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- Characterized by two parameters	

for a given “2-body” final state (    ,     ,              , etc)	

!
- Good ; model independence	

- Bad ; presence of other possibilities	

!
- Model dependent Internal Bremstrahlung(IB) (irrelevant for ~10GeV WIMP)	

- Models with light neutral particle	

  ( NMSSM+ RN, hidden U(1) gauge boson, …)	

!
!
-Freeze-out cross section 	

!
- Mostly      final state  —> Quite generic situation in Majorana WIMP model	

    Chiral suppression ( P-wave suppression ) ; 
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Figure 2: Scatter plot of the combination fQ⟨σv⟩ds/mχ plotted as a function of the neutralino
massmχ for an effective eight-parameter MSSM model. Below the horizontal line a dark star cannot
form. For resonant annihilation (the V-shaped feature at mχ ∼ 45 GeV and the descending points
around mχ ∼ 60 GeV) and coannihilations (the shaded region and the dashed line on the right of
mχ ∼ 100 GeV), the quantity fQ⟨σv⟩ds/mχ may be too small for a dark star to form. For p-wave
annihilation (the band sloping down to the right) and threshold annihilation (the various “fingers”
of points dropping from the p-wave annihilation band), dark stars would be able to form.

depends on the particle physics parameters contained in the coefficients a and b. In our

effMSSM scan, p-wave annihilation gives rise to a spread in fQ⟨σv⟩ds/m of about one order

of magnitude (band of points sloping down to the right in Figure 2).

The Z resonance at mχ ∼ 45 GeV provides an example of resonant annihilation. The

resonant part of the neutralino-neutralino annihilation cross section is given by

(σv)Z = βf
g4eff
m2

χ

(s −m2
Z)

2

(s−m2
Z)

2 + Γ2
Zm

2
Z

, (2.1)

where βf is the speed of the final products in units of the speed of light, and geff contains

the coupling constants and the mixing angles of the neutralinos and of the final particles

involved. The velocity dependence of (σv)Z can be obtained by writing s = 4m2
χ(1 + v2),

from which one finds, neglecting the mass of the final products,

(σv)Z =
g4eff
m2

χ

(v2 + δ)2

(v2 + δ)2 + γ2
, (2.2)

where δ = 1−m2
Z/(4m

2
χ) and γ = ΓZmZ/(4m2

χ). On resonance, that is for 2mχ = mZ or

δ = 0 and γ = ΓZ/mZ = 0.0273, the velocity-averaged ⟨(σv)Z ⟩ has very different values
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- Gamma-ray signal from WIMP	

     1) Prompt emission (FSR+VIB)	

     2) Inverse Compton (IC)	

!

- Lacroix, Boehm and Silk (1403.1987)	

”Fitting the Fermi-LAT GeV excess: on the importance of including the propagation of electrons from dark matter“	


- IC component ; sensitive to 	


Prompt Emission Only Analysis ??

�� ! e�e+ ! propagation ! IC(CMB+ IR + starlight)
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Figure 5: 3� upper limits on the annihilation cross-section of models in which DM annihilates into
b¯b, µ+µ� (upper panel), ⌧+⌧� or W+W� (lower panel), for the four DM density profiles discussed
in the text. Upper limits set without including the ICS component in the computation are also
given as dashed curves (prompt) for comparison. The uncertainty in the diffusion model is shown
as the thickness of the solid curves (from top to bottom: MIN, MED, MAX) while the lighter
shaded regions represent the impact of the different strengths of the Galactic magnetic field with
lower(higher) values of the cross-section corresponding to B

0

= 1 µG(B
0

= 10 µG). The horizontal
line corresponds to the expected value of the thermal cross-section for a generic WIMP candidate.

contribution from prompt gamma rays and the total contribution from prompt plus ICS gamma
rays.

First, it is worth noting that if the DM density follows an Einasto, NFW or Burkert profile,
the upper limits on the annihilation cross section are above the value of the thermal cross-section
for any annihilation channel. Nevertheless, the situation is drastically different when we consider
the DM compression due to baryonic infall in the inner region of the Galaxy. Indeed, by adopting
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FIG. 4. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons, with a gas
density of 10 cm�3.

these IC and Bremsstrahlung components enable one to sig-
nificantly improve the quality of the fit.

To make a more quantitative statement, we define the good-
ness of fit by the criterion c2 < 29.6, which gives a p-value
greater than 10�3 [21], corresponding to 11 data energy bins
and one free parameter, hsvi. Note that in our analysis we
combine in quadrature the statistical and systematic errors
provided in Ref. [5]. For prompt emission with only leptons,
the best fit is obtained for hsvi= 2.02⇥10�26 cm3 s�1, with
c2 = 41.93, which is a very bad fit. However, we obtain a c2

of 10.21 for a cross section of 0.86⇥ 10�26 cm3 s�1 when
we add up the IC and Bremsstrahlung contributions. This
demonstrates the importance of taking into account the dif-
fuse gamma-ray emission from electrons. Note that the error
bars on the cross section at the 1s level are of the order of
0.06⇥10�26 cm3 s�1.

For the channel with 90% leptons + 10% bb̄, the differ-
ence is smaller than for leptons only, but the c2 is never-
theless reduced from 16.46 (with a best-fit cross section of
2.11 ⇥ 10�26 cm3 s�1) down to 9.57 (with a best-fit cross
section of 0.89 ⇥ 10�26 cm3 s�1) when including IC and
Bremsstrahlung emissions. Hence, in such a scenario, both
spectra with or without the IC and Bremsstrahlung contribu-
tions fit the data, but there is a clear preference for the total
spectrum.

Shown in Fig. 3 are the best fits for the prompt spectrum
and the total spectrum in the case of a 30 GeV DM particle
annihilating into 100% bb̄. The corresponding best-fit val-
ues of the annihilation cross section are not very different:
hsvi = 2.2⇥ 10�26 cm3 s�1 for the prompt emission (with
c2 = 11.24), and hsvi = 2.03⇥ 10�26 cm3 s�1 for the total
emission (with c2 = 11.98). In this case, the contributions
from IC and Bremsstrahlung are sub-dominant, except at low
energy. This is due to the fact that the IC and Bremsstrahlung
emission spectra take large values for electron energies close
to the DM mass (Ee must be much greater than the observed
energy Eg). Electrons originating from bb̄ tend to have an en-

FIG. 5. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons. The purple
hatched area represents the uncertainty on the best fit for the total
spectrum including IC and Bremsstrahlung due to the uncertainty on
the diffusion model. The band is bracketed by the fluxes for the MIN
and MAX sets, respectively at the top and the bottom.

ergy spectrum peaked at low energy, unlike those originating
from leptonic annihilation channels that peak closer to the DM
mass. Hence, looking at the gamma-ray spectrum at lower en-
ergies could be a good way to test whether the bb̄ channel,
which is usually claimed to be the preferred channel, indeed
agrees with other data sets from the GC.

So far, we have shown that taking B = 3 µG and ngas =
3 cm�3 leads to a very good fit to the data with the total spec-
trum, particularly for the leptonic channel. However, the fits
are fairly robust with respect to changes in these parameters.
For instance, taking B = 10 µG — a value that may be more
consistent with the value close to the GC — leads to a small
global shift of the IC and Bremsstrahlung contributions (due
to greater losses). The resulting best fit is only slightly af-
fected, with c2 = 10.35 and hsvi = 0.92 ⇥ 10�26 cm3 s�1

for the leptonic channel. When taking a greater value for
ngas, namely 10 cm�3, the resulting spectrum is harder at
low energy but still provides a very good fit to the data, with
c2 = 16.6 and hsvi= 0.6⇥10�26 cm3 s�1, as shown in Fig. 4.

Finally, the diffusion model introduces an additional un-
certainty, which is quantified by the MIN and MAX sets of
propagation parameters and degenerated with the cross sec-
tion (although changing the diffusion parameters mostly af-
fects the low-energy end of the spectrum, since the prompt
contribution remains fixed). This uncertainty is shown in
Fig. 5. The hatched area is bounded by the spectra for the
MIN and MAX sets (respectively at the top and the bottom
of the band) computed with the best-fit cross section obtained
with the MED set. Hence the uncertainty on the diffusion
model translates into an error on the best-fit value for the cross
section. The corresponding values for the MIN and MAX
sets are hsviMIN = 0.68 ⇥ 10�26 cm3 s�1 and hsviMAX =
1.18⇥10�26 cm3 s�1.
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- Three ways to improve	

  1) Large effective Area	

  2) Good energy resolution	

  3) Good angular resolution	

!

- Of course, “Large effective Area” cannot be sacrificed.	

( Success of Fermi Satellite )	

- Energy resolution VS Angular resolution 

On the future detector

       Energy resolution	

- DM mass ~ few TeV	


  (prominent spectral feature from IB)	

  - line spectrum

       Angular resolution	

- DM mass ~ few 10 GeV	

- Continuum spectrum

(��, �Z, . . . )


