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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived,  
weakly 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
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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



Fluxes at production

energy

Flux

DM

background?

So what are the  
particle physics  
parameters?



Fluxes at production

energy

Flux

DM

background?

So what are the  
particle physics  
parameters?

1. Dark Matter mass

MDM



Fluxes at production

energy

Flux

DM

background?

So what are the  
particle physics  
parameters?

1. Dark Matter mass  
2. primary channel(s)

MDM



Fluxes at production

energy

Flux

DM

background?

So what are the  
particle physics  
parameters?

1. Dark Matter mass  
2. primary channel(s) 
3. cross section

MDM

σν



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
C

-V
C

-V
C

-V
C

-V
C

    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
C

-V
C

-V
C

-V
C

-V
C

    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
C

-V
C

-V
C

-V
C

-V
C

    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
C

-V
C

-V
C

-V
C

-V
C

⇥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+



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V
C

-V
C

-V
C

-V
C

-V
C

⇥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



10�3 10�2 10�1 1 10 102
10�2

10�1

1

10

102

103

104

10⇤⇤ 30⇤⇤1⇤ 5⇤ 10⇤ 30⇤ 1o 2o 5o10o20o45o

r �kpc⇥

⇥ D
M
�GeV

⇤cm3 ⇥

Angle from the GC �degrees⇥

NFW

Moore

Iso

Einasto EinastoB

Burkert

r
�

⇥
�

DM halo � rs [kpc] ⇥s [GeV/cm3]

NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

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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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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NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

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.,
1012.4515
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Antiprotons
Recent developments Cuoco, Krämer, Korsmeier 1610.03071

finds a possible excess

mDM = 80 GeV, bb, 
thermal cross-section

excess exists

but significance ~1σ,
given all uncertainties

similarly: 
Cui, Yuan, Tsai, Fang 1610.03840 
Huang + 1611.01983  (light mediators) 
Feng, Zhang 1701.02263 
Cuoco, Heisig, Krämer, Korsmeier 1704.08258 
Boschini+ (Galprop) 1704.06337 (but οnly 1σ)
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However:
Dark Matter interpretation
‣ increased precision brings increased tension 

“The improved accuracy of AMS-02 on the lepton flux  
  now excludes channels previously allowed.”

‣constraints: gamma rays, neutrinos, CMB…

Planck 2015 (1502.01589)
T.Slatyer 1506.03811

‣combination of annihilation channels are possible
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ν, ν̄ from annihil in massive bodies
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 from annihil in galactic center or halo 
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FERMI

Constraints
FERMI 1503.02641

Dwarf galaxies



S. Murgia for FERMI-LAT - ICRC 2015 
T. Porter for FERMI-LAT - ICRC 2015 #815 

Fermi coll. 1511.02938

GC GeV excess
Dark Matter interpretation:



GC GeV excess
Dark Matter interpretation:

S. Murgia for FERMI-LAT - ICRC 2015 
T. Porter for FERMI-LAT - ICRC 2015 #815 

Fermi coll. 1511.02938



GC GeV excess
Dark Matter interpretation:

bb  
35.25 GeV 
2.15 x 10-26 cm3/s

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

A compelling case 
for annihilating DM 

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

F. Calore et al. 1411.4647

…as good as it can get.
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GC GeV excess
Dark Matter interpretation:
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Dark Matter interpretation:
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2015
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GC GeV excess

D. Gaggero et al 1507.06129

DM
spike‘p

re
fe

rre
d’

‘d
is

fa
vo

re
d’

An additional steady-source spike of CRs (from SNRs?) that emit via ICS 

F. Calore 1506.05119

Leptonic outbursts: old + young (1 + 0.1 Myr) 
(but even this is not ideal)

Bartels…Weniger 1506.05104 

‘Astro’ interpretation(s):

Unresolved point sources (MSPs?)

Lee, Lisanti…Slatyer 1506.05124

What does the FERMI coll. say? 
Unclear…

• Excess exists (1511.02938), adding 
DM improves the fit.

• Excesses elsewhere in the GP, the 
GC one not significant (1704.03910).

• We found point sources! DM 
‘strongly disfavored’ (1705.00009v1).

• Sure? (Bartels et al., 1710.10266)
• Ah, no, sorry, we had a mistake 

(1705.00009v2).
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     from  DM annihilations in galactic center
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     from  DM annihilations in galactic center/halo�

ICECUBE & Antares

Icecube Coll., 1705.08103 

Competitive   
constraints 
(especially for large mDM)

ID with neutrinos



DM

ν

ν

Sun Earth

     from  DM annihilations in the Sun�

Include oscillations + interactions:
- reshuffling of the 3 flavors 
- distortions the spectra 
- attenuations of the fluxes

ID with neutrinos
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ID with neutrinos
ICECUBE, Antares & SuperKamiokande

Competitive  
constraints

status as of ICRC 2017, 
C. Rott, rapporteur talk,  

1712.00666

Subdominant 
constraints



DM detection

production at colliders

direct detection

indirect from annihil in galactic halo or center

from annihil in galactic halo or centerp̄

ν, ν̄ from annihil in massive bodies

from annihil in galactic halo or center

 from annihil in galactic center or halo 
 and from secondary emission

GAPS, AMS

�

d̄

e+

SK, Icecube, Km3Net

Fermi, ICT, radio telescopes...

PAMELA, Fermi, HESS, AMS,balloons…
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Indirect DetectionIndirect Detection
 from  DM annihilations in halod̄

p̄

n̄



Indirect DetectionIndirect Detection
 from  DM annihilations in halod̄

d̄p̄

n̄

‘coalescence’

�d̄
d3Nd̄

d⌥k3
d̄⇤ ⇥� ⌅

d̄-density in
momentum space

=
4⇥

3
p3
0�n̄

d3Nn̄

d⌥k3
n̄⇤ ⇥� ⌅

probability to find
n̄ within a sphere

of radius p0 around ⇧kp̄

in momentum space

· �p̄
d3Np̄

d⌥k3
p̄⇤ ⇥� ⌅

p̄-density in
momentum space

coalescence momentum 

Donato, Fornengo, Salati 1999 
Donato, Fornengo, Maurin 2008 
Bräuninger, Cirelli 2009 
Kadastik, Raidal, Strumia, 2009 
… 
Vittino, Fornengo, Maccione 2013 
Aramaki et al., 2015 p0 ' |~kp̄ � ~kn̄| ⇡ 80 ! 200 MeV
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event-by-event 
with Pythia



Indirect DetectionIndirect Detection
 from  DM annihilations in halod̄

d̄p̄

n̄

‘coalescence’
coalescence momentum 

Donato, Fornengo, Salati 1999 
Donato, Fornengo, Maurin 2008 
Bräuninger, Cirelli 2009 
Kadastik, Raidal, Strumia, 2009 
… 
Vittino, Fornengo, Maccione 2013 
Aramaki et al., 2015 p0 ' |~kp̄ � ~kn̄| ⇡ 80 ! 200 MeV

0.1 0.12 0.14 0.16 0.18 0.2 0.222x10−6

5x10−6

10−5

p0 [GeV]

R
d

p0 = 195± 22 MeV

e+ e- → anti-d 
ALEPH coll.,  
PLB 369 (2006)

Vittino, Fornengo, Maccione 2013

NB naïve guess would be p0 = √Eb mp = 47 MeV
      (with Eb  the d  binding energy): not too far…



Indirect Detection
 from  DM annihilations in halod̄

� Conventional method of magnetic mass spectrometer is not optimal for GAPS. 

GAPS Detection Technique
g p p

(Very large magnets with thin detector materials are needed for a deep survey). 
_
D

�- Auger e-
Atomic Transitions

n l
�

�

Si

_
D

TOF
�-

�-

44keV

�+ Refilling e-

n=nK~15

no,lo

n=9

Exotic Atom

Si(Li)

1. Once D is slowed down and stopped in the target, 

30keV 67keV
�- �

�

�

n=6

n=7

n=8

n=9
( )

Ladder

�+

�+

2. an excited exotic atom is formed, 
3. which deexcites with emitting X-rays, 
4. and annihilates with producing a pion shower. 

�
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�
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H
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n=1
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��

Deexcitations
�n=1, �l=1

� Detection principle was verified and 
high X-ray yield was shown in accelerator 
tests (KEK antiproton beam, ]04 - ]05).



 if nn

�� Nuclear
Annihilation

����

��

GAPS detection principle

DM signal in the reach  
of GAPS and AMS-02

     is slowed down,  
captured (exotic atom),  
annihilates w distinctive emissions

d̄

P. von Doetinchem et al., 2015
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direct detection

indirect from annihil in galactic halo or center

from annihil in galactic halo or centerp̄
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update: Blum, Ng et al (1704.05431) 
find very high bkg calibrating on ALICE data
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FIG. 2. As in fig. 1, but for the predicted antiproton and antideuteron fluxes for 100 GeV (yellow lines) and 1 TeV (blue lines) dark matter
particles pair-annihilating into W+W � (left panel) and b̄b (right panel), normalized to yield one 3He per year overall. Spectra are computed
using �F = 500 MV, MethodAnn and MAX propagation.

(for the antideuteron flux predictions).
The figure illustrates that even generously accounting for

uncertainties in the coalescence process, antiproton fluxes
are too large for the W+W� annihilation final state (left
panel). However, for the b̄b final state, it is possible to
marginally be consistent with antiproton data. While this
is possible for various combinations of the propagation se-
tups, 3He-ISM interaction method and �F , all require setting
pA=3
0 to its maximum value. The scenario shown in the fig-

ure requires a thermally averaged pair-annihilation cross sec-
tion of h�vi = 3.58 ⇥ 10�23 cm3/s, which is inconsistent
with constraints from gamma-ray observations of local dwarf-
spheroidal (dSph) galaxies with the Fermi Large Area Tele-
scope (LAT) [20]. Moreover, AMS would expect, across the
entire available energy range, to observe about three 3He per
year rather than one.

Fig. 2 makes a different assumption about the tentative an-
tihelium events, and it shows results for masses of 100 GeV
(yellow) and 1 TeV (blue). Here we assume that the overall

antihelium event rate for T > 0.5 GeV/n is one event per year,
as the AMS collaboration roughly indicated. Once again,
the uncertainties in the antiproton and antideuteron fluxes are
driven primarily by the uncertainties in the coalescence pro-
cesses for 3He and D formation. The spectra in this figure
were computed using �F = 500 MV, MethodAnn and MAX
propagation.

A 100 GeV DM particle annihilating into W+W� is un-
able to explain the single 3He per year event rate without vi-
olating AMS’s p bounds. Annihilation into b̄b bodes better
to suppress constraints from antiproton fluxes. For 1 TeV we
find that one can get one antihelium event per year at AMS
without violating antiproton constraints or antideuteron con-
straints with only slight tension with antiproton constraints for

100 GeV. For this mass the required cross section is h�vi =
7.30 ⇥ 10�26 cm3/s while for m� = 1 TeV the cross section
is h�vi = 4.78 ⇥ 10�25 cm3/s. These cross sections are a
factor of ⇠ 2 above the Fermi-LAT dSph bound.

Furthermore, the flat antihelium spectrum from the bb̄ fi-
nal state means that an event rate of one 3He per year over
all energy bins is compatible with the single event whose en-
ergy is known for large enough dark matter mass. The prob-
ability of observing an antihelium particle with momentum
p = 40.3 ± 2.9 GeV is 21% for the 1 TeV case.

Assuming a DM explanation for the tentative 3He events,
the antiproton flux from dark matter would contribute signif-
icantly to the total antiproton flux at higher energies, perhaps
compatibly with a possible weak excess of energetic antipro-
tons [21, 22]. AMS-02 and GAPS would also be likely to de-
tect a significant amount of antideuterons, but non-detection

is also possible within the full range of values for the coales-

cence momenta.
Since the known 3He event is at relatively large momen-

tum, the level of the astrophysical background is a possible
concern. App. A of Ref. [4] and Ref. [23] study the astrophys-
ical antihelium background level, which indeed peaks only
slightly below 10 GeV/n. However, both find the background
level is at most at a few 10�11 (m2 s sr GeV/n)�1, much
below the level required to explain the reported antihelium
events. While Ref. [24] recently suggested the background
may be 1-2 orders of magnitude larger, that would still be
about an order of magnitude less than required to give one
event per year at AMS. A secondary cosmic-ray origin for the
reported events is therefore highly unlikely.

Finally, we comment on constraints from gamma rays and
other indirect searches. For the masses and cross sections
we consider, there could be tension with gamma-ray obser-

update: Blum, Ng et al (1704.05431) 
find very high bkg calibrating on ALICE data

update: 
Coogan, Profumo (1705.09664) 
find 5 He from DM in 5yrs possible 
in AMS, barely compatible with p, D
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Conclusions
DM not seen yet (Damn!...)

ID with cosmic rays is in principle 
a very powerful tool, but: 

in e±: long standing ‘excesses’ 
in p: still large uncertainties 
in d: challenging flux 
in He: hopeless? who knows 
in ν: challenging detection 
in γ: astrophysical background 

Solution: 
- multimessenger         - switch-off astrophysics
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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].
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DM halo profiles
From N-body numerical simulations:
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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
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- 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.
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comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
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6

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.,
1012.4515



Local clumps in the DM halo enhance the density.
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Propagation for antiprotons:

diffusion convective wind
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Propagation for antiprotons:

diffusion convective wind

Solution:

⇥f

⇥t
�K(T ) ·⇤2f +

⇥

⇥z
(sign(z) f Vconv) = Q� 2h �(z) �annf

K(T ) = K0� (p/GeV)�

spallations

Model � K0 in kpc2/Myr L in kpc Vconv in km/s
min 0.85 0.0016 1 13.5
med 0.70 0.0112 4 12
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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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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
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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:

28
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e+ e- → anti-d 
ALEPH coll.,  
PLB 369 (2006)

Vittino, Fornengo, Maccione 2013

NB naïve guess would be p0 = √Eb mp = 47 MeV
      (with Eb  the d  binding energy): not too far…
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� Conventional method of magnetic mass spectrometer is not optimal for GAPS. 

GAPS Detection Technique
g p p

(Very large magnets with thin detector materials are needed for a deep survey). 
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update: Blum, Ng et al (1704.05431) 
find very high bkg calibrating on ALICE data
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FIG. 2. As in fig. 1, but for the predicted antiproton and antideuteron fluxes for 100 GeV (yellow lines) and 1 TeV (blue lines) dark matter
particles pair-annihilating into W+W � (left panel) and b̄b (right panel), normalized to yield one 3He per year overall. Spectra are computed
using �F = 500 MV, MethodAnn and MAX propagation.

(for the antideuteron flux predictions).
The figure illustrates that even generously accounting for

uncertainties in the coalescence process, antiproton fluxes
are too large for the W+W� annihilation final state (left
panel). However, for the b̄b final state, it is possible to
marginally be consistent with antiproton data. While this
is possible for various combinations of the propagation se-
tups, 3He-ISM interaction method and �F , all require setting
pA=3
0 to its maximum value. The scenario shown in the fig-

ure requires a thermally averaged pair-annihilation cross sec-
tion of h�vi = 3.58 ⇥ 10�23 cm3/s, which is inconsistent
with constraints from gamma-ray observations of local dwarf-
spheroidal (dSph) galaxies with the Fermi Large Area Tele-
scope (LAT) [20]. Moreover, AMS would expect, across the
entire available energy range, to observe about three 3He per
year rather than one.

Fig. 2 makes a different assumption about the tentative an-
tihelium events, and it shows results for masses of 100 GeV
(yellow) and 1 TeV (blue). Here we assume that the overall

antihelium event rate for T > 0.5 GeV/n is one event per year,
as the AMS collaboration roughly indicated. Once again,
the uncertainties in the antiproton and antideuteron fluxes are
driven primarily by the uncertainties in the coalescence pro-
cesses for 3He and D formation. The spectra in this figure
were computed using �F = 500 MV, MethodAnn and MAX
propagation.

A 100 GeV DM particle annihilating into W+W� is un-
able to explain the single 3He per year event rate without vi-
olating AMS’s p bounds. Annihilation into b̄b bodes better
to suppress constraints from antiproton fluxes. For 1 TeV we
find that one can get one antihelium event per year at AMS
without violating antiproton constraints or antideuteron con-
straints with only slight tension with antiproton constraints for

100 GeV. For this mass the required cross section is h�vi =
7.30 ⇥ 10�26 cm3/s while for m� = 1 TeV the cross section
is h�vi = 4.78 ⇥ 10�25 cm3/s. These cross sections are a
factor of ⇠ 2 above the Fermi-LAT dSph bound.

Furthermore, the flat antihelium spectrum from the bb̄ fi-
nal state means that an event rate of one 3He per year over
all energy bins is compatible with the single event whose en-
ergy is known for large enough dark matter mass. The prob-
ability of observing an antihelium particle with momentum
p = 40.3 ± 2.9 GeV is 21% for the 1 TeV case.

Assuming a DM explanation for the tentative 3He events,
the antiproton flux from dark matter would contribute signif-
icantly to the total antiproton flux at higher energies, perhaps
compatibly with a possible weak excess of energetic antipro-
tons [21, 22]. AMS-02 and GAPS would also be likely to de-
tect a significant amount of antideuterons, but non-detection

is also possible within the full range of values for the coales-

cence momenta.
Since the known 3He event is at relatively large momen-

tum, the level of the astrophysical background is a possible
concern. App. A of Ref. [4] and Ref. [23] study the astrophys-
ical antihelium background level, which indeed peaks only
slightly below 10 GeV/n. However, both find the background
level is at most at a few 10�11 (m2 s sr GeV/n)�1, much
below the level required to explain the reported antihelium
events. While Ref. [24] recently suggested the background
may be 1-2 orders of magnitude larger, that would still be
about an order of magnitude less than required to give one
event per year at AMS. A secondary cosmic-ray origin for the
reported events is therefore highly unlikely.

Finally, we comment on constraints from gamma rays and
other indirect searches. For the masses and cross sections
we consider, there could be tension with gamma-ray obser-

update: Blum, Ng et al (1704.05431) 
find very high bkg calibrating on ALICE data

update: 
Coogan, Profumo (1705.09664) 
find 5 He in 5yrs in AMS possible, 
marginally compatible with p, D


