to improve over these exploratory studies to forecast
the ultimate Fermi sensitivity to DM. While a proper treatment of this problem goes beyond our
current purposes, in Fig. 5 we present for illustration the exclusion plots that would follow from the
current ‘10◦ − 20◦ strips’ data if its bulk could be robustly attributed to astrophysical processes,
as in the adjusted propagation model shown in [25] and the exclusion criterion is relaxed from 3σ
to 2σ. The ‘improvement’ is about a factor of 2. Likely, intermediate-latitude DM bounds could
be made competitive with current conservative inner-galaxy constraints. In turn, the latter could
improve significantly if maps were cleaned from further astrophysical sources contaminating the
total flux: notice that the ‘3◦ × 3◦’ degree field data are not corrected for pointlike sources [24],

12
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Important for    constraints (in particular light DM ‒ cf. direct searches!)
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The Dark Matter Array
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How far can we, eventually, get with indirect searches? 
Let’s do a Gedankenexperiment...

Focus on a CTA-like design 
aim at Aeff

DMA ∼ 10×Aeff
CTA ! 10 km2

Dedicated for DM searches
aim at tobs

DMA = 5000 h ! 5 y

aim at Ethr
DMA ≈ 10 GeV (cf.  “5@5”:                            )

Best achievable energy threshold? 
Aharonian et al., ApP ’01
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The Dark Matter Array

29

How far can we, eventually, get with indirect searches? 
Let’s do a Gedankenexperiment...

Focus on a CTA-like design 
aim at Aeff

DMA ∼ 10×Aeff
CTA ! 10 km2

Dedicated for DM searches
aim at tobs

DMA = 5000 h ! 5 y

aim at Ethr
DMA ≈ 10 GeV (cf.  “5@5”:                            )

Best achievable energy threshold? 
Aharonian et al., ApP ’01

Main idea. Details to 
be worked out...
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Direct vs. indirect detection
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MSSM+mSUGRA scan: 
~106 models, 3    WMAP, 
all collider bounds OK
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Thank you for 
your attention!
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The WIMP “miracle”

34

Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dnχ

dt
+ 3Hnχ = −〈σv〉

(
n2

χ − n2
χeq

)

χχ→ SM SM

nχeq

time

increasing〈σv〉

a3
n

χ

Fig.: Jungman, Kamionkowski & Griest, PR’96

〈σv〉 :
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The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dnχ

dt
+ 3Hnχ = −〈σv〉

(
n2

χ − n2
χeq

)

χχ→ SM SM

nχeq

time

increasing〈σv〉

a3
n

χ

Fig.: Jungman, Kamionkowski & Griest, PR’96

〈σv〉 :

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

(→ a3nχ ∼ const.)

Ωχh2 ∼ 3 · 10−27cm3/s
〈σv〉 ∼ O(0.1)
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Freeze-out = decoupling !

35

WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM
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chemical decoupling
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Tcd ∼ mχ/25
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WIMP interactions with 
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(annihilation)
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χ

(scattering)

χ
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kinetic decoupling

Mcut

Tkd ∼ mχ/(102..105)
chemical decoupling

Ωχ

Tcd ∼ mχ/25
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Freeze-out = decoupling !

35

WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM

kinetic decoupling

Mcut

Tkd ∼ mχ/(102..105)
chemical decoupling

Ωχ

Tcd ∼ mχ/25
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mχ [GeV]

M
cu

t/
M

!

Higgsino (Zg < 0.05)
mixed (0.05 ≤ Zg ≤ 0.95)
Gaugino (Zg > 0.95)

K′

I′

J∗

F∗

50 100 500 1000 5000

10−4

10−6

10−8

10−10

10−12

no “typical”                         , but model-dependent                        Mcut ∼ 10−6M"

a window into the particle-physics nature of dark matter!                       

TB, NJP ’09

size of 
smallest 
subhalos
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Comparing DM spectra

36

(Very) pronounced cut-off at                
Further features at slightly lower energies
Could be used to distinguish DM candidates!

Eγ = mχ

0.2 0.4 0.6 0.8 1.0 1.2

0.001

0.01

0.1

1

x = Eγ/mχ

x
2
dN

/d
x

BM
3 – co

an
nih

ila
tio

n (2
30

0)

BM4 – focus point (10.9
)

I’ – bulk (3.6)

K’ – funnel

TB, PoS ’08

Example: mSUGRA benchmarks  (assume energy resolution of 10%)
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Comparing DM spectra

36

(Very) pronounced cut-off at                
Further features at slightly lower energies
Could be used to distinguish DM candidates!

Eγ = mχ

Bergström et al., ’06 

Example: Higgsino vs KK-DM  (about same mass; assume                  )∆E = 15%

Eγ [TeV]

E
2 γ

d
(σ

v
) γ

/d
E

γ
[1

0−
2
9
cm

3
s−

1
T
eV

]

10

102

103

0.1 0.5 1 2

Higgsino

B(1)
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IB: total flux enhancement

37

IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!
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IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!

Example: Dwarf galaxies
IB boosts effective sensitivity by a 
factor of up to ~10  

CTA could see a DM signal from 
Willman 1 for a large class of models 
(less optimistic prospects for Draco)

∆E/E = 10%

TB, Doro & Fornasa, JCAP ’09 
Cannoni et al., PRD ’10

TB, Doro & Fornasa, JCAP ’09
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IB: total flux enhancement

37

IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!

Example: Dwarf galaxies
IB boosts effective sensitivity by a 
factor of up to ~10  

CTA could see a DM signal from 
Willman 1 for a large class of models 
(less optimistic prospects for Draco)

∆E/E = 10%

TB, Doro & Fornasa, JCAP ’09 
Cannoni et al., PRD ’10

TB, Doro & Fornasa, JCAP ’09important to include also for other targets!
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Electroweak corrections
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).

15

FSR of     and       :
can  open new channels like 

      (     leptophilic models!) 
sizable changes in spectrum 

      for large       (mostly at small      )

!

W±Z

mχ

Bell, Dent, Jacques & Weiler, PRD ’08
Kachelriess, Serpico & Solberg, PRD ’09
Ciafaloni & Urbano, PRD ’10

Ciafaloni et al., 1009.0224

γ
with 

w/o 

Z, W

Z, W

p̄

p̄
Eγ
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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FSR of     and       :
can  open new channels like 

      (     leptophilic models!) 
sizable changes in spectrum 

      for large       (mostly at small      )

!

W±Z

mχ

Bell, Dent, Jacques & Weiler, PRD ’08
Kachelriess, Serpico & Solberg, PRD ’09
Ciafaloni & Urbano, PRD ’10

Ciafaloni et al., 1009.0224

γ
with 

w/o 

Z, W

Z, W

p̄

p̄
Eγ

VIB lifts helicity or     suppression 
      (just like for photons, but 
       numerically larger effect!) 

v2

Ciafaloni et al., 1104.2996 
Bell et al., 1104.3823

χχ→ e+νW−

χχ→ e+e−

4

σv !
αW f4

256π2m2
χ

{
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)
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W
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)
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4
W (µ(µ+ 4) + 1)−m6

W

)

}

(20)

where αW ≡ g2/(4π) . The Spence function (or “dilogarithm”) is defined as Li2(z) ≡ −
∫ z
0

dζ
ζ ln |1− ζ| =

∑∞
k=1

zk

k2 .
If we take the limit mW → 0 and replace αW with 2αem, then Eq. (20) reproduces the cross section for

bremsstrahlung of photons, namely2

σv !
αemf4

128π2m2
χ

{

(µ+ 1)

[

π2

6
− ln2

(

µ+ 1

2µ

)

− 2Li2

(

µ+ 1

2µ

)]

+
4µ+ 3

µ+ 1
+

4µ2 − 3µ− 1

2µ
ln

(

µ− 1

µ+ 1

)}

. (21)
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FIG. 2. The ratio R = v σ(χχ → e+νW−)/v σ(χχ → e+e−)
as a function of µ = (mη/mχ)

2, for mχ = 300 GeV. We have
used v = 10−3c, appropriate for the Galactic halo.

The successful recovery of the photon bremsstrahlung
result in the massless W limit provides a check

1 Informative discussions of the meaning of v are given in [21], and
the inclusion of thermal averaging is covered in [22].

2 Note that Eq.2. of Ref. [15] is larger by an overall factor of two,
and also has the opposite sign for the (1+µ)[...] term, while Eq.1.
of Ref. [15] is consistent with our results.
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FIG. 3. The ratio R = v σ(χχ → e+νW−)/v σ(χχ → e+e−)
as a function of the DM mass mχ, for µ = 1.2 GeV. We have
used v = 10−3c, appropriate for the Galactic halo.

on the rather complicated expression for massive W
bremsstrahlung given above in Eq.(20).

Since we are working in the limits v = 0 and mf = 0,
the nonzero results in Eqs.(20) and (21) imply that
the leading terms are neither helicity nor velocity sup-
pressed. Not clear from the mathematical expressions
is the sensible fact that the cross sections fall monoton-
ically with increasing mη (or µ). This monotonic fall
is shown in Fig. 2, where we plot the ratio of the W -

µ =
m2

η

m2
χ

= 1.2
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Sommerfeld enhancement
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Relevance of non-perturbative effects for DM annihilations 
pointed out long before PAMELA:

Hisano, Matsumoto, Nojiri, Saito, … ’03 - ’06
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Dwarf stacking
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Combined analysis for dwarf galaxies, fully including 
uncertainty in J-factor:

Fermi-LAT, Fermi symposium 2011

all dwarfs
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SUSY DM and PAMELA
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Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ
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SUSY DM and PAMELA
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Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ

αem

π



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

SUSY DM and PAMELA

41

Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ

Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
     first attempt to connect 
PAMELA to DM

HEAT

PAMELA
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SUSY DM and PAMELA

41

Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ

but: enormous boost 
factors needed w.r.t. 
thermal cross section... Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
     first attempt to connect 
PAMELA to DM

HEAT
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Ee+ [GeV]

e+
/(

e+
+

e−
)

Bergström, Bringmann & Edsjö (2008)

background
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