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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

see e.g. T. Tait’s talk  - ICRC2015



?Dark  
Matter



?Dark  
Matter



?
‘direct detection’

Underground physics

Dark  
Matter



?
‘production’

Collider physics

Dark  
Matter

‘direct detection’

Underground physics



?
‘indirect detection’

Space physics

Dark  
Matter

‘production’

Collider physics

‘direct detection’

Underground physics



?
‘indirect detection’

Space physics

Dark  
Matter

‘production’

Collider physics

‘direct detection’

Underground physics

e+
p̄ ν, ν̄� d̄



?
‘indirect detection’

Space physics

Dark  
Matter

‘production’

Collider physics

‘direct detection’

Underground physics

e+
p̄ ν, ν̄� d̄

see T. Tait’s talk 
ICRC2015



?
‘indirect detection’

Space physics

Dark  
Matter

‘production’

Collider physics

‘direct detection’

Underground physics

e+
p̄ ν, ν̄� d̄

see T. Tait’s talk 
ICRC2015



?
‘indirect detection’

Space physics

Dark  
Matter

‘production’

Collider physics

‘direct detection’

Underground physics

e+
p̄ ν, ν̄� d̄

see T. Tait’s talk 
ICRC2015



Charged CRs



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .DM

DM

Indirect Detection: basics



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels

DM

DM

Indirect Detection: basics



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels de

ca
y

DM

DM

Indirect Detection: basics



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels

final  
products

de
ca

y

DM

DM

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x

e� primary spectra

MDM ⇤ 10 GeV

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x

e� primary spectra

MDM ⇤ 100 GeV

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x
e� primary spectra

MDM ⇤ 1000 GeV

DM annihilation channel

V⌥⇧
⌅
g
h115
Z
W
t
b
q
⌃
⇧
e

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 10000 GeV

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.
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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?)
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the uptick in the final VERITAS data point”
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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

M. Boudaud - ICRC2015 #1183



Astro interpretation
M. Di Mauro 
ICRC2015 
#1177

C. Grimani  - ICRC2015 #457Also: magnetars consistent with known properties

secondaries
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Anisotropy?

A. Kounine  - ICRC2015 #300
S. Ting - ICRC2015

Other astro

Dark MatterCosmic‐Ray Electron Anisotropy

ICHEP 2010 R.P. Johnson 16

Submitted to Phys. Rev. D

• No significant anisotropy 

is observed in the CR 

electron flux.

• The results can rule out 

dominance of a very 

bright nearby source.

Significance of 

deviations from the 

mean rate.

3 upper limits 
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Preliminary

3 upper limits 

from data

Vela

Monogem

Galprop

Preliminary

Fermi coll., 1008.5119
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Discriminating
Shape of the spectrum?

S. Ting - ICRC2015

Anisotropy?

A. Kounine  - ICRC2015
S. Ting - ICRC2015

Other astro

Dark Matter

M. Boudaud - ICRC 2015

3 upper limits 

from data

Vela

Monogem

Galprop

Preliminary

Fermi coll., 1008.5119

AMS02

I. Gebauer  - ICRC2015

In the near  
future: 

- CTA will measure  
the fraction 

- DAMPE e++e- 

- CALET e++e-

J. Vandenbroucke ICRC 2015 #799

X. Wu, V. Gallo  - ICRC2015 #1199

H. Motz  - ICRC2015 #1194
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A. Kounine - AMS days @ CERN apr 2015 - ICRC2015
S. Ting - AMS days @ CERN apr 2015 - ICRC2015

Data: antiprotons

p/p

AMS-02
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No  
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Some  
preference 
for flatness 

Antiproton data vis-à-vis the secondaries:
Antiprotons
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V. Choutko - ICRC2015 #260 S. Haino - ICRC2015 #51 
S. Ting  - ICRC2015

M. Boezio  - ICRC2015

Data: protons & He

V. Choutko footnote 23 - ICRC2015 #260

Now in better agreement with PAMELA:

M. Boezio  - ICRC2015

p He

AMS-02 AMS-02

Uncertainties on production and 
propagation are crucial:

I. Moskalenko - ICRC2015 #495 
Y. Génolini - ICRC2015 #539



P.D. Serpico - ICRC 2015

Antiprotons
M. Boudaud- ICRC2015 #1184

Antiproton data vis-à-vis the secondaries:



Dark Matter interpretation
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M. Boudaud - ICRC2015 #1184
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Based on AMS-02          data (april 2015)p̄/p
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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 
Kadastik, Raidal, Strumia, 2009 
… 
Vittino, Fornengo, Maccione 2013 
Aramaki et al., 2015 p0 ' |~kp̄ � ~kn̄| ⇡ 80 ! 200 MeV



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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��

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 - ICRC 2015 #1218P. von Doetinchem - ICRC 2015 #1219
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1b. line(s) 1c. sharp features 

How does DM produce     -rays?�
1. prompt emission environment-independent

environment-dependent

1a. continuum 

2. secondary emission 
2a. ICS 2b. bremsstrahlung 2c. synchrotron

mDMmDM mDM
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Constraints

FERMI 1503.02641

Dwarf galaxies

M. Wood - ICRC 2015 #1226

FERMI
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FERMI + MagicFERMI

B. Zitzer - VERITAS - ICRC 2015 #1225

Constraints
Dwarf galaxies

Veritas

Also HAWC
B. Dingus -  
ICRC 2015 #1213

M. Wood - ICRC 2015 #1206



FERMI + MagicFERMI

Constraints
Dwarf galaxies

Veritas

V. Bonnivard - ICRC 2015 #1176

Beware of uncertainties!:

Also HAWC
B. Dingus -  
ICRC 2015 #1213B. Zitzer - VERITAS - ICRC 2015 #1225

M. Wood - ICRC 2015 #1206



Constraints

WW, NFW

J. Palacio - ICRC 2015 #1204

Magic
HESS

V. Lefranc - ICRC 2015 #1208M. Kieffer - ICRC 2015 #1229

HESS

Perseus cluster

actual limits

future sensitivity

Perseus cluster



Constraints

J. Carr - ICRC 2015 #1203G. Di Sciascio - ICRC 2015 #296

LHAASO CTA
WW, NFWbb, dSphs

Magic

HAWC

B. Dingus - ICRC 2015 #1227

HESSHESS
Perseus cluster

& Sensitivities

actual limits

future sensitivity

J. Palacio - ICRC 2015 #1204
V. Lefranc - ICRC 2015 #1208M. Kieffer - ICRC 2015 #1229



GC GeV excess



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

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



GC GeV excess
Dark Matter interpretation:
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Figure 9: 90% CL limits on the ⇥�Av⇤ versus neutralino mass from the 22– and
40–string IceCube configurations. The 40–string detector limits (thin lines)
correspond to the Galactic Center analysis, while the 22-string detector limits
(thick lines) correspond to the Galactic Halo analysis. The thickness of the halo
analysis results represents the uncertainty due to the choice of the halo model.
Central values (dot-dashed lines) are obtained with the NFW halo profile.

suming the ⇥+⇥� annihilation channel. This is one of the chan-
nels that produce a hard neutrino spectrum from the decay of
the ⇥, and therefore a channel where high energy neutrino tele-
scopes are competitive. The IceCube limits are overlayed with
the best-fit region in the same phase space obtained from the
Fermi and Pamela measurements in [37], and it can be seen
that both the IceCube Galactic Halo and Galactic Center anal-
yses reach the level of the best fit to Fermi and Pamela data.
Specifically, the Galactic Center analysis disfavours values of
⇥�Av⇤ above about 10�22 cm3s�1, which precisely covers the
90% CL contour of the fit to the satellite data.

5. Conclusions

IceCube has an active program of searches for dark mat-
ter, both from candidates accumulated in the Sun as well as
in the Galactic Halo or center. We have tested the data from
the 22-string and 40-string configurations of IceCube for an ex-
cess neutrino flux from these objects and interpret the results
in terms of several dark matter candidates. With the 40-string
detector we have been able to search the Galactic Center for
the first time . The size of the detector allows to use a frac-
tion of the instrumented volume as veto region, which enables
the identification of starting tracks and an e�cient reduction of
the atmospheric muon background. This technique will be used
in its full potential with the complete 86-string detector in the
future. The low-energy extension DeepCore which has been al-
ready deployed in the center of the IceCube array will allow to
significantly lower the energy threshold of IceCube and extend
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Figure 10: The IceCube 90%CL limits on ⇥�Av⇤ assuming annihilation into
⇥+⇥�, compared with the best fit region for the same model, using data from
the Pamela and Fermi satellites (figure adapted from [37]). The Einasto halo
profile has been used in the derivation of results shown.

the dark matter searches in a competitive way to the interesting
region of candidate masses below 100 GeV.
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suming the ⇥+⇥� annihilation channel. This is one of the chan-
nels that produce a hard neutrino spectrum from the decay of
the ⇥, and therefore a channel where high energy neutrino tele-
scopes are competitive. The IceCube limits are overlayed with
the best-fit region in the same phase space obtained from the
Fermi and Pamela measurements in [37], and it can be seen
that both the IceCube Galactic Halo and Galactic Center anal-
yses reach the level of the best fit to Fermi and Pamela data.
Specifically, the Galactic Center analysis disfavours values of
⇥�Av⇤ above about 10�22 cm3s�1, which precisely covers the
90% CL contour of the fit to the satellite data.

5. Conclusions

IceCube has an active program of searches for dark mat-
ter, both from candidates accumulated in the Sun as well as
in the Galactic Halo or center. We have tested the data from
the 22-string and 40-string configurations of IceCube for an ex-
cess neutrino flux from these objects and interpret the results
in terms of several dark matter candidates. With the 40-string
detector we have been able to search the Galactic Center for
the first time . The size of the detector allows to use a frac-
tion of the instrumented volume as veto region, which enables
the identification of starting tracks and an e�cient reduction of
the atmospheric muon background. This technique will be used
in its full potential with the complete 86-string detector in the
future. The low-energy extension DeepCore which has been al-
ready deployed in the center of the IceCube array will allow to
significantly lower the energy threshold of IceCube and extend
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⇥+⇥�, compared with the best fit region for the same model, using data from
the Pamela and Fermi satellites (figure adapted from [37]). The Einasto halo
profile has been used in the derivation of results shown.

the dark matter searches in a competitive way to the interesting
region of candidate masses below 100 GeV.
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