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Indirect DM detection is an approach to identify the properties of 
WIMPs through looking at their annihilation and/or decay 
products. 

The imprints of WIMP annihilation/decay might be seen in the 
spectra of cosmic rays (CRs), such as positrons and anti-protons,  
diffuse gamma-rays and synchrotron radiation. 

In none of these detection channels the DM contribution is 
expected to be dominant with respect to other, more standard, 
astrophysical components. 

The study of astrophysical backgrounds is of great importance in 
constraining the WIMP annihilation/decay properties.

Indirect DM Detection
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Primary Sources of CRs
Supernova Remnants: 

Primary Sources

Supernova Remnants
CR primary sources up to energies of ∼100TeV, are mainly supernova
remnants (SNRs).

The source term for each nucleus i is:

qi (r , z , p) = q0,i fs(r , z)(
R

R0

)−γi

• q0,i : The normalization for each CR species
• fs(r , z) traces the spatial distribution of SNRs.

[Ferriere (2001)]

• R = pc
Ze : Magnetic Rigidity

• γi : Injection spectral index
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Primary Sources

Pulsars
Electrons and positrons accelerated between a pulsar and the termination
shock of the wind nebula, may also contribute to the high energy e±

spectrum.

Qp(r , z , t,E ) = J0fp(r , z)E
−ne−E/M

• J0 : The normalization depends on
! The birth rate of the pulsars,
! The portion of the pulsar initial rotational energy injected into the

ISM as CR e±.

• fp(r , z) : Spatial distribution of middle aged pulsars in the Galaxy

[Giugere & Kaspi (2006)]

• n: Injection spectral index for the distribution of pulsars

• M: Statistical cutt-off
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Pulsars:

[Ferriere (2001)] 

[Giugere & Kaspi (2006)]
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CR Propagation

The propagation of CRs in the Galaxy at energies below 1017 eV can be
described by:

∂ψ(#r , p, t)

∂t
=q(#r , p, t) + #∇.(Dxx

#∇ψ) +
∂

∂p

[

p2Dpp
∂

∂p
(
ψ

p2
)
]

−
∂

∂p
(ṗψ)− #∇.(#Vψ) +

∂

∂p

[p

3
(#∇.#V )ψ

]

−
ψ

τfrag
−

ψ

τdecay

ψ(#r , p, t): density of CR particles of momentum p at position #r .

CR Propagation

We use the publicly available DRAGON code to numerically solve the 
propagation equation in the steady state approximation.  

The propagation of CRs in the Galaxy is described by: 
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Diffusion and Magnetic Fields

Diffusion

D(r , z ,R) = D0β
η(

R

R0

)δ exp (
r − r"
rd

) exp (
|z |

zd
)

CR Propagation

Diffusive Reacceleration
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Dpp: Diffusion in momentum space
In addition to spatial diffusion, the scattering of CRs on randomly
moving MHD waves leads to stochastic acceleration which is described as
diffusion in momentum space.

Dpp ∝
p2v2A
Dxx

The scattering of CRs on randomly moving magneto-hydro-dynamic 
(MHD) waves leads to diffusion in physical and momentum space.

The large scale Galactic magnetic field is generally assumed to be a 
bi-symmetrical spiral with small pitch angle. 

We assume a purely azimuthal regular magnetic field with the form:

[37, 41] and Eb ∼ 10 TeV. However, the actual observed flux of e± in our position from a pulsar has
a break that is related to the cooling time (from ICS and synchrotron radiation) of the e± during
their propagation in the ISM [34, 37]. To account for these effects, we choose to fit the properties of
a pulsar distribution following the parametrization of [37]:

Qp(r, z, t, E) = J0E
−ne−E/Mfp(r, z). (2.4)

M is a “statistical” cut-off, n the injection index for the distribution of pulsars,2

J0 =
ηW0Nb

Γ(2 − n)M2−nVgal
, (2.5)

(see Eq. 24 of [37]) with Nb the pulsar birth rate in the Galaxy and

Vgal =

∫ zmax

−zmax

∫ rmax

0
dz dr 2πr fp(r, z). (2.6)

fp(r, z) describes the spatial distribution of young and middle aged pulsars. Since pulsars have typical
kick 3D speeds of 200-400 km/s [42, 43] , a 105 yr old (middle aged) pulsar would move away from
its original position by ∼ 30 pc, and thus the spatial distribution of middle aged pulsars is practically
identical to that of their birth distribution in the Galaxy as given in [44]:

fp(r, z) ∝

(

r + R1

r$ + R1

)a

exp

[

−b

(

r − r"
r" + R1

)]

exp

[

−
| z |

z1

]

, (2.7)

with R1 = 0.55 kpc, z1 = 0.1 kpc, a = 1.64 and b = 4.

2.2 Diffusion and Magnetic Fields

Our galaxy is permeated by a large scale, so called regular, magnetic field, and by a randomly varying,
so called turbulent, magnetic field with comparable strength on the disk. The large scale galactic
magnetic field is generally assumed to be a bi-symmetrical spiral with a small pitch angle [45]. Here
we assume that the regular magnetic field is purely azimuthal, #B0 = B0φ̂, and has the form

B0 = Bh exp

(

−
r − r$

rh

)

exp

(

−
|z|

zh

)

. (2.8)

Based on the analysis of WMAP synchrotron intensity and polarization data in [46], as well as works
including extragalactic rotation measures [45, 47, 48, 49], we choose Bh = 3 µG and rh = 11 kpc,
with vertical scale zh = 2 kpc. Although, these values are affected by large uncertainties, they have
little impact on our analysis, since the magnetic field enters only in the electron energy losses, which
are anyway dominated by the ICS losses above few GeV.

The diffusion tensor can be in general decomposed in a component parallel to the direction of
the regular magnetic field, D‖, and a component describing diffusion perpendicular to the regular
magnetic field, D⊥. It can be shown [50] that, assuming cylindrical symmetry and that the regular
magnetic field is azimuthally symmetric, parallel diffusion is irrelevant and only D⊥ has an effect. We
consider then for simplicity that the diffusion is described by just one quantity the diffusion coefficient.

The diffusion coefficient is in general expected to depend on the position, because turbulence is
not uniformly distributed in the Galaxy.

In a pure phenomenological approach, we choose D to be described by:

D(r, z, R) = D0β
η(

R

R0
)δ exp (

r − r$
rd

) exp (
|z|

zd
) (2.9)

2Here as a statistical cut-off M and injection index n we consider those that describe the averaged e± flux measured
by many observers in the Galctic disk [37]. Since the IC γ-ray are studied in wide regions of the sky (an thus the
Galaxy) such an assumption is reasonable.

– 4 –

Phenomenologically, the weaker magnetic field, the stronger spatial 
diffusion. 
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CR Spectra

For the set of values of                  
we derive the other propagation
parameters                 by minimizing 
the       of B/C data.

(�, zd, rd)

(D0, ⌘, vA)
�2

Secondary to Primary

The injection spectral 
index of protons,     , is 
fitted to the PAMELA 
and CREAM data.

Proton flux has a 
broken power-law.

�p

Protons 
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CR Spectra

The predicted Helium and anti-proton fluxes are consistent with 
local data.

Helium Anti-proton
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We fit the electron spectral
index,    , to the low energy
              spectrum.

The averaged properties of
pulsars are determined by
high energy spectrum. 

�e

e� + e+

CR Spectra

•

•
•

Fermi (2010)
MAGIC (2011)
HESS (2008-9)

• PAMELA (2011)

• PAMELA (2010)

• Fermi (2011)

e� + e+

e�e+/(e� + e+)
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Diffuse Galactic Gamma Rays

The Reference model : 

� = 0.5

zd = 4 kpc rd = 20 kpc

A good combined fit to the 
local CR data and diffuse   -ray. �
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DM Component
We consider generic DM candidates annihilating into quarks, 
charged leptons and charged gauge bosons.

We use PAMELA electrons, PAMELA and Fermi positron 
fraction, as well as Fermi, MAGIC and H.E.S.S            spectra 
above 10 GeV.

We search for the maximum allowed DM annihilation rate 
fitting all of these data within     .

For the distribution of DM in our Galaxy we take Burkert 
profile.

e� + e+

3�

⇢�(r) =
⇢0

(1 + x)(1 + x

2)
, x =

r

ah

⇢�(R�) = 0.4 GeV/cm3, ah = 10.0 kpc
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µ+µ� Channel

For the leptophilic  
annihilation channels the 
lepton spectra induced 
by DM and pulsars are 
very similar. 

e� + e+

e+/(e� + e+) e�
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FIG. 9: Constraints for the heavy DM candidate in µµ channel. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW,
dashed: Burkert). The orange shaded region is the Fermi e+ + e− data 3σ fit region, and the green shaded region is the
PAMELA positron fraction 3σ fit region [104]. The black line gives the HESS 2σ upper limits from the analysis of [43].

In Fig. 9, we give the equivalent constraints for heavy WIMPs that annihilate into µ+µ− with the high energy
muons that are produced emitting EW gauge bosons which are responsible for the antiproton yield [44]. While being
an important source, the emission of the gauge bosons is not strong enough though, to exclude in most cases the
regions of parameter space compatible at 3σ with the fit of the PAMELA positron fraction and Fermi all-electron
measurement [104]. An interesting exception is the model with high convection, which excludes to 3σ most part of the
PAMELA 3σ fit region above mχ = 1 TeV. Since the presence of convection, hardens the p̄ fluxes, higher convection
models can draw tighter constraints on the heavier DM models than low (or no) convection models do. This can
clearly be seen by comparing the 3σ limits from the convection model between Fig. 8, 9 and 10. Thus to constrain
leptophilic heavy DM models, via p̄, we need to quantify better the level of convection in the Galaxy. The updated
upper limits from ARGO-YBJ [105] (see aslo [106]) at 2 TeV (p̄/p ≤ 0.05) and 5 TeV (p̄/p ≤ 0.06) do not put any
tighter constraints on these heavy WIMPs either. In Fig. 10 the results a light WIMP annihilating to bb̄ (to model
for the cases of strong couplings to quarks) are presented. Also we show for comparison the favored/excluded regions
of annihilation cross-sections connected to the favored/excluded spin-independent elastic scattering cross-sections
through Eq. 7. The couplings of the DM scalar φ to the quarks cq -by contact interaction terms- are proportional
to the Yukawa couplings. We show the equivalent region to the 90% C.L. favored region by CoGent in the data
released in 2010 [6] and their more recent 2011 results [7], as well as the region favored by DAMA/LIBRA [5] (without
channeling). Independent studies have also analyzed the region favored by the CoGent dataset where an hint of annual
modulation effect has been found, see, e.g., [49–51, 107]. For instance, the results of Ref. [107] suggest a slightly higher
WIMP-nuclear scattering cross-section, which would also give in a slightly higher annihilation cross-section; in Fig. 10
we present only the lower overall region related to [7]. Finally we give the equivalent to the recent limit 90% C.L.
from Xenon100 [48]. Our limits provide complementary constraints to direct detection limits below masses of 7 GeV.
We we note that, like Xenon100, our limits from all the models apart from the THN (thin halo) exclude the favored
regions by CoGent and DAMA, while the THN model excludes only the DAMA region. This result is similar (but
more constraining) to the result in [59] For a case where the DM particle is a vector, having also couplings to the
Yukawa the CoGent and DAMA regions move down by a factor of 3, which are still strongly constrained by the data
(for another analysis cross correlating antiproton and direct detection data for light WIMPs, see also [108]).
Also recently, [109–111] have suggested the possibility of reconciling the CoGent and DAMA favored regions with

the limits from CDMS and Xenon by having the coupling of DM to the proton vs the neutron different. This is done
either from violation of isospin [110, 111], or by having scatterings via both photon and Higgs echange [109]. These
works suggest that the preferred by the data, value for the ratio of the effective coupling of the DM particle to the
neutron fn, to the proton fp, is fn/fp ∼ −0.7 (−0.71 for [109]). Yet since in all these models, the suggested scattering
cross-section to the proton (that agrees with all the data) is higher by about 2 orders of magnitude compared to that

µ+µ� Constraint

Evoli, Cholis, 
Grasso, Maccione, 

Ullio
 (arXiv:1108.0664)

Galactic Halo Dark Matter and the Fermi-LAT Diffuse Measurement Gabrijela Zaharijas

Figure 2: DM limits, obtained by using the astrophysical model based on the cosmic ray source distribution
from direct observation of SNR, and a diffusive halo size of 4 kpc. Upper pannel: Limits on dark matter
models in which DM annihilates to bb̄, for DM distribution given by the NFW distribution (left) and isother-
mal distribution (right). Lower panel: The same, for DM annihilation to µ+µ�. In this case, regions of
parameter space which provide a good fit to PAMELA [15] (purple) and Fermi-LAT [16] (blue) cosmic ray
electron and positron data are shown, as derived in [18].

minimized, while maintaining 70% of the acceptance of the Diffuse event class at high energies)
and 21 months data, in the 800 MeV-100 GeV energy range. We further mask the point sources
from the 1FGL point sources catalogue. Notice, however, that we still keep the point sources
model in the fit since, especially at low energy, some flux is leaking from the point sources outside
the mask. Furthermore, we mask the bright Galactic plane, in order to minimize the uncertainty
brought in for example, by the modeling of the gas maps and numerous point sources. Finally, we
leave in the fit the following free parameters: overall normalization of H2, HI, IC and DM maps,
normalization and spectral index of the isotropic component and residual contribution from point
sources, for a total of 7 parameters.

At the moment, a difficulty involved in the analysis is the fact that the fit always prefers a
significant contribution of DM (for all DM channels and masses) making the procedure of setting
an upper limit not well defined. Conservatively, we use the procedure of attributing the observed
excess to not well modeled background and we set upper limits at the 3 sigma confidence level
above the best fit normalization of the DM contribution. However, a further drawback is that,
although the above astrophysical models derived for different CR source distributions and different
zh all describe reasonably well (not in a strict statistical sense, though) both the CR and the gamma-
ray data (see again [8]), the DM limits depend significantly on the choice of the model. Again,
here, we choose to be conservative and we quote as final upper limits the“worst" among the ones
obtained for the different models we explored, which come from a CR distribution modeled from
the observed distribution of SNRs and a zh =4 kpc.

5

Zaharijas,  Couoco, Yang, Conard
arXiv:1012.0588
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           ChannelW+W�

e� + e+

e+/(e� + e+) e�

For WIMP masses 
below             in order 
to fit the data within        
a small contribution of 
pulsars is needed. 

3�
⇠ 1 TeV
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FIG. 8: Constraints for the Wino model as function of the particle mass. The black line corresponds to the cross-section given
in Eq. 1. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW, dashed: Burkert).

detected antiproton. For the convective model CON, the relative contribution of local DM sources is still dominant,
especially for the cored Burkert DM profile and at low energies. For the other models the contribution of annihilations
in regions close to the Galactic center can be very large and is indeed the dominant one for dark matter density profiles
which are peaked towards the Galactic center (the annihilation rate is proportional to ρ2). One can also see small
differences between the Einasto and NFW profiles, which, as one can see in Fig. 1, have sizable differences only for
r ! 100 pc.

V. LIMITS ON DM MODELS FROM ANTIPROTON DATA

Since the p̄ produced in pp and pHe collisions in the ISM contribute significantly to the local p̄ flux in the observed
energy range, providing a very good fit of currently available data, and WIMP annihilations can be in principle
a copious source of p̄, antiprotons are a powerful channel to set limits on WIMP DM models. Still, as we just
discussed, the prediction for the WIMP signal is severely affected by uncertainties in the propagation model and the
DM distribution in the Galaxy. In the following, taking the conventional astrophysical contribution (background)
as obtained in the five propagation models listed in Table II (see also Fig. 2-7), we consider the three DM WIMP
scenarios introduced in Section II and derive constraints on the DM annihilation cross-section, for a specific DM mass
and our three reference spherical dark matter profile, by requiring that the total antiproton flux is within 3σ to the
combination of all the p̄ flux data points.
We clarify that those constraints are not the most conservative constraints. In fact they are the strongest constraints

we could get, by having propagation models that fit already the B/C flux ratio, the p and He fluxes and also give
good fit to the p̄ flux. Significantly weaker constraints on DM have been drown by allowing for greater uncertainties
in p̄ background flux [20, 37, 38]. The most conservative upper limits on DM models come from being completely
agnostic about p̄ background fluxes, setting limits by demanding that the DM p̄ flux does not exceed the measured p̄
flux at any energy by more than 3σ [37]. Such a method provides more robust constraints. On the other hand the
advantage of our method is that it provides more realistic constraints.
In Fig. 8 we present our 3σ limits with three different spherical halo profiles (Einasto, NFW, Burkert), for the

non-thermal Wino DM models up to 500GeV. The most tight constraints come from the thick (THK) propagation
model, which probes a larger part of the dark halo, while the thin halo, for the opposite reason gives the weakest
constraints similarly to the work by [103]. Yet even the thin diffusion model excludes a Wino DM lighter than 230
GeV at 3σ level for all profiles studied. Thus models such as [26, 27], that have been suggested by [36] to explain the
rise of the positron fraction measured by PAMELA [2] are excluded. Note that the more conventional diffusion zone
KRA and KOL models can exclude Wino DM up to 500 GeV.

Evoli, Cholis, Grasso, Maccione, Ullio 
(arXiv:1108.0664)

               ConstraintW+W�

Anti-protons put more stringent 
constraints on WIMP annihilation 
cross section with respect to 
leptons.
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m� = 400 GeV �v = 8.25⇥ 10�24 m� = 1000 GeV �v = 2.2⇥ 10�23

WIMP models with large mass and cross section annihilating 
to W gauge bosons, which are allowed by leptons data, are 
excluded by diffuse gamma-ray data.

PreliminaryPreliminary

               ConstraintW+W�

15



• A model of CR propagation and interstellar medium which is 
consistent with CRs and diffuse gamma spectral data is used 
as a background.

• Electrons, positron fraction and total electrons spectra are 
used to constrain the WIMP annihilation properties.

• The limits on the leptophilic DM annihilating to muons are 
the most tight ones in this analysis.

• Adding a new piece of information, by using diffuse gamma 
emissions in different regions of the sky, we can constraints 
further the DM annihilation/decay properties. (work in prep)

Summary
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