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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.

16

Indirect Detection: basics



N
SN

S

N
S

N
S

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V -V -V -V -V

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V -V -V -V -V

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V -V -V -V -V

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V -V -V -V -V

⇥f

⇥t
�K(E) ·⇤2f � ⇥

⇥E
(b(E)f) +

⇥

⇥z
(Vcf) = Qinj � 2h�(z)�spallf

h 2L

diffusion energy loss convective wind source spallations

Salati, Chardonnay, Barrau, 
Donato, Taillet, Fornengo, Maurin, 

Brun... ‘90s, ‘00s

spectrum

    and      from  DM annihilations in halop̄ e+

[uncert]

Indirect Detection: charged CRs



Indirect Detection: charged CRs

Cirelli, Gaggero, Giesen, Taoso, Urbano 1407.2173
cfr. Evoli, Cholis, Grasso, Maccione, Ullio, 1108.0664 

    and      from  DM annihilations in halop̄ e+

Lthickness

diffusion

diff. reacc.

{
p index

convection
solar mod.

Donato et al., 2003+



AMS-01 
Caprice

BESS
Caprice

Solar wind Modulation of cosmic rays:

spectrum  
at Earth

d�p̄�
dT�

=
p2
�

p2

d�p̄

dT
, T = T� + |Ze|�F

spectrum  
far from Earth

Fisk  
potential �F � 500 MV

PAMELA

(11 yr)

Indirect Detection: charged CRs



Solar wind Modulation of cosmic rays:

spectrum  
at Earth

d�p̄�
dT�

=
p2
�

p2

d�p̄

dT
, T = T� + |Ze|�F

spectrum  
far from Earth

Fisk  
potential �F � 500 MV

Indirect Detection: charged CRs

�F ' 900 MV

E.g.

Boudaud, Cirelli, 
Giesen, Salati, 

1412.5696



Propagated fluxes

10�1 1 10 102 103 104
10�8

10�7

10�6

10�5

10�4

10�3

anti�proton kinetic energy K �GeV⇥

d⇤
⌥⇤dlo

g
K
⌥GeV

⌅�par
tic
le
s⌥m2 s

sr
⇥

Ann DM DM ⇧ bb⇧⌅v⌃⇥10�26cm3⌥s
Einasto

MDM ⇥ 1000 GeV

MED
MAX

MIN

10�1 1 10 102 103 104
10�7

10�6

10�5

10�4

10�3

anti�proton kinetic energy K �GeV⇥
d⇤
⌥⇤dlo

g
K
⌥GeV

⌅�par
tic
le
s⌥m2 s

sr
⇥

Ann DM DM ⇧ bb⇧⌅v⌃⇥10�26cm3⌥s
MAX

MDM ⇥ 1000 GeV

EinastoB
Einasto
Moore
NFW
Isothermal
Burkert

10⇥1 1 10 102 103 104

10⇥4

10⇥3

10⇥2

10⇥1

1

10

anti⇥proton kinetic energy K �GeV⇥

d⌅
⇧⇤dlo

g
K
⇧GeV

⌅�par
tic
le
s⇧m2 s

sr
⇥

Decay DM ⌃W�W⇥

⇧⇤1026s
NFW

MDM ⇤ 1000 GeV

MED
MAX

MIN

10⇥1 1 10 102 103 104
10⇥3

10⇥2

10⇥1

1

anti⇥proton kinetic energy K �GeV⇥

d⌅
⇧⇤dlo

g
K
⇧GeV

⌅�par
tic
le
s⇧m2 s

sr
⇥

Decay DM ⌃W�W⇥

⇧⇤1026s
MAX

MDM ⇤ 1000 GeV

EinastoB
Einasto
Moore
NFW
Isothermal
Burkert

Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Varying prop parameters Varying halo profile

Almost 2 orders of magnitude Almost 1 order of magnitude

Bottom line: Antiprotons are quite affected by propagation, 
but spectral shape somewhat preserved

Antiprotons Cirelli, Panci, Sala et al., 1012.4515
Boudaud, Cirelli, Giesen, Salati 1412.5696
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Indirect Detection
Background computations for antiprotons:
Uncertainties:
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Indirect Detection
Background computations for antiprotons:
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Indirect Detection
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Indirect Detection
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Antiproton data vis-à-vis the background:
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evident  
excess

Some  
preference 
for flatness 



Constraints



�
What if a signal of DM is  already  hidden  
in Fermi diffuse     data from the GC?

bb  
35.25 GeV 
2.15 x 10-26 cm3/s

Best fit:  
∼35 GeV, quarks, ∼thermal σv

GC GeV gamma excess?

A compelling case 
for annihilating DM 

Daylan, Finkbeiner, Hooper, Linden,  
Portillo, Rodd, Slatyer 1402.6703

Using events with accurate  
directional reconstruction
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Fermi-LAT excess 

Antiproton constraints may be 
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What if a signal of DM is  already  hidden  
in Fermi diffuse     data from the GC?
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Assumption: conservative solar modulation
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Antiproton constraints compared:
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How come?!? The devil is in the (CR propagation) details: 
solar modulation, convection, primary injection spectrum, tertiaries... 

GC GeV gamma excess?



Model independent bounds
Based on AMS-02          data (april 2015)p̄/p ‘AMS-02 days’ at CERN,

15-17 april 2015
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Conclusions
DM not seen yet (Damn!...)

Constraints are stronger and stronger

Antiproton constraints are interesting 
and competitive with (e.g.) gamma ray ones. 
But they have important uncertainties.
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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived,  
feebly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

- weak-scale mass (10 GeV - 1 TeV) 
- weak interactions 
- give automatically correct abundance

�v = 3 · 10�26cm3/sec



Introduction

DM is a neutral, very long lived,  
feebly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

DM need not be absolutely stable,  
just                                                  .�DM � �universe � 4.3 1017sec
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].

6

DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore 
  mild: Einasto 
  smooth: isothermal, Burkert

At small r: �(r) � 1/r�
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto 

(effect of baryons?)

6 profiles:

Cirelli et al.,
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Local clumps in the DM halo enhance the density.
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T kinetic energyDM annihilation
halo prop a0 a1 a2 a3 a4 a5

MIN 0.9251 0.6464 -0.3105 -0.0917 0.0406 -0.0039
NFW MED 1.8398 0.5345 -0.2930 -0.0439 0.0252 -0.0025

MAX 2.6877 -0.1339 -0.1105 0.0170 -0.0010 0.0000
MIN 0.9455 0.6282 -0.3175 -0.0807 0.0373 -0.0036

Moo MED 1.8714 0.5922 -0.2815 -0.0629 0.0304 -0.0029
MAX 2.7960 -0.1231 -0.1164 0.0188 -0.0013 0.0000
MIN 0.9191 0.6493 -0.3104 -0.0922 0.0407 -0.0039

Iso MED 1.7969 0.4441 -0.3128 -0.0159 0.0179 -0.0019
MAX 2.5071 -0.1557 -0.0990 0.0135 -0.0005 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

Ein MED 1.8804 0.5813 -0.2960 -0.0502 0.0271 -0.0027
MAX 2.7914 -0.1294 -0.1115 0.0165 -0.0008 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

EiB MED 1.9505 0.6984 -0.3038 -0.0689 0.0331 -0.0032
MAX 3.0003 -0.1225 -0.1102 0.0138 -0.0000 -0.0001
MIN 0.9175 0.6429 -0.3133 -0.0902 0.0404 -0.0039

Bur MED 1.7426 0.3736 -0.3127 -0.0027 0.0140 -0.0016
MAX 2.3763 -0.1637 -0.0948 0.0123 -0.0003 -0.0000

Figure 9: Propagation function for antiprotons
from annihilating DM, for the di�erent halo profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (30).
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halo prop a0 a1 a2 a3 a4 a5

MIN 0.9175 0.6429 -0.3121 -0.0910 0.0406 -0.0039
NFW MED 1.7507 0.3892 -0.3101 -0.0070 0.0151 -0.0016

MAX 2.4353 -0.1549 -0.1004 0.0144 -0.0007 -0.0000
MIN 0.9179 0.6431 -0.3132 -0.0902 0.0404 -0.0038

Moo MED 1.7534 0.3933 -0.3095 -0.0077 0.0153 -0.0017
MAX 2.4430 -0.1541 -0.1001 0.0144 -0.0009 0.0000
MIN 0.9171 0.6434 -0.3134 -0.0903 0.0404 -0.0039

Iso MED 1.7450 0.3770 -0.3128 -0.0033 0.0142 -0.0016
MAX 2.4095 -0.1580 -0.0988 0.0139 -0.0006 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

Ein MED 1.7554 0.3959 -0.3096 -0.0082 0.0154 -0.0017
MAX 2.4466 -0.1543 -0.1007 0.0144 -0.0007 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

EiB MED 1.7600 0.4044 -0.3083 -0.0104 0.0160 -0.0017
MAX 2.4612 -0.1530 -0.1012 0.0145 -0.0007 -0.0000
MIN 0.9165 0.6419 -0.3141 -0.0898 0.0403 -0.0039

Bur MED 1.7352 0.3616 -0.3150 0.0006 0.0132 -0.0015
MAX 2.3956 -0.1570 -0.0998 0.0144 -0.0007 0.0000

Figure 10: Propagation function for antiprotons
from decaying DM, for the di�erent halo profiles and
sets of propagation parameters, and the corresponding fit
parameters to be used in eq. (30).
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K and momentum p of charged cosmic rays such that the energy spectrum d�p̄�/dK� of
antiprotons that reach the Earth with energy K� and momentum p� (sometimes referred to
as Top of the Atmosphere ‘ToA’ fluxes) is approximatively related to their energy spectrum
in the interstellar medium, d�p̄/dK, as [123]

d�p̄�

dK�
=

p2
�

p2

d�p̄

dK
, K = K� + |Ze|�F , p2 = 2mpK + K2. (31)

The so-called Fisk potential �F parameterizes in this e⇥ective formalism the kinetic energy
loss. A value of �F = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The di⇥usion equation is still the one in eq. (24).
In it:
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