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The challenge!

Andromeda : a MW-like galaxy

51



The importance of being WIMP

problem!  
astrophysical emissivity is much larger than Dark one



The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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ṗ� p

3
— · vc

⌘
Ni� ∂

∂p
p2Dpp

∂
∂p

Ni

p2 =

Qi(p,r,z)+Â
j>i

cbngas(r,z)si jN j� cbngassin(Ek)Ni

CR Diffusion in the MW

Source term:!
‣ assumed to trace the SNR in the Galaxy!
‣ assumed the same power-law everywhere



The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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Spallation cross-section:!
‣ appearance of nucleus i due to spallation of nucleus j !
‣ total inelastic cross-section: disappearance of nucleus i

CR Diffusion in the MW



The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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Diffusion tensor:  
!‣ D(E) = D
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The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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CR Diffusion in the MW

Energy losses:!
‣ ionization, Coulomb, synchrotron!
‣ adiabatic convection



The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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Why antiprotons?

• we know the background with 
good accuracy


• in a democratic WIMP model the 
ratio between DM signal and 
background from standard 
astrophysical sources is usually 
much larger in the antiproton 
channel with respect to all other 
indirect detection methods.



Waiting for AMS-02

With secondary/primary ratios we calibrate 
our propagation models.

Having a prediction for the anti-matter 
fluxes from astrophysical sources, we can 
finally use data to hint/constraint an extra-
component!



It’s a worth-playing game! JCAP01(2014)017

Figure 4. 3σ upper limits on WIMPs annihilation cross section versus mχ. The annihilation channels
are µ+µ− (top left), τ+τ− (top right), bb̄ (middle left), W+W− (middle right) and tt̄ (bottom). The
lines represent limits from γ-rays in |l| < 8◦, 1◦ < |b| < 9◦ (dotted green), γ-rays in |l| < 8◦, 9◦ <
|b| < 25◦ (dashed green), γ-rays in 0◦ < l < 360◦, |b| > 60◦ (dotted dashed green), antiprotons (red)
and leptons (blue). Our limits from leptons stop at 15GeV since in our analysis we ignore leptonic
data at lower energies. The ISM gas normalization is kept to be free within a factor of 2 from the
reference distribution case (see text for more details). We include all diffuse γ-ray components of DM
origin (prompt, ICS, bremsstrahlung).
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M. Tavakoli, I. Cholis, CE & P.Ullio, JCAP, 2014, 1308.4135



It’s a worth-playing game today!
T. Bringmann, M. Vollmann & C. Weniger, 1406.60274
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FIG. 2. The ellipses show the preferred values of the DM
annihilation cross-sections and mass from the inner Galaxy
analysis of Ref. [21], where we include the uncertainties com-
ing from the DM profile slope in quadrature (� = 1.26± 0.05
at 3�); see also Tab. I. The error-bars indicate the annihila-
tion cross-section preferred for the values � = 1.04–1.24, as
found from the GC analysis in Ref. [21].

case of annihilation into ⌧

+

⌧

� final states, this discrep-
ancy can be alleviated by adding a b̄b component of at
least 20% (in which case the resulting ��

2 is still worse
by ⇠ 20 than a pure b̄b fit). An alternative can be addi-
tional photons from bremsstrahlung and Inverse Comp-
ton scattering, though a sizeable e↵ect requires almost
democratic branching ratios into leptonic final states [62].

In Fig. 2, we show the values of the DM annihi-
lation cross-section and DM mass that are consistent
with the GeV excess, based on the findings of Ref. [21].
We increased the size of the confidence regions to in-
clude the uncertainty in the DM profile slope – �� '
0.05 as inferred from the inner Galaxy analysis – in
quadrature; this translates into a relative uncertainty of
�h�vi/h�vi ' 22%. These numbers are also summarized
in Tab. I for convenience, and will be used as benchmarks
in our subsequent study of implications for charged cos-
mic rays and radio emission. Furthermore, the vertical
error bars indicate the range that is preferred by the GC
analysis [21], which is in general higher than the range
inferred from the inner Galaxy analysis.

B. Astrophysical scenarios

For completeness, we will here briefly sketch astrophys-
ical scenarios that might account for the excess emission
seen at the GC. The arguably most plausible explana-
tion for at least part of the observed excess emission at
and close to the GC is the emission from a large number
(⇠ 1000) of MSPs below the point-source sensitivity of
Fermi LAT [49]. Up to now, more than 40 MSPs have
been observed in gamma rays by the Fermi LAT [63],
with spectra that are compatible with the spectrum of

Channel Mass m� Cross-section h�vi
[GeV] [10�26cm3s�1]

b̄b 35.5± 4.2 1.7± 0.3

c̄c 27.0± 3.3 1.2± 0.22

q̄q 18.5± 2.1 0.72± 0.13

⌧+⌧�(80%) 9.3± 0.8 0.7± 0.12

mass 33.3± 3.9 1.6± 0.29

dem 21.9± 3.1 1.1± 0.2

s̄s 21.4± 2.9 0.93± 0.16

charge 18.7± 2.3 1.3± 0.23

TABLE I. List of benchmark annihilation channels that we
consider in this work. Annihilation rates refer to a gener-
alized NFW profile with central values � = 1.26 and local
density ⇢� = 0.3 GeV/cm3, using results from Ref. [21] (see
there for a definition of final states). The errors are from the
statistical fit (95% CL) and include additional uncertainties
in � = 1.26 ± 0.05 (3� CL) in quadrature. Taking into ac-
count the larger uncertainties in the slope � as inferred from
the GC analysis (see Fig. 1) can furthermore change the val-
ues as indicated in Fig. 2; for � = 1.04, e.g., the best-fit value
of h�vi given in the table must be multiplied by 3.3.

the extended source at the GC [54] (unless the spec-
trum of the GC excess below 1 GeV is confirmed to be
extremely hard [21]). MSPs remain gamma-ray emit-
ters for billions of years, and it was argued that with
kick velocities of the order of ⇠ 40 km/s they have the
right properties to in principle account for the steepness
as well as the extension of the observed gamma-ray ex-
cess [24]. The main argument against a significant con-
tribution of MSPs to the GC excess is that it appears to
be non-trivial to find plausible source distributions that
completely remain below the Fermi LAT point source
threshold [64, 65], while still being compatible with the
emission properties of the pulsar population that is ob-
served locally.

The emission of TeV gamma rays in the Galactic ridge
region as observed by H.E.S.S. (in the inner |b| < 0.3�

and |`| < 0.8�) is well correlated with the distribution
of molecular clouds that are observed in the inner 200
pc around the GC by means of radio observations [66].
This strongly suggests that the di↵use TeV gamma-
ray emission is due to a hard population of cosmic-ray
electrons or protons, producing gamma rays either via
bremsstrahlung or proton–proton interactions. It is plau-
sible that the same populations also contribute to the
GC emission at GeV energies. In the context of cosmic-
ray electrons, Ref. [52] showed that the bremsstrahlung
from an electron population compatible with the ob-
served synchrotron emission at the GC could indeed pro-
duce the characteristic peaked GeV excess emission. The
main argument against the interpretation in terms of cos-
mic rays is the apparent extension of the GeV excess to
⇠kpc distances from the GC as well as its spherical sym-
metry, which does not resemble the distribution of de-
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Solar modulation with force field
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FIG. 3. PAMELA antiproton data [79] as measured on top of
the atmosphere (TOA). The coloured bands show the predic-
tion for the astrophysical background (BG), with the width of
each band deriving from uncertainties in the propagation pa-
rameters left from the B/C analysis. The two di↵erent bands
bracket the uncertainty from nuclear cross sections, where the
maximal (minimal) flux corresponds to the analysis performed
in Ref. [74] ([73]). The best-fit BG model is given by the solid
line. For comparison, the dotted and dashed lines also show
the case of a fiducial WIMP with mass 34 GeV, annihilating
to b̄b with a rate barely allowed at 95%CL (see Fig. 4).

analysis that is restricted to sources in the Galactic disk.
In particular, the antiproton flux from DM is mostly
sensitive to the thickness L of the di↵usion zone per-
pendicular to the Galactic plane, while B/C essentially
only constrains the ratio of L and the di↵usion coe�-
cient D [83]. While the B/C analysis in principle allows
a di↵usion zone as small as L ⇠ 1 kpc, a vertical exten-
sion of L ⇠ 10 kpc is preferred when taking into account
radioactive isotopes [84], with similar results obtained
when adding gamma rays [85, 86] and cosmic-ray elec-
trons [87, 88] to the analysis. Also radio data are clearly
inconsistent with a halo size as small as ⇠ 1 kpc [89, 90].
Having this in mind, we will in the following mainly use
the recommended reference model, ’KRA’, of the recent
comprehensive analysis presented in Ref. [91], which fea-
tures L = 4kpc (and is very similar to the best-fit model
of Ref. [83]). For the propagation of primary antipro-
tons we use DarkSUSY [69], which implements the semi-
analytical solution of the di↵usion equation described in
Refs. [91, 92].

We use the likelihood ratio test [93] to determine lim-
its on a possible DM contribution to the antiproton flux
measured by PAMELA. For the likelihood function, we
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FIG. 4. Limits on the annihilation rate of DM into quark final
states from our analysis of the PAMELA antiproton data.
Solid lines refer to the generalized NFW profile of Eq. (2)
with � = 1.04 and are essentially indistinguishable from the
standard NFW (� = 1) case; dotted lines show the case for
� = 1.26.

adopt a product of normal distributions over each data
bin i,

L = ⇧i N(fi|µi,�i) , (3)

where fi is the measured value, µi the total antiproton
flux predicted by the model and �i its variance. For a
given mass and annihilation channel, the DM contribu-
tion enters with a single degree of freedom that parame-
terizes the non-negative signal normalization (and which
we will always express in terms of the annihilation rate).
95%CL upper limits on h�vi are thus derived by increas-
ing the signal normalization from its best-fit value until
�2 lnL has changed by 2.71, while re-fitting (’profiling
over’) the parameters (↵

prop

,↵

nuc

,�F ) of the background
model.
In Fig. 4, we show the resulting limits on h�vi as a

function of the DM mass m�, for all quark final states
and two representative values of the �-parameter of the
generalized NFW profile of Eq. (2). Limits for the stan-
dard NFW profile (� = 1) are essentially indistinguish-
able from the � = 1.04 case displayed here. These limits
are one of our main results and rather strong, exclud-
ing the cross section h�vi

therm

⌘ 3 · 10�26cm3s�1 typi-
cally favoured by thermally produced DM up to masses
of m� ⇠ 35 � 55GeV for an NFW profile (depending
on the channel). There are two main reasons why we
could improve previous limits [76, 91, 94] by a factor of
roughly 2–5 at the DM masses of interest here: i) we
use the only recently published update of PAMELA data
[79] rather than the first public release [80] and ii) we em-
ploy an improved statistical treatment of the background
uncertainties (see Section IVA for a more detailed dis-
cussion).2 When comparing these results to Fig. 2, we

2

Below m� ⇠ 50GeV, the limits presented in Ref. [94] become

1e-26

1e-25

1e-26
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Let’s give a look to all known unknowns!



Varying the halo size in the range 2 - 10 kpc

vA

D0

The best constraints on the halo scale height (L > 2 kpc) 
are obtained from the galactic diffuse synchrotron emission  
(G.Di Bernardo, CE, D.Gaggero, D.Grasso and 
L.Maccione, JCAP, 2013)



Varying the halo size in the range 2 - 10 kpc

less than 10%

4x

~ 4 kpc ~ 8 kpc

THIN halo

The ratio of the local flux obtained considering 
sources with distance smaller than RS to that 
obtained with RS = ∞!
(see also R. Taillet & D. Maurin, A&A, 2003)

CE, I.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664

Much larger uncertainty in the DM fluxes!



Unavoidable uncertainties?

wind

CE, I.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664

Changing diffusion conditions in the inner 
Galaxy gives significant effect on the DM 
contribution without affecting the local 
observables!

Only a comprehensive study including 
local and non-local observables may 
succeed in reducing safely the propagation 
uncertainties.

anisotropic diffusion



Solar wind is in negative polarity

fixed

fitted

~40%

<10%

CE, G. Di Bernardo, D.Gaggero & D.Grasso, in preparation

Charge dependent solar modulation can be 
relevant for low-mass WIMP candidates.

Protons and anti-protons propagate 
differently in the heliosphere  
(L. Maccione, PRL, 2013)



Production in low-energy pp collisions

Fitted by a 7-parameter function proposed by  
R. P. Duperray et al., Physical Review D 68 (2003)  
 
(see also Kachelrieß & Ostapchenko, PRD 86, 2012)!
!

~40%

~10%

CE, G. Di Bernardo, D.Gaggero & D.Grasso, in preparation



Constraints after PAMELA data 

Wino model  
 (motivated by SUSY and PAMELA 

e+ anomaly)

 Light WIMPs  
with sizable quark coupling  

(motivated by direct detection results)

Heavy “leptophilic” WIMPs  
 (motivated by PAMELA, Fermi, HESS) 

+ radiative corrections

��! µ+µ���! b̄bW̃ 0W̃ 0 !W+W�

mMSSM

CE, I.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664



Take home message!

Modeling background:  
halo size ~ 10%  
solar modulation ~ 40%!
cross-sections ~ 40%

} Modeling “signal”:  
halo size ~ 400%  
solar modulation ~ 10%!
not-locality ~ 40%

}


