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Outline

• Neutralinos as dark matter

• New gamma ray signatures from halo 
annihilation:

- Internal Bremsstrahlung (final state 
radiation)

• New positron signatures



The neutralino as a WIMP

The neutralino:

The neutralino can be the lightest supersymmetric particle (LSP). If R-
parity is conserved, it is stable.

The gaugino fraction

• Many ways to break supersymmetry exists. Will choose a 
phenomenological low-energy MSSM as one example and 
mSUGRA as another.
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The MSSM-7 parameters
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Higgsino mass parameter
Gaugino mass parameter

Mass of CP-odd Higgs boson
Ratio of Higgs vacuum expectation values

Scalar mass parameter
Trilinear coupling, bottom sector

Trilinear coupling, top sector

• In phenomenologically motivated MSSM we fix 
parameters (typically 7) at the electro-weak scale



sgn(µ)
m1/2

tanβ
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Sign of Higgsino mass parameter
Gaugino mass parameter (at GUT scale)

Ratio of Higgs vacuum expectation values
Scalar mass parameter (at GUT scale)

Trilinear coupling (at GUT scale)

• Fix mass parameters (typically 5) at GUT scale and run 
RGEs to low energy scale

Interesting regions:
– stau coannihilation region
– funnel region
– focus point region
– stop coannihilation region

The neutralino in mSUGRA



• MSSM or mSUGRA

• Masses and couplings

• Relic density

• Lab constraints

• Rates: neutrino telescopes

• Rates: gamma rays

• Rates: antiprotons, positrons, 
antideuterons

• Rates: direct detection

P. Gondolo, J. Edsjö, P. Ullio, 
L. Bergström, M. Schelke

and E.A. Baltz
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Abstract. The question of the nature of the dark matter in the Universe
remains one of the most outstanding unsolved problems in basic science. One
of the best motivated particle physics candidates is the lightest supersymmetric
particle, assumed to be the lightest neutralino—a linear combination of the
supersymmetric partners of the photon, the Z boson and neutral scalar Higgs
particles. Here we describe DarkSUSY, a publicly available advanced numerical
package for neutralino dark-matter calculations. In DarkSUSY one can compute
the neutralino density in the Universe today using precision methods which
include resonances, pair production thresholds and coannihilations. Masses
and mixings of supersymmetric particles can be computed within DarkSUSY or
with the help of external programs such as FeynHiggs, ISASUGRA and SUSPECT.
Accelerator bounds can be checked to identify viable dark-matter candidates.
DarkSUSY also computes a large variety of astrophysical signals from neutralino
dark matter, such as direct detection in low-background counting experiments
and indirect detection through antiprotons, antideuterons, gamma-rays and
positrons from the galactic halo or high-energy neutrinos from the centre of the
Earth or of the Sun. Here we describe the physics behind the package. A detailed
manual will be provided with the computer package.
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www.physto.se/~edsjo/darksusy

Version 4.1 available now

4.2 coming soon!

Uses FeynHiggs, HDecay and Isasugra.
v4.2 will also use galprop and include final state 
radiation and neutrino oscillations.

http://www.physto.se/~edsjo/darksusy
http://www.physto.se/~edsjo/darksusy


Calculational flowchart
• Select model parameters

• Calculate masses etc

• Check accelerator constraints

• Calculate the relic density 

• Check if the relic density is cosmologically OK

• Calculate fluxes, rates, etc

• Calculation done with

DarkSUSY 4.1 available on 
www.physto.se/~edsjo/darksusy
JCAP 06 (2004) 004 [astro-ph/0406204]

The relic density

from WMAP+SDSS LRG
D. Spergel et al., astro-ph/0603449

Ωχh2 = 0.1113+0.0044
−0.0061

http://www.physto.se/~edsjo/darksusy
http://www.physto.se/~edsjo/darksusy


Why gamma rays?

• Rather high rates

• No attenuation (except from very close to 
dense sources)

• Point directly back to the source

• No diffusion model uncertainties as for 
charged particles

• There can be clear spectral signatures to 
look for



Annihilation in the halo

• Gamma rays can be searched for with e.g. Air Cherenkov 
Telescopes (ACTs) or GLAST (launch June 7, 2008). 

• Signal depends strongly on the halo profile,

χχ → γγ, Zγ, νχχ → γ, ν

Φ ∝
∫

line of sight
ρ2dl



Annihilation to gamma rays

• Monochromatic
At loop-level, annihilation can occur to

• Continuous
WIMP annihilation can also produce a 
continuum of gamma rays

Features
• directionality – no propagation 

uncertainties
• low fluxes, but clear signature
• strong halo profile dependence

Features (compared to lines)
• lower energy
• more gammas / annihilation
• rather high fluxes
• not a very clear signature

γγ ⇒ Eγ = mχ

Zγ ⇒ Eγ = mχ −
m2

Z

4mχ

χχ→ · · ·→ π0 → γγ



We can write the flux as

with Focus on this factor!

Particle physics 
(SUSY, ...)

Astrophysics

Gamma ray fluxes from the halo

〈J(η,∆Ω)〉 =
1

8.5 kpc
1

∆Ω

∫

∆Ω

∫

line of sight

(
ρ(l)

0.3 GeV/cm3

)2

dl(η)dΩ

Φγ(η,∆Ω) = 9.35 · 10−14S × 〈J(η,∆Ω)〉 cm−2 s−1 sr−1

S = Nγ
〈σv〉

10−29 cm3 s−1

(
100 GeV

mχ

)2



γγ

Zγ

Typical gamma ray spectrum

Secondary gammas
BM3

Integrated
yield: ≤10-3

of total



NFW halo profile, ∆Ω ≈ 1 sr
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GLAST launch, 
June 7, 2008 

Bergström, Ullio & Buckley, ’97

Gamma lines – rates in GLAST



• Whenever charged final states are present, 
photons can also be produced in internal 
bremsstrahlung processes

Internal Bremsstrahlung



Internal Bremsstrahlung
• Bremsstrahlung effects for DM annihilation pointed out by  

Bergström, PLB 225 (1989) 372.

• Studied recently by e.g.

- Beacom et al, arXiv: astro-ph/0409403
MeV dark matter

- Bergström et al, PRL 95 (2005) 241301.
Ann. of gauginos / Higgsinos to W+W-

- Birkedal et al, arXiv: hep-ph/0507194.
Universal forms derived

- Bergström et al, PRL 94 (2005) 131301.
UED models.

• I will here report on a more general study for SUSY 
neutralinos



Contributions to the gamma flux

• We can write the contributions to the 
gamma flux as

• How large are these different 
contributions?

dNγ,tot

dx
=

∑

f

Bf

(
dNγ,sec

f

dx
+

dNγ,IB
f

dx
+

dNγ,line
f

dx

)



• For Majorana fermion dark matter (e.g. neutralinos), 
annihilation to fermion-antifermion pairs is helicity 
suppressed at v→0

• However, when internal bremsstrahlung photons are 
added, the helicity suppression no longer holds. The cross 
section can then increase, even though we are punished by 
an additional factor of α

• These photons can in many cases dominate at high energies

σff̄ ∝
m2

f

m2
χ

How big are these contributions for neutralinos?



T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049

Neutralino mass: mΧ = 1396 GeV

Gamma ray spectrum including IB photons I

IB from stop exchange
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T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049

Gamma ray spectrum including IB photons II
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Neutralino mass: mΧ = 446.9 GeV IB from stau exchange



T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049

Gamma ray spectrum including IB photons III
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Neutralino mass: mΧ = 233.3 GeV IB from stau exchange



T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049

Gamma ray spectrum including IB photons IV
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Neutralino mass: mΧ = 1926 GeV IB from χ+ exchange
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FIGURE 4. Contributions to !! →W+W−" for a pure higgsino-like neutralino (crossing fermion lines are not shown).

TABLE 1. A choice of MSSM parameters and the resulting neutralino mass
m! , chargino mass m!±

1
, higgsino fraction Zh and branching ratio into W pairs.

This model fulfills all experimental constraints and gives the right relic density
#!h

2.

M2 µ mA m f̃ A f tan$ m! m!±
1

Zh W± #!h
2

3.2 1.5 3.2 3.2 0.0 10.0 1.50 1.51 0.92 0.39 0.12

Besides FSR, there are more traditional sources for gamma rays from neutralino annihilations. As discussed before,

the dominant contribution at energies considerably below the cutoff comes from fragmentation of the decay products

and subsequent %0 decay. Heavy neutralinos mainly annihilate into vector bosons and heavy quarks; we checked that
in this case the resulting gamma-ray spectrum from fragmentation is almost independent of the exact branching ratios.

At the neutralino mass, finally, one expects a line signal from the direct annihilation into "" [23] and Z" [24], providing
a spectacular signature in sharp contrast to the featureless fragmentation spectrum. In the high mass, pure higgsino

or wino limit which we are interested in here, this line signal is enhanced owing to nonperturbative, binding energy

effects [25], thus leading to promising observational prospects.

In the following, we will consider the particular MSSM model specified in Table 1, chosen as an example that

serves to illustrate the different contributions to the neutralino annihilation spectrum (very similar models can be

found in the mSUGRA focus-point region). In Fig. 5, we plot the total expected gamma-ray spectrum, taking into

account fragmentation of the final states, FSR fromW+W− pairs and the line signal.4 Just as in the case of the UED

scenario, FSR photons clearly dominate over photons from fragmenation at the highest energies. Even with the energy
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FIGURE 5. To the left we plot the differential photon distribution for !! annihilation (solid line), with MSSMmodel parameters
as specified in Table 1. Separately shown are the contributions from final state radiation (dashed), and the combined contribution
from the fragmentation of the decay products (mainlyW+W−, ZZ and bb̄) and the !! → "" , Z" lines (dotted). The figure on the
right shows the same situation, as seen by a detector with an energy resolution of 15 percent, which is typical for an ACT. (Figures
taken from [22]).

4 Note that the fragmentation of all final states is taken into account – which of course is also true for [22], even though the corresponding
formulation used there might be a bit misleading in that respect.

L. Bergström et al., 
astro-ph/0609510.

• W+W- channel via χ± exchange

Theory Smeared by 15%

Example of experimental smearing



More quantitative...

• Let’s focus on the high energy part by redefining

and divide S into the different parts

S =
∫ mχ

0.6mχ

dNγ

dE
dE

(σv)
10−29cm3s−1

( mχ

100GeV

)−2

S = SIB + Ssec. + Slines
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All models OK with WMAP and accelerator constraints. IB>0.6mχ

T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049

Internal Bremsstrahlung
When is it important?

Stau coannihilation region
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Absolute strengths
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FIG. 3: Integrated internal bremsstrahlung flux from supersymmetric dark matter, above 0.6 mχ, as compared to the “standard”
continuum flux produced by secondary photons (left) and the flux from both line signals (right). As for the following figures (4
and 5), two symbols at the same location always indicate the whole interval between the values corresponding to these symbols.
Every model considered here features a relic density as determined by WMAP and satisfies all current experimental bounds.
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FIG. 4: The observationally relevant quantity S ≡ Nγ
〈σv〉

10−29cm3s−1

` mχ

100GeV

´−2
for IB (left panel) and the line signals (middle

and right panel). See text for more details.

In Fig. 4 we show the quantity S, which is dS/dE inte-
grated above 0.6 mχ. In the left panel, we show the yields
S for the IB contribution, in the middle for monochro-
matic γγ and on the right for Zγ. In the regions where
the IB contribution was the largest in Fig. 3, we typi-
cally have lower absolute yields. However, there are very
pronounced regions, especially at small and intermediate
masses, where the IB yields are very high even in ab-
solute terms. We also note that, for neutralino masses
in the TeV range, we expect a sizeable increase of the
annihilation rate due to non-perturbative effects related
to long-distance forces between the annihilating particles
[31]. These effects have not been taken into account here
and would result in a considerable enhancement (by a

similar factor) of the quantity S for both line signals and
IB.

In Fig. 5 we focus on the mSUGRA case and show the
contribution relative to the secondary yield of gamma
rays for various final states separately. In the left panel,
we show the IB yield from the W+W− channel, in the
middle from the τ+τ− channel and in the right from the
tt̄ channel. Large IB contributions for the W+W− chan-
nel occur when a chargino is almost degenerate with the
neutralino, as is the case for the focus point region. Note
that due to the grand unification condition, M1 ≈ 1

2
M2,

a large gaugino fraction Zg always means that the neu-
tralino is a Bino, with vanishing annihilation rates to
W+W− or W+W−γ final states. The large yields from

IB γγ Z γ

IB can be more important than the lines



IB/sec. for mSUGRA
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FIG. 5: As in the left panel of Fig. 3, but now for the individual contributions from various final states of neutralino annihilations
in mSUGRA models. IB from light leptons covers a very similar region of the plotted parameter space as that from τ leptons.
All (other) final states not shown here give always IB fluxes less than 10% of the flux from secondary photons.

the "+"− and tt̄ channels, on the other hand, occur when
there is a strong degeneracy with the lightest "̃ and t̃ re-
spectively. These latter cases occur in the phenomenolog-
ically important τ̃ and t̃ coannihilation regions: in these
regimes, coannihilations with τ̃ and t̃, respectively are
needed to push the relic density down into the WMAP
preferred region. Hence, we have a strong mass degener-
acy between χ̃ and τ̃/t̃ which forces the IB contribution
to the gamma yields to be strong.

As for the other possible final states, we note that the
corresponding IB contributions never exceed 10% of the
secondary photon flux; these channels are subdominant
also for the MSSM models contained in our scan. In
fact, from our discussion in the previous section, this is
somewhat expected: Charged Higgs bosons, for example,
are always heavier than charged gauged bosons, so multi-
TeV neutralino masses would be needed for sufficiently
large annihilation rates into W±H∓γ or H+H−γ (recall-
ing that the annihilation rate in these cases is enhanced
for relativistic final states). IB from light quarks is sup-
pressed by the mass difference between the neutralino
and the corresponding squark (as compared to the small
mass difference that can be achieved in the stop coan-
nihilation region); down-type quarks, finally, receive a
further suppression due to their smaller electric charge.

The main results of our paper may be more easily
grasped by looking at the effect of IB on a small number
of benchmarks models. Of course, for the mSUGRA case,
it is known that the exact location in parameter space of
such benchmarks depends very sensitively on details of
the calculation (see e.g. [32]). We therefore define our
own set in Table I, which is very similar to that used
by [20] except that we also include one point in the focus
point region (BM4). This set of benchmark models is cal-
culated with ISAJET 7.69 [19] together with DarkSUSY

(see [20] for details). Point BM1 is a model where A0 has
been chosen large and negative to make the stop almost
degenerate with the neutralino. BM2 is a model where

the stau is almost degenerate with the neutralino and
in BM3 also the selectron and the smuon are degenerate
with the neutralino. BM4, finally, is in the focus point re-
gion, i.e. where the lightest chargino is almost degenerate
with the lightest neutralino. The main IB characteristics
of these benchmark models are summarized in Table I.

V. SUMMARY AND CONCLUSIONS

As can be seen already from our benchmark points
in Table I, and in more detail from the scatter plots in
Fig. 3, the internal bremsstrahlung effects computed in
this work can be very significant, changing sometimes
by more than an order of magnitude the lowest-order
prediction for the high-energy gamma-ray signal from
neutralino dark matter annihilation. Although some of
these enhancements have been found before [14, 15, 16],
this is the first time the first-order radiative corrections
have been computed systematically, for all relevant final
states in supersymmetric dark matter models. The re-
sulting enhancements of the expected fluxes are surpris-
ingly large over significant regions in the parameter space
of the MSSM, including the more constrained mSUGRA
models. Despite the fact that some large corrections ap-
ply to absolute rates that are too small to be of practical
interest, Fig. 4 shows that the quantity S, which is di-
rectly proportional to the expected signal in gamma-ray
detection experiments, also is significant for the internal
bremsstrahlung contribution in large regions of param-
eter space. For mχ < 300 GeV, for example, values of
SIB greater than 0.1 are generic, and for masses below
100 GeV, values of 1 or higher are common, which in
very many cases is higher than the corresponding values
for the line signals γγ and Zγ. One should also bear
in mind that the sensitivity of Air Cherenkov Telescopes
increases significantly with energy; detectional prospects
for a mχ ∼ 1 TeV neutralino with S ∼ 0.01, e.g., cor-

IB(W+W-)/sec. IB(τ+τ-)/sec. IB(tt)/sec.

focus point
region

stau coannihilation
region

stop coannihilation
region



So, what about the positrons?

• Annihilations to e+e- is helicity suppressed for Majorana 
fermion WIMPs (e.g. neutralinos)

• Hence, direct annihilation to e+e- is never important

• BUT, internal bremsstrahlung of photons cause the cross 
section for annihilation into e+e-γ to increase. Can it be 
enhanced enough to be of importance or e+ searches?

L. Bergström, T. Bringmann and J. Edsjö, work in progress



When is the effect large?

• Typically, the e+e-γ cross section can be large when 
the selectrons are light

• This can happen e.g. in the stau coannihilation 
region in mSUGRA

• In MSSM-7, it only happens when essentially all 
sfermions are light (and typically the slectron is not 
that light in these cases). However, this is just an 
artefact of how MSSM-7 is parameterized. Hence, 
introduce...



MSSM-9
• In order to get light selectrons and allow more freedom 

for the neutralino composition, we introduce MSSM-9 with 
two more parameters:

µ
M1

M2
mA

tanβ
m0

mẽ

Ab

At

Higgsino mass parameter
Gaugino mass parameter
Gaugino mass parameter
Mass of CP-odd Higgs boson
Ratio of Higgs vacuum expectation values
Scalar mass parameter
Selectron mass parameter (not mass directly)
Trilinear coupling, bottom sector
Trilinear coupling, top sector

New

New



Example mSUGRA e+ spectrum

2

to the standard model (MSSM) and minmal supergrav-
ity (mSUGRA). Let us first consider the direct annihi-
lation into positrons. As e+e− final states are strongly
suppressed, the dominant contribution comes from the
process χχ → e+e−γ, in particular from those diagrams
where the photon is radiated from a t-channel selectron.
Setting me → 0, and assuming that both selectrons have
the same mass, the annihilation rate into positrons is
given by

d

dx
(vσ)χχ→e+e−γ

v→0 =
αem

(

|g̃R|
4 + |g̃L|

4
)

256π2(µ − 1 + 2x)2

×
{

[

4(1 − x)2 − 4x(1 + µ) + 3(1 + µ)2
]

log
1 + µ

1 + µ − 2x

−
[

4(1− x)2 − x(1 + µ) + 3(1 + µ)2
] 2x

1 + µ

}

, (1)

where x = Ee+/mχ, µ ≡ m2
ẽR

/m2
χ = m2

ẽL
/m2

χ and g̃RPL

(g̃LPR) is the coupling between neutralino, electron and
right-handed (left-handed) selectron [Please check, in
particular the overall normalization!]. In the cor-
responding limit, this reproduces the result found in [11]
for photino annihilation. Note the absence of a helicity
suppression factor in the above expression, as well as a
further enhancement of the annihilation rate for selec-
trons degenerate with the neutralino.

Positrons may also be produced in the decay of other
annihilation products. The number dNf

e+/dx of such sec-
ondary positrons per annihilation into the corresponding
final state f can be simulated with Monte Carlo event
generators like PYTHIA [12]. For two-body final states
XX̄, we use the tabulated values contained in Dark-

SUSY [13] that were obtained through a large number
of PYTHIA runs. For three-body final states containing
a photon, the positron yield is approximately given by

dNXX̄γ
e+

dx
≈

∫

dEX
dNXX̄γ

X

dEX

dÑXX̄
e+

dx
, (2)

where dÑXX̄
e+ /dx is the (two-body final state) positron

multiplicity dNXX̄
e+ /dx that results from the annihila-

tion of two dark matter particles with mass EX . When
compared to gamma rays, the contribution to the total
positron spectrum from these channels is considerably
less pronounced at the observationally most relevant en-
ergies near the cutoff since part of the energy is taken
away by the photon; the fact that positrons are not the
only decay products induces a further kinematical sup-
pression at high energies. On general grounds, we there-
fore cannot expect large radiative corrections to the yield
in secondary positrons – even in situations where large
gamma-ray contributions are found (as, e.g., for heavy
neutralino annihilation into W+W− [14]). An excep-
tion to this conclusion could only occur in a situation
where the annihilation rate into the thre-body final state

FIG. 1: Scan over mSUGRA and MSSM models that shows
the enhancement (in %) due to radiative corrections in
dNe+/dx at Ee+ = 0.9mχ vs. the mass splitting between the
lightest selectron and the neutralino, δ ≡ (mẽ − mχ) /mχ.
See text for further details. [Mark BM3 and “X” in this
figure; for “X”, choose some model with large en-
hancement and mχ ! 100 GeV. Color coding for, e.g.,
mχ?]
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FIG. 2: The solid line gives the total number of positrons
per neutralino pair annihilation and positron energy for the
benchmark model BM3 of [10]. Shown separately is the same
quantity without radiative corrections (dotted line) and, on
top of this, only the e+e−γ final states (dashed line).

is many times larger than for the two-body final state.
As pointed out in [10], this is indeed possible for lepton fi-
nal states in the stau-coannihilation region of mSUGRA.
However, as even the annihilation into e+e−γ is usually
greatly enhanced in this region, it is, rather, the latter
contribution that dominates in this case.

In order to quantify these general expectations, we
have performed a scan over the mSUGRA and MSSM pa-
rameter space, following the same procedure as described
in [10] and including all relevant annihilation channels.
[add short comment on MSSM-13...]. The result
is shown in Fig. 1, where we plot the enhancement of
the positron yield at an energy Ee+ = 0.9mχ, due to
radiative corrections, as a function of the mass splitting
between the neutralino and the lightest selectron. As ex-
pected, the largest enhancements originate from primary
positrons in the coannihilation region, where the selec-
tron is almost degenerate in mass with the neutralino.
[...]

As a typical example for a model in the coannihilation
region, Fig. 2 shows the effect of radiative corrections
on the positron yield for the benchmark model BM3 of
[10]. A spectacular boost in the positron yield can be
observed, leading to an extremely pronounced cutoff at
Ee+ = mχ. As inticipated, this is mainly due to primary
positrons, following the distribution (1), but at smaller
energies the effect of radiative corrections becomes also

BM3

Neutralino mass: mΧ = 233.3 GeV IB from slepton exchange

Total

e+e-γ

w/o e+e-γ

Very nice spectral feature!



Enhancement factors at 0.9mχ
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Absolute fluxes
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L. Bergström, T. Bringmann and J. Edsjö, 2008

High ratio fluxes w/o IB

• IB enhances the 
positron fluxes 
significantly for 
some models

• The models that 
get large 
enhancements had 
low fluxes to start 
with

• Even after 
enhancement, the 
fluxes are not very 
high, BUT they have 
a nice spectral 
feature!



Spectrum after propagation

M1

M2

0 50 100 150 200 250
0.000

0.002

0.004

0.006

0.008

0.010

Ee+ [GeV]

E
3
.5

e
+

dΦ
T

O
A

e
+

/d
E

dΩ
[G

eV
2
.5

cm
−

2
s−

1
sr

−
1
]

only e+e−γ

no IB

full signal

(background)

BM3

BM4

Nice features, but a boost factor of 5000...



Conclusions
• Gamma rays from dark matter annihilation can 

have distinct spectral features, either from the 
monochromatic lines or from internal 
bremsstrahlung effects

• Searches with e.g. GLAST (launch June 7, 
11:45am) and Air Cherenkov Telescopes will be 
very interesting

• Positron enhancements can also be significant and 
provide a nice spectral feature that distinguish 
them from the background. The absolute fluxes 
are not that high though. 
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