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• a WIMP?

• connects new physics @ electroweak scale with the observed DM 
abundance in a simple framework (known to work for SM species) + 
has all the right properties for DM (caveats... C. Frenk’s talk)

• theoretical bias: “a simple, elegant, compelling explanation for a 
complex physical phenomenon” (R. Kolb) 

• Bulk of the current experimental effort and of this talk! (Disclaimer: 
subjective approach; but the field is much richer -- we’ll hear some of ideas 
here too)

Sasha’s, Michel’s ... talks



•Weakly Interacting Massive Particles? 

• WIMP miracle: 

• Why WIMP? 
• such particle would self-annihilate in the early universe and freeze-out as the 

Universe’s expansion becomes too quick. This thermal decoupling leaves the 
exact observed amount of DM!  

• as a bonus, any theory which tries to explain the origin of EW mass, 
generally introduces new stable EW mass particles. 

• DM with a mass ~MZ clusters in a way 
confirmed by observations.  (true for 
mDM>~ 1 MeV)

Revisiting the WIMP Miracle
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! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

• WIMP hypothesis is predictive: 
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detection
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systems - remotely

In the Early Universe: DM kept in equilibrium w SM 
by self-annihilations (σ). 
Today, DM expected to annihilate with the same σ, 
in places where its density is enhanced!



• Why indirect searches?
• ‘backgrounds’ are astrophysics not a ‘controlled’ lab system

• However, it is important:
• to detect/measure DM remotely/in places where it was discovered
• annihilation cross section provides a direct link to early universe physics
• ideally: detect it in the Lab AND astrophysical objects. Multiple handle on 

its properties.
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Large Optical Reflector 
Images Cherenkov light 
onto PMT camera

Imaging ACTs 

γ!ray interacts in atmosphere
Producing electromagnetic
shower and Cherenkov Light

Source emits γ!ray
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and now we have these powerful tools
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a) Minimal material in the TRD and TOF 
So that the detector does not become a source of e+. 

b) A magnet separates TRD and ECAL so that  e+ produced in TRD will be swept away 
and not enter ECAL 
In this way the rejection power of TRD and ECAL are independent 

c) Matching momentum of 9 tracker planes with ECAL energy  measurements 

Sensitive Search for the origin of Dark Matter with p/e+ >106 
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Ground based, ACTs

Fermi LAT, Agile

HESS, VERITAS, MAGIC

Ice Cube, ANTARES
PAMELA, AMS02

CREAM, TIGER



(Electron plus Positron) Spectrum 

Astrophysical experiments: multipurpose experiments w rich scientific 
program --> discovering the sky @>~Mz energies/highlights 
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Bubble Template 

•  All sky fit including all templates BUT bubble template, signal 
region masked 

A. Franckowiak and D. Malyshev 10 

signal 
mask 
region 

Integrated residual map from 
6.4 to 300 GeV 

bubble 
template 

•  28 events 
•  significance 4 sigma 

atm. Background 
: 

up 

down 

> 100 TeV: 18 events!preliminary 

above 10 TeV

γ
diffuse emission from our Galaxy:

Fermi bubbles

~2000 point sources (Galactic and extraGal):

charged cosmic rays

ν
First detection of astrophysical neutrinos!

[F. Halzen, ICRC 2013]

[S. Ting, ICRC 2013]

Proton flux 
Comparison with past measurements New AMS results:

proton flux

e-+e+



• What are we after:

X=

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸
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,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
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3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .
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of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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section at low velocity regimes in models where the DM parti-
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Nevertheless, the present instruments do not have the required
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performed using 112 h of H.E.S.S. data [42]. For WIMP
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annihilations, one can expect emission of neutrinos, charged
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charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
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targets where DM is expected could prove conclusive about its
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where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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where (σannv) is the annihilation cross-section (times the rela-
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is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:
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The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3

-> Where to look? DM clustering map is a good guide to observational targets.  

Simulations: find cuspy halos with numerous 
substructure; small halos or baryon 
dominated regions cannot (yet) be probed 
reliably.
Observations: measure tracers of 
gravitational potential: again, fail in small 
halos or baryon dominated regions.

[Diemand+, APJ, astro-ph/0611370] Considerable uncertainties for most of searches.



• charged CR: 
• a more complicated story/ less ‘clean’ channel: CRs propagate diffusively 

entangled in Galactic magnetic fields.
• signal depends also on conventional astrophysics → diffusion/energy losses/ in 

the Galaxy. 

DM signal
particle 
physics DM clustering= X( )

astrophysics

• probe local volume
• Strategy: look for anti particles as the 

backgrounds are lower! (DM produces 
equal numbers of particles&anti-p)

[Diemand+, APJ, astro-ph/0611370] 



[J. Siegal-Gaskins talk@Sackler colloquium 2012]

Challenge: 

look for an uncertain signal 
swapped in the uncertain 
backgrounds.



Possible detection paths:

A) look for smoking guns:
➡ ‘zero’ astro backgrounds, but need luck -- expected signals (for vanilla DM) 

low
• spectral line features
• dwarf galaxies
• anti-deuterium
• (Sun (neutrinos) - elastic cross section)

B) search for standard WIMP signatures and use rich astro data to model the 
backgrounds
➡current experimental sensitivity in the right ballpark for vanilla models, but 

due to the confusion with astro backgrounds possible hints NEED 
confirmation across the range of wavelengths/messengers/targets

• raising positron fraction; 

• Galactic Center gamma ray data 
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 Gamma ray line

C. Weniger JCAP 1208 (2012) 007, 1204.2797

Evidence for a narrow spectral feature in 3.5 yr data near 130 GeV in 
optimized ROIs near the Galactic center.

Some indication of double line (111 &130 GeV), Su+, 2012. 

• Signal is particularly strong in 2 test regions (cuspier profiles) with S/N> 
30%-60%.

Weniger+ 2012:
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Fermi LAT’s line search

(1305.5597)

1) Optimize ROI

2) Improved Energy Resolution Model

3) Data Reprocessed with Updated Calibrations

No signal found in a blind search.

 Gamma ray line

7

FIG. 2. Counts map for the line search dataset binned in 1◦ × 1◦ spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aitoff projection. The energy range is 2.6–541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3, R16, R41, and
R90) used in this search.

best energy estimate on an event-by-event basis. The corresponding estimate is the energy assigned. We note that

above a few GeV the SP method is typically more accurate than the PC method (the former being selected by the

CT analysis for ∼ 80% of the events above 10 GeV).

The energy assignment algorithm also performs a CT analysis to estimate the probability that the energy esti-

mate is within the nominal 68% containment band for events of that energy and incidence angle (PE, available as

CTBBestEnergyProb in the extended event files available at the Fermi Science Support Center3).

To model the signal from a γ-ray line, we used a parametrization of the effective energy dispersion of the instrument,

i.e., the probability density Deff(E�;E,�s) to measure an energy E� for a γ ray of (true) energy E and other event

parameters, �s. The fraction of the electromagnetic shower contained in the CAL can vary significantly event to

event. In general, the energy dispersion depends on θ and the γ-ray conversion point in the instrument, among

other quantities. Furthermore, the θ-distribution of the observing time varies across the sky, causing corresponding

changes in the effective energy dispersion. These considerations are discussed in more detail in App. C, in particular

in Sec. C 5.

When fitting essentially monochromatic lines (i.e., the intrinsic spectrum is much narrower that the instrumental

resolution), for a given line energy, Eγ , we expect the distribution of observed energies for a line signal, Csig(E�), to
follow the effective energy dispersion, Deff ; so that

Csig(E
�|Eγ ,�s) = nsig

�
Deff(E

�
;E,�s)δ(Eγ − E)dE = nsigDeff(E

�
;Eγ ,�s), (6)

where nsig is the number of observed signal events, which we treat as a free parameter in the fitting (see Sec. V)4.

Following the approach used in previous line searches published by the LAT Collaboration, we use a sum of Gaussians

to parametrize the energy dispersion at any given energy, averaging over the LAT FOV and combining front- and

back-converting events [14]. One notable improvement relative to our previous studies is that the parametrization

Deff(E�;E,PE) used in this work includes the energy reconstruction quality estimator, PE. Specifically, we modeled

the energy dispersion in 10 PE bins of 0.2 from 0.1 to 0.5, bins of 0.1 from 0.5 to 0.7, and bins of 0.05 from 0.7 to 1.

The P7REP CLEAN event class only includes events with PE > 0.1.
The energy dispersion in each PE bin was modeled with a triple Gaussian function

3Available at http://fermi.gsfc.nasa.gov/ssc/data/access/, and described at http://fermi.gsfc.nasa.gov/
ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#ExtendedFile

4This assumption breaks down when the intrinsic width of the γ-ray emission becomes a sizable fraction of the LAT

energy resolution. In practical terms, this applies for final states with unstable particles such as Zγ, in particular for

γ-ray energies at the low end of our search range. We discuss the implications of this in Sec. D 3.

Einasto profile
95% CL <95% CL <!!v>v>"""" Einasto Upper Limit R16 Einasto Upper Limit R16 

Einasto optimized ROI

Jan. 31st, 2013 32Andrea Albert (OSU)

Expected limits calculated from 
powerlaw-only pseudo-experiments
No systematic errors applied

Weniger+ signal not ruled out by 95% CL on Φγγ.



Fermi LAT’s line search

Inspection of a signal @ 133 GeV: 
3.3σ (local) <2σ global significance 
after trials factor; S/N~60% 

 Gamma ray line
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is offset by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0σ excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic effect. We do note that the fractional size of the feature in the Limb is smaller
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FIG. 15. Fit at 133 GeV line to the Limb data (P7REP CLEAN) using the 2D energy dispersion model.
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FIG. 16. Measurement of the P7REP TRANSIENT-to-P7REP CLEAN efficiency using the Limb control sample: (a) the distribution
of θz for all events in the P7REP TRANSIENT and P7REP CLEAN Limb samples for 2.6 GeV < E� < 541 GeV. including signal and
background regions; (b) the P7REP TRANSIENT-to-P7REP CLEAN efficiency for Limb data and MC. MC has been weighted to have
the same livetime distribution with θ as the Limb data.

2. The Inverse ROI

We define the inverse ROI A to be events with |b| < 10◦, excluding a 20◦ × 20◦ square in the GC in the Celestial

dataset. In addition to A, we also examined inverse ROIs B and C, which are subsets of inverse ROI A with |b| > 1◦

and |b| < 1◦ respectively. Figure 17 shows the results of fits for lines at 133 GeV in the three inverse ROI regions.

Regions A, B, and C show no indication of a line-like feature at 133 GeV with slocal > 1.1σ. We also scanned using

20◦ × 20◦ ROIs along the Galactic plane resulting in 17 independent fits. Figure 17 (d) shows the results from the

fit at 133 GeV with the greatest statistical significance, where slocal = 2.0σ. Thus we find no clear indication for a

133 GeV line feature in these inverse ROI control datasets.

D. Examination of the events contributing the 133 GeV feature

We have examined many aspects of the events contributing to the 133 GeV feature, and compared them to events

at nearby energies as well as with MC simulations. Within the limited statistics available, the events contributing to

the 133 GeV feature exhibit few particularly striking characteristics. The two most notable features are:

1. The consistency between the reconstructed direction as estimated by the tracker (TKR) and the primary axis

of the energy deposition in the CAL is somewhat worse in the flight data than in the MC simulations (Fig. 18).

The disagreement was even greater before reprocessing the data with updated CAL calibration constants. This

preliminary

In addition, weak hint of a spectral 
line in the limb data, S/N~30%. 

Red flag for an instrumental effect.

Earth limb data

R3 Galactic Center region
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 Gamma ray line
Jury still out: 

• Fermi LAT scheduled weekly limb observation, to examine a possible 
instrumental effect. 

• increase statistics: 

• proposed changes in observational strategy (favor GC region) being reviewed 
AND 

• a NEW independent event selection pass8  (better energy resolution + CAL 
only events will increase statistics)

• other experiments: HESS 2 taking data! 50 hours of GC observation enough to 
rule out signature or confirm it at 5 sigma (if systematics are under control) 5
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, 〈σv〉χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on 〈σv〉χχ→γγ . Limits are obtained in a neutralino

HESS 112 h GC halo

[HESS coll., Phys.Rev.Lett. 2013]



[A. Drlica-Wagner, Fermi Symposium 2012]
(see also Geringer-Sameth+, 1108.2914
Strigari+, 0902.4750, 1007.4199; Magic 
coll., 1103.0477; HESS coll., 1012.5602)

M. Geha

Segue 1

Alex Drlica-Wagner   |   Fermi DM Overview

Dark Matter Content

• Dark matter content determined from 
stellar velocity dispersion
– Classical dwarfs: spectra for several 

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars
• Fit stellar velocity distribution of each 

dwarf (assuming an NFW profile)
• Calculate the J-factor by integrating 

out to a radius of 0.5 deg.
– Comparable to the half-light radius of 

many dwarfs
– Minimizes the uncertainty in the J-

factor
– Large enough to be insensitive to the 

inner profile behavior (core vs. cusp)
• Include the J-factor uncertainty as a 

nuisance parameter in the joint 
likelihood
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Dwarf spheroidal satellite Galaxies

• Not yet observed in gamma rays! No recent star formation and little gas to 
serve as target material for cosmic-rays.

• Dark matter dominated systems, mass-to-light ratio up to a few hundreds 
&within ∼ 100 kpc of the Earth

• DM content determined from stellar velocity dispersion
– Classical dwarfs: thousand stars
– Ultra-faint dwarfs: <~ 100 stars -- considerable uncertainties
-> the biggest uncertainty for this target.



Dwarf spheroidal satellite Galaxies

• Fermi LAT analysis of 10 dsph 
Galaxies using a joint 
likelihood approach.

• systematics (due to 
determination of DM 
content of dwarf Galaxies) 
folded in the limits!

One of the strongest limits on generic 
WIMPs to date: Constrain the 
conventional thermal relic cross 
section for a WIMP with mass < 30. 
GeV annihilating to b  ̄b or τ+τ−.

[A. Drlica-Wagner, Fermi Symposium 2012]
(see also Geringer-Sameth+, 1108.2914
Strigari+, 0902.4750, 1007.4199; Magic 
coll., 1103.0477; HESS coll., 1012.5602)

Alex Drlica-Wagner   |   4th Fermi Symposium

Conclusions

11

50 hours

100 hours4 years

• 4 years of Pass 7 data yields higher 
limits than 2 years of Pass 6 data; 
however, the two are statistically 
consistent with predictions.

• Change in the Fermi-LAT dwarf limits 
are due to statistical fluctuations in the 
event classification.

• Still no evidence for a dark matter 
signal from these objects.

• Immediate improvements are expected 
from updated diffuse and point source 
background models.

• Eventual improvements are expected 
from instrument performance (Pass 8). Thermal Relic Cross Section

�σv� = 3× 10−26cm3 s−1
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• MAGIC: new limits from Segue 1 based on their stereo system (in place 
since 2009 (upgrade 2012), all limits based on mono data)

•  Total effective observation time:157.9h. The deepest survey of any dSph by 
any IACT! The strongest limits from heavy (~TeV) DM from dwarf Galaxies.

July 7th 2013!
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33rd ICRC, Rio de Janeiro! J. Aleksic - Segue 1 with MAGIC!

Dwarf spheroidal satellite Galaxies

[J. Aleksic, ICRC 2013]



anti-deuterons (p n)

• not detected yet;  

• in DM ann/decays produced via the coalescence of an   and an   
originating from an annihilation event

• astro: spallation of high energy cosmic ray protons on the interstellar gas at 
rest pH or pHe

• DM signals flatter than astro backgrounds for <2,3 GeV/n: detection of ~1 
pn at <1 GeV a smoking gun --  A generic signature with essentially zero 
conventional astrophysical background

- -

1. Smocking guns: antideuterons (p n)

• have not been detected yet

• in DM ann/decays produced via the coalescence of an antiproton 
and an antineutron originating from an annihilation event

Alex Drlica-Wagner   |   4th Fermi Symposium

Conclusions

11

50 hours

100 hours4 years

• 4 years of Pass 7 data yields higher 
limits than 2 years of Pass 6 data; 
however, the two are statistically 
consistent with predictions.

• Change in the Fermi-LAT dwarf limits 
are due to statistical fluctuations in the 
event classification.

• Still no evidence for a dark matter 
signal from these objects.

• Immediate improvements are expected 
from updated diffuse and point source 
background models.

• Eventual improvements are expected 
from instrument performance (Pass 8). Thermal Relic Cross Section

�σv� = 3× 10−26cm3 s−1

- -1. Smocking guns: antideuterons (p n)

• have not been detected yet

• in DM ann/decays produced via the coalescence of an antiproton 
and an antineutron originating from an annihilation event

Alex Drlica-Wagner   |   4th Fermi Symposium

Conclusions

11

50 hours

100 hours4 years

• 4 years of Pass 7 data yields higher 
limits than 2 years of Pass 6 data; 
however, the two are statistically 
consistent with predictions.

• Change in the Fermi-LAT dwarf limits 
are due to statistical fluctuations in the 
event classification.

• Still no evidence for a dark matter 
signal from these objects.

• Immediate improvements are expected 
from updated diffuse and point source 
background models.

• Eventual improvements are expected 
from instrument performance (Pass 8). Thermal Relic Cross Section

�σv� = 3× 10−26cm3 s−1

- -

!"#$%&'()*+,'+-.&/$0
DM d ti f dUnlike anti-protons, which are easy

to produce as secondary particles,
anti-deuteron secondaries are 
severely suppressed at low energies

DM production of d

severely suppressed at low energies.

Primary Component (DM):

d

1
2 3 2 4 5 ''

%&'()*+,'+-.&$36,7$8'$'"+$+8-'"$
9:;<-.<8=8'(.&$8&*$/.68-$>.*,68'(.&?

, p, d

Secondary Component, includes:

p A d X [via p(pn)n] 2$3-.>$28-4$58''+-p A   d X   [via  p(pn)n]

where A = p, He

Anti-deuterons provide extremely clean

1

Anti deuterons provide extremely clean
signature, but low fluxes result in a 
daunting experimental challenge !
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[Ibarra+, 1301.3820, Fornengo+, 1306.4171]
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GAPS and Antideuterons

GAPS will look for DM particles self-annihilating in Galactic Halo 

to form low-energy antideuterons
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A generic BSM signature 
with essentially zero 

conventional astrophysical 
background


* Primary flux: Baer and Profumo, JCAP 12, 008 (2005), with updated p0.

** Secondary/Tertiary: Salati, Donato, and Fornengo, Particle Dark Matter, pp. 521-546, (2010). Ibarra and 
Wild, arXiv:1301.3820v1 (2013) 

*** AMS: N. Fornengo et al. (2013) arXiv:1306.4171 
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http://arXiv.org/abs/arXiv:1301.3820
http://arXiv.org/abs/arXiv:1301.3820
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pGAPS: a Prototype GAPS Flight
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• AMS in its second year & pGAPS finished a 
prototype flight! Plan for an initial GAPS flight in 
winter 2017/2018.

•  Exciting time coming up for anti-deuteron searches!
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[K. Perez’s talk at ICRC & arXiv:1303.1615]



2. When astrophysics (can) mimics DM signal:
New experiments often reveal residuals with respect to commonly assumed 
backgrounds. 
Some resemble a DM signal (as we witnessed in recent years). 

Rely on multi-wavelength/messenger/target cross checks:

‣ example: a positron fraction rise. 

‣ review most stringent constraints on WIMP models and illustrate 
complementarity of various indirect detection strategies in testing the DM 
discovery hints. 



• Measurement: positron fraction. 

Measured by PAMELA and confirmed by Fermi LAT 
and recently by AMS.

[see also Fermi LAT coll., PRL 2012; 
AMS coll., PRL 2013]

M. Casolino, INFN & University 
Roma Tor Vergata 

Nature 458, 607-609 ( 2009)  

Charge 
dependent solar 
modulation 

  increase over background 

Pamela positron fraction  

Also  
Mikhailov ICRC520, 

 ICRC516 

‣ fraction of secondary positron fraction of 
secondaries falls with energy

‣ A new source needed to explain the rise! 

‣ Could be local CR sources or a DM.

November 9, 2011 1:26 WSPC - Proceedings Trim Size: 9in x 6in ws-procs9x6
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Fig. 1. Fermi-LAT and PAMELA data on electrons + positrons and electrons are com-

pared to a double component phenomenological model. The absolute positron spectrum

is compared to a single and double component phenomenological model. Red dotted

line: e
+ in single-component scenario. Red dot-dashed line: e

+ in double-component

scenario. Blue triple dotted-dashed line, black solid line: e− and e
− + e

+ in double-

component scenario. Blue dashed line: e− diffuse background in double-component sce-

nario. The Kolmogorov diffusion setup is adopted.

such models are normalized against data in the 20 - 100 GeV en-
ergy range, where systematical and theoretical uncertainties are the
smallest, they clearly fail to match CRE Fermi-LAT and PAMELA
e− data outside that range. A different normalization results in even
worse fits.

With the release of the e− and e+ separate spectra by the Fermi-LAT
collaboration the problems with the single component scenario became even
worse. In fact, the e+ spectrum (Fig. 1) is clearly inconsistent with the pre-
dictions of a single component scenario computed with DRAGON numerical
diffusion package (and similar results are obtained with GALPROP). Even
without considering numerical models, the simple consideration that the
reported positron spectral slope is −2.77± 0.14 reveals how these data are
incompatible with a purely secondary origin from proton spallation on inter-
stellar gas: the source slope should be the same as the proton spectrum, i.e.
" −2.75 (Adriani et al. 20118) and no room is then left for the unavoidable
steepening due to energy-dependent diffusion and energy losses.

A double component scenario is the most straightforward solution to
these problems.

‣ a new el+pos source consistent 
with the electron measurements by 
Fermi LAT and PAMELA.

[Bernardo+, APP 2011, 1010.0174]



• DM constraints: CR (anti)protons 

‣measurements consistent with purely secondary production of 
antiprotons in the galaxy 

‣ tight constraints set on DM annihilation

[Cirelli+, 1301.7079] (see also Evoli+, 
1108.0664 , Donato+, PRL09; Bringmann, 
0911.1124...)

If it is to explain the e+ data DM would have 
to be:
• leptophilic
• have enhanced cross section, BF~1000.

10 50 100 500 1000
10�27

10�26

10�25

10�24

10�23

10�22

10�21

DM mass mDM �GeV�

an
ni
hi
la
tio
n
cr
os
s
se
ct
io
n
�Σv�

�cm3 �
se
c�

Annihilation constraints from antiproton flux

Fermi Γ�ray bounds
PAMELA

ΧΧ�
bb or tt�

ΧΧ�
W
� W
� or Z

0 Z0
ΧΧ� ΓΓ

ΧΧ�
Μ� Μ
� or Τ

� Τ�

Einasto MED

�

10 50 100 500 1000
10�27

10�26

10�25

10�24

10�23

10�22

10�21

DM mass mDM �GeV�
an
ni
hi
la
tio
n
cr
os
s
se
ct
io
n
�Σv�

�cm3 �
se
c�

Astrophysical uncertainties on the constraints

Varying propagation parameters
Varying halo profiles
Einasto MED

Einasto MIN

Einasto MAX

NFW MED

Burkert MED

ΧΧ� bb

Figure 2: Annihilating DM: current constraints. Left Panel: current constraints from the
antiproton measurements by Pamela, for different annihilation channels. The areas above the curves
are excluded. The dashed lines reproduce the γ-ray constraints from [30], for the same channels. The
symbols individuates the parameters used for the analyses in Sec. 3.2.2 while the horizontal band signals
the thermal relic cross section. Right Panel: illustration of the impact of astrophysical uncertainties:
the constraint for the bb̄ channel spans the shaded band when varying the propagation parameters
(dashed lines) or the halo profiles (solid lines).

a positive detection of a deviation, it will be crucial to keep in mind these possibilities when
working on its interpretation.

3 Results and discussion

3.1 Current antiproton constraints from Pamela

The currently most precise measurement of the CR antiproton flux is provided by the Pamela
satellite [29], as anticipated in the Introduction. The data, reproduced in fig. 1, extend from
kinetic energies of less than 1 GeV to about 180 GeV (although we use only the portion above
10 GeV to avoid the effects of solar modulation).

The total antiproton flux is given by the sum of the DM and the astrophysical contributions,

φtot(mDM, �σv�;A, p) = φDM(mDM, �σv�) + φbkg(A, p). (3)

For fixed values of the DM particle mass mDM and the thermally averaged annihilation cross-
section �σv�, the astrophysical background is optimized within the uncertainty bandwidth in
order to minimize the χ2 of the total flux with respect to the data. During this procedure,
the optimal values of the amplitude Aopt ∈ [0.9, 1.1] and the slope popt ∈ [−0.05, 0.05] are
determined. Then, to find the 2σ exclusion contour in the (mDM, �σv�)-plane, the required
condition is

∆χ2(mDM, �σv�) = χ2(mDM, �σv�;Aopt, popt)− χ2
0(A0, p0) < 4. (4)

6



• DM constraints: gamma-rays: Fermi LAT/MW halo 
‣ MW halo a good target for DM search. Going away from the GC, 

uncertainties in the DM clustering are smaller. 

‣ Analysis of the Fermi LAT whole sky data.

‣ vanilla WIMP models (bb channel) probed at low masses! 
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marginalized over astrophysical uncertainties!
[Ackermann+, APJ 2012, 1205.6474]
(see also Cirelli+, 0912.0663; 
Papuci+,0912.0742; Baxter+,1103.5779) 
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• DM constraints: gamma-rays: Fermi LAT/MW halo 
‣ if DM annihilates dominantly to leptons with high sigma-> strong Inverse 

Compton emission in the inner galaxy 

‣ gamma ray constraints from the IC emission

‣ challenge the DM interpretation of the el/positron measurement for ANN 
DM. 

marginalized over astrophysical uncertainties!



• DM constraints: CMB 
‣ DM annihilations inject energy and energetic 

particles in the primordial medium, and therefore 
affect its evolution (i.e. fraction of free electrons).

‣ DM in the linear regime/robust to DM clustering 
uncertainties!

Bound from CMB
Annihilating “dark mass” into visible energy heats and ionizes baryons during the “Dark 
Ages” (z~100-1000), which can be constrained by CMB (especially via optical depth τ)

1106.1528, Galli, Iocco, Bertone, Melchiorri

Particles lighter than 5 (10) GeV going into mu (e) are 
disfavoured/excluded: good perspectives for Planck as well!

[Slatyer+, PRD 2009, 0906.1197, (see also 
Cline & Scott, ’13; Weniger et al. `13)]
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FIG. 6: Constraints on the annihilation cross-section 〈σAv〉
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

〈σAv〉saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section 〈σAv〉 =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,
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FIG. 1: Evolution of the free electron fraction as function of
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FIG. 2: TT, TE, EE angular power spectra (from Top to
Bottom) for different values of pann = [0, 10−6, 5×10−6, 10−5]
m3/s/Kg .

the prescription described in the previous section. The
dependence on the properties of the DM particles is en-
coded in the quantity

f
< σv >

mχ
≡ pann (11)

appearing in eq. 5, that we use as a parameter in the
code.

In Fig 1 we show the evolution of the free electron frac-
tion for different values of pann. As we can see, the DM
annihilation model we consider can increase the free elec-
tron fraction after z ∼ 1000 by one order of magnitude,
increasing the optical depth to last scattering surface and
smearing the visibility function. The consequences of
such annihilation can be seen in Fig.2 where we show the
CMB anisotropy, cross-polarization and polarization an-
gular power spectra for different values of pann. DM an-
nihilation damps the acoustic oscillations in the angular
power spectra as in the case of an instantaneous reioniza-
tion. However, large scale polarization is left unchanged
by dark matter annihilation and a degeneracy between
these two effects can indeed be broken. Although DM
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FIG. 3: Constraints on the ωb, ns and ωc parameters in the
case of standard recombination (solid line), or including dark
matter annihilation (dashed line).

annihilation could play a role in the subsequent reion-
ization of the Universe , the effect is likely to be small
[20], unless one invokes very high anihilation cross sec-
tions [21]. Here, we don’t consider a particular model for
reionization, and simply adopt the parametrization of a
full and instantaneous reionization at redshift zr < 30.

We search for an imprint of self-annihilating dark mat-
ter in current CMB angular spectra by making use of the
publicly available Markov Chain Monte Carlo package
cosmomc [22]. Other than pann we sample the following
six-dimensional set of cosmological parameters, adopting
flat priors on them: the physical baryon and CDM densi-
ties, ωb = Ωbh2 and ωc = Ωch2, the scalar spectral index,
ns, the normalization, ln 1010As(k = 0.05/Mpc), the op-
tical depth to reionization, τ , and the ratio of the sound
horizon to the angular diameter distance, θ.

We consider purely adiabatic initial conditions. The
MCMC convergence diagnostic tests are performed on 4
chains using the Gelman and Rubin “variance of chain
mean”/“mean of chain variances” R−1 statistic for each
parameter. Our 1 − D and 2 − D constraints are ob-
tained after marginalization over the remaining “nui-
sance” parameters, again using the programs included

Experiment pann 95% c.l.
WMAP < 2.0 × 10−6m3/s/kg
Planck < 1.5 × 10−7m3/s/kg

CVl < 5.0 × 10−8 m3/s/kg

TABLE I: Upper limit on pann from current WMAP obser-
vations and future upper limits achievable from the Planck
satellite mission and from a cosmic variance limited experi-
ment.

CMB anisotropy for different DM 
annihilation power.

http://arXiv.org/abs/arXiv:1205.5283
http://arXiv.org/abs/arXiv:1205.5283


• DM constraints: gamma-rays: HESS/GC halo 
‣ HESS analyzed a smaller region around the GC (at angular distances between 

0.3◦-1.0◦) producing one of the strongest constraints on heavy DM to date. 
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• GC has complex astrophysics, look away!

• Select signal region close to GC but as much as 
possible free from backgrounds

• Select “similar geometry” region where signal is 
expected to be smaller for background subtraction

bb
_

~ stacked dwarfs Fermi
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• GC has complex astrophysics, look away!

• Select signal region close to GC but as much as 
possible free from backgrounds

• Select “similar geometry” region where signal is 
expected to be smaller for background subtraction
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_

~ stacked dwarfs Fermi

on-source/off-source technique
-> not applicable for cored DM profiles

[Abramowski+, PRL, 2011, 1103.3266]

2◦X2◦ 



• DM constraints: gamma-rays: decaying DM
‣ for decaying DM ‘large volume’ targets most constraining (highest S/N)

‣ clusters: the most massive structures yet to form

‣ the whole Universe (isotropic signal): for decaying DM does not depend 
on DM clustering properties (only on total amount of DM)

Figure 4: Left panel: lower limits on dark matter lifetime for decay into bb̄ final states, as function of
the dark matter mass. Solid lines show individual cluster limits, the dashed line the limits from the
combined likelihood analysis. The dotted line shows for comparison the limit that can be derived from
the EGBG. Right panel: like left panel, but upper limits on annihilation cross-section. Contributions
to the signal from dark matter substructures are neglected. Note that the combined limits are
sometimes weaker than the strongest individual limits; this is due to a weak preference of a non-zero
signal for some of the clusters, see discussion in text.

likelihood limit is more robust with respect to uncertainties of the cluster masses, the background
modeling and statistical fluctuations in the data than the individual limits (see below discussion
and Fig. 9).

For comparison, the dotted line in the left panel of Fig. 4 shows the lifetime limits that we
obtain from conservatively requiring that the isotropic dark matter signal does not overshoot the
EGBG as determined by Fermi LAT [101], see Section 3. The EGBG limit clearly dominates the
cluster limits for large dark matter masses, whereas the cluster limits are competitive for masses
below a few hundred GeV. In any case, since the systematics related to background subtractions
are different for EGBG and cluster limits, the limits should be considered as being complementary.

Limits on decay or annihilation into µ−µ+ final states are shown in Fig. 5. This channel is
relevant for leptophilic models [57–63], that aim to explain the PAMELA/Fermi e± anomalies,
the corresponding best fit regions being shown in green (PAMELA only) and blue (PAMELA +
Fermi + H.E.S.S.) [65].14 In the presented dark matter mass range, the dark matter signal is
dominated by ICS radiation of the produced electrons and positrons on the CMB; the prompt
final-state-radiation can be neglected. Our dark matter lifetime limits reach up to 3 · 1026 s for
individual clusters as well as in the combined likelihood analysis, with the strongest limit coming
from Fornax. In the case of dark matter annihilation limits down to 6×10−23 cm3 s−1 are obtained.
The parameter space favored by PAMELA/Fermi is constrained but not excluded in case of dark
matter decay, and remains practically unconstrained in case of dark matter annihilation.

The dotted line in the left panel of Fig. 5 shows again the limit obtained from the EGBG. In the
case of decay into µ+µ−, the cluster lifetime limits actually dominate over our conservative EGBG
limit at all considered dark matter masses. This is due to the fact that we neglected the Galactic

14Recently released Fermi LAT results [113] indicate that the positron fraction continues to rise up to energies
of 200 GeV, which will presumably shift the prefered DM mass range to somewhat higher values.

14

[Huang+, JCAP, 2012, 1110.1529]

Emmanuel Moulin                                          CTA meeting, Zürich  2009                 11!E. Moulin ! ! ! ! ! ! ! !      ICRC 2013!

o! Decaying DM with a lifetime shorter than 1026 to a few 1027 s excluded !

o! Charged CR fit regions ruled out!

o! Constraints from H.E.S.S. subdominant but confirm exclusion for the   !

    !+!- channel!

Galaxy Clusters

extragalactic DM/isotropic signal; 
robust to DM clustering 
uncertainties!

[Cirelli+, PRD 2012, 1205.5283]

http://arXiv.org/abs/arXiv:1205.5283
http://arXiv.org/abs/arXiv:1205.5283


➡ lessons learned: multi-target approach severely challenged the DM 
interpretation of the positron rise. Important limits derived along the way.

‣ recent developments: the new AMS positron fraction and electron data 
still remain to be studied in terms of DM interpretation. 



 When astrophysics can mimic the DM signal (02)
Galactic Center gamma ray signal

‣ the Galactic Center region hard to model in the ~ GeV energy range

‣ point source confusion with the diffuse emission (the Fermi LAT 
resolution ~0.5 deg) 

‣ possibly unique (and poorly unconstrained) CR propagation and energy 
loss conditions in this region (Fermi bubbles...)

‣ several independent groups reported suspicious residuals in this region, 
Both 1) In the inner few degrees of the GalaxyThe Galactic Center excess

• Spectrum reminiscent of the few-GeV bump in the inner Galaxy 
studied by Hooper & Goodenough; Hooper & Linden; Boyarsky, 
Malyshev & Ruchayskiy; Abazajian & Kaplinghat.

• Discussed extensively in earlier talks, so I will not reiterate details.

• However, that signal was detected dominantly in the ~1° 
surrounding the GC - a region we always mask completely.

Hooper & Linden 2011 Abazajian & Kaplinghat 2012

The Galactic Center excess

Abazajian & Kaplinghat 2012



A consistent signal?
• Assume high-latitude 

emission is ICS. 

• Take the high-latitude 
electron spectrum, 
assume the same 
spectrum at low 
latitudes, compute 
photon spectrum from 
scattering on the ISRF.

• In each band, normalize 
ICS spectrum to fit 
high-energy data, 
subtract it and look at 
the residual bubble-
correlated emission.

Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC 
excess (no free normalization), extrapolated outward with squared 
modified NFW profile with inner slope r-1.2.

3

FIG. 1: The regions of the sky considered in our analysis.
The Fermi Bubbles themselves are broken into five pairs of
regions according to Galactic latitude (|b| < 10◦, 10◦ − 20◦,
20◦−30◦, 30◦−40◦, and 40◦−50◦). Also shown as dashed lines
is the inner complement region to the Bubbles, as described
in Appendix D.

from the likelihood by ∆ lnL = 1/2, and do not take

into account the systematic error in the event that the

linear combination of templates is a poor description of

the data. Further details of the fitting procedure may be

found in Ref. [1] and in Appendix B of Ref. [2]. We em-

ploy several different template combinations to test the

robustness of our results to the foreground model.

In the Galactic disk, there is a substantial popula-

tion of unsubtracted point sources, as well as bright

diffuse emission; consequently, we mask the inner disk.

Throughout our study, we will show results for masks

with |b| < 1
◦
, |b| < 2

◦
and |b| < 5

◦
, to test the depen-

dence of our results on this parameter.

To determine the spectrum of the Fermi Bubbles as a
function of latitude, we divide the standard spatial tem-

plate for the Bubbles (as defined in Ref. [1]) into sub-

regions by (absolute) latitude: |b| < 10
◦
, 10

◦ < |b| < 20
◦
,

20
◦ < |b| < 30

◦
, 30

◦ < |b| < 40
◦
, and 40

◦ < |b| < 50
◦

(see Fig. 1). We smooth all templates to the scale of

the maps. We fit separately for the spectrum in each of

these latitude bands, varying the degree of masking of

the Galactic Disk, and with a range of template-based

models for the known backgrounds. All fits include an

isotropic offset, to absorb residual cosmic-ray contami-

nation and isotropic diffuse emission. The two primary

possibilities we consider for the additional templates are:

• Diffuse model : We take the Fermi diffuse model

from version P6V11 of the Fermi Science Tools,

smooth it to match the maps we are using, in-

terpolate to the appropriate energies, and perform

the fit using only this template (in addition to the

latitude-sliced Bubbles templates and the isotropic

template, which are universal to all subtraction

methods). This version of the diffuse model has

been adjusted to fit the data assuming no contri-

bution from the Bubbles; consequently it may ab-

sorb some of the Bubbles-correlated emission at the

cost of oversubtraction in neighboring regions. It

was also designed primarily to model the emission

at energies � 50 GeV, and is not recommended for

use at very low latitudes, |b| < 3
◦
. However, since

our signal extends to quite high latitudes and the

energies of greatest interest are at � 50 GeV, these

latter caveats do not pose severe problems for our

study.

• Low-energy template: We employ the Schlegel-

Finkbeiner-Davis (SFD) dust map [27] as a tem-

plate for emission from cosmic-ray protons scat-

tering on the gas (see Refs. [1, 2] for a discus-

sion). We take the Fermi data at 0.5-1.0 GeV

(where the Bubbles are less pronounced [1]) and

subtract the SFD dust map to obtain an approxi-

mate template for emission from inverse Compton

scattering by cosmic-ray electrons; this is the dom-

inant contribution to the diffuse background after

the dust/gas-correlated emission has been removed.

We then fit the higher-energy data using this tem-

plate, the SFD dust map, and a flat template for

the large soft-spectrum structure known as Loop I.
This method avoids the use of complicated mod-

els and minimizes the use of external maps, but by

construction cannot probe the Bubbles spectrum

at energies around or below 1 GeV, and does not

take into account spectral variation in the various

emission components with position in the Galaxy.

Each of these templates has been discussed in greater

depth in Ref. [1]; we refer the reader to that work for

further details. We also employ the same normalization

convention as Ref. [1]; the coefficients of the SFD dust

map, 0.5-1.0 GeV map, and Fermi diffuse model are mul-

tiplied by the average value of these templates within the

entire region defined by the Bubbles (and outside of the

mask). The other templates are flat (in projected inten-

sity) within the regions that they are non-zero (over a

given latitude range within the Bubbles, for example).

We employ the “diffuse model” fit for our primary re-

sults, and use the “low-energy template” fit as a check

for possible systematic errors introduced by our use of

the Fermi diffuse model. We have also tested the “sim-

ple disk” model as employed in Ref. [1], where the ICS

emission is described by a simple geometric diffused disk

template. As this template proved inadequate for mod-

elling the data close to the Galactic plane, and the results

obtained using it were found to depend strongly on the

degree of masking of the disk, we have relegated discus-

sion of this model to Appendix A.

In Fig. 2 we show the extracted spectrum for each of

the fitted templates, masking only the region within one

[Hooper+, 1302.6589]

 When astrophysics can mimic the DM signal (02)
Galactic Center gamma ray signal

‣ the Galactic Center region hard to model in the ~ GeV energy range

‣ point source confusion with the diffuse emission (the Fermi LAT 
resolution ~0.5 deg) 

‣ possibly unique (and poorly unconstrained) CR propagation and energy 
loss conditions in this region (Fermi bubbles...)

‣ several independent groups reported suspicious residuals in this region,   
or 2) a larger spread out region ~10-20 degs.



 When astrophysics can mimic the DM signal (02)
Galactic Center gamma ray signal

‣ if confirmed the signal consistent with 

- ~50 GeV DM going to bb, distributed with a steep 1.2 inner slope, with 
~10-26 cm3/s, almost thermal, relic cross sections (~vanilla DM!)

- pulsars have similar spectra, but harder to fit the cuspy yet extended 
profiles derived from the data

‣ Bare in mind, it is very challenging to quantify the exact properties of the 
residuals!

‣ confusion between many templates&point sources -- important work to 
study the inner Galaxy ahead! 

‣ Fermi LAT collaboration paper by the end of the year + possible changes 
in the observation strategy to study this fascinating region.



• Look for smoking guns (need to get lucky! - increase sensitivity)

• or ‘know your nemesis’:

‣ The field of astrophysics is being re-defined by high-quality data, 
extending over a larger dynamical range.

Optical surveys: DM density profiles, discovery of dwarf Galaxies, Galactic dust maps

• pan-STARRS: Hawaii, PS1 started operating in 2008.
• DES: Chile, started 2012.

• Gaia: launch October 2013. 
X-ray: GC environment, Fermi bubbles, pulsars, AGNs, star burst Galaxies

• nuSTAR: launched 2012.
Radio: pulsars, CR propagation, DM signatures

• SKA: construction 2016; to be built in South Africa and Australia.
Gamma rays/charged CRs:
• CTA

• Gamma-400
Neutrinos:

• km3net

Near term improvements:

SKA

GAIA

CTA



•Outstanding effort of humanity for over 50 years: ‘now the 
tools are there and they are in the right region’!

•Great times for good high-energy astrophysics! -> DM signal 
might just as well show up on along the way. 



Extra slides



Next generation gamma ray experiments

– CTA: a km2 array of Atmospheric Cherenkov telescopes! Sensitivity about a 
factor 10 better than current ACTs; an energy coverage from a ~10 GeV -~10 TeV, 
field of view of up to 10◦ (vs 2◦-5◦); angular resolution could be as low as 0.02◦

– Gamma-400: satellite with better angular and energy resolution in gamma rays 
+ high precision charge particles detector up to several TeV for e- and PeV for 
protons! Funds for launch and basic design secured at a moment!

launch planned for 2018.
currently in design phase foreseen to be 
operative a few years from now.



In equilibrium all captured DM particles annihilate, potential neutrino signal 
relates to the elastic (capture) cross section! 

High energy neutrinos from annihilation in the Sun

Backgrounds due to neutrinos from nuclear fusion processes BUT @ low <1 GeV 
energies - detection of a signal- smoking gun.

23/07/12 Matthias Danninger                   IDM 2012

atm. !"# (10! triggering events/day)
 

main analysis backgrounds:All processes depend on WIMP mass
Annihilation channel (branching ratios)
Annihilation cross-section
Capture (scattering)
→ Scattering cross-sections (SI & SD)

Solar Dark Matter Search with IceCube

1
[M. Danninger, IDM2012]



Sun is made of p! Limits on spin dependent cross section stronger wrt direct 
detection experiments!
‣ New results from 79-string data (~1y livetime) 

‣ First Dark Matter analysis including DeepCore -> constrain low masses >20 
GeV and use full year-round IceCube data!

23/07/12 Matthias Danninger                   IDM 2012

Unblinding results (observed results)

13

bb

WW

[Aartsen+, PhysRevLett, 131302.]

SD scattering

High energy neutrinos from annihilation in the Sun



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
mostly gamma rays (bulk of emission), but lower frequencies (Xray, 
radio, microwave) relevant too.
•satellites (Fermi LAT, AGILE):

• a pair conversion instrument

• wide field of view, 20% of the sky at any instant. 

• energy range 20 MeV-300 GeV (encompassing nicely EW scale)

• ~1 m2 effective area
• anti-coincidence system →good charge particle rejection → LAT can 

identify the relatively rare gamma rays
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Atwood et al., ApJ 697, 1071 (2009) 

Fermi LAT



γ γ
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IDM 2012                                            DM Searches with ACTs                                                 James Buckley 

Large Optical Reflector 
Images Cherenkov light 
onto PMT camera

Imaging ACTs 

γ!ray interacts in atmosphere
Producing electromagnetic
shower and Cherenkov Light

Source emits γ!ray
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H.E.S.S. - 100 hrs

CTA - 100 hrs

CTA - 1000 hrs

Figure 1: “Differential” sensitivity (integral sensitivity in small energy bins) for a minimum
significance of 5σ in each bin, minimum 10 events per bin and 4 bins per decade in energy.
For Fermi-LAT, the curve labeled “inner Galaxy” corresponds to the background estimated
at a position of l = 10◦, b = 0◦, while the curve labeled “extragalactic” is calculated using
the isotropic extragalactic diffuse emission only. For the ground-based instruments a
5% systematic error on the background estimate has been assumed. All curves have been
derived using the sensitivity model described in section 2. For the Fermi-LAT, the pass6v3
instrument response function curves have been used. As comparison, the synchrotron and
Inverse Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

but we do not expect the results described here to change in any significant
way. The exact details of the sensitivity for CTA in general depend on the
as of yet unknown parameters like the array layout and analysis technique of
CTA. However, we don’t expect the sensitivity of CTA or the lifetime of the
Fermi-LAT to change by a significant factor compared to what is assumed
here (unless there is a significant increase in the number of telescopes for
CTA). As the differential sensitivity curves for these instruments are usually
only provided for 1-year of Fermi-LAT and for 50 hours of H.E.S.S./CTA,
we had to make use of a sensitivity model which will be described in sec-
tion 2. Generally, the sensitivity information provided is insufficient to make
a detailed comparison of the performance in the overlapping region which

3

• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
• Imaging Atmospheric Cherenkov telescopes (HESS, MAGIC, VERITAS, 

TACTIC, CANGAROO III,...)

• use atmosphere as a calorimeter (increase detection area at high energies)!

•→ higher energy range (100 GeV-100 TeV); smaller field of view (2◦-5◦), large 
effective area (105 m2). 

• but, have no anti-coincidence detector: irreducible charge particle 
contamination → hard to measure signals flat over the ROI 

• complementarity between the two techniques!



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•IACTs (current: HESS, MAGIC, VERITAS,...):

VERITAS

MAGIC

HESS II

  

Status of HAGAR Telescope Array

Varsha Chitnis

Tata Institute of Fundamental Research, Mumbai, INDIA

For the HAGAR collaboration

TeVPA 2012: 10
th
 December 2012

TACTIC; MACE/HAGAR



• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•ICE CUBE, ANTARES, Baikal

• >~1 TeV (>~ 10 GeV Deep Core) 

• muons produced in charged 
current interactions emit 
Cerenkov light (in ice/water) → 
detected by strings of 
photomultiplier tubes. 

• background: CR muons  →  
select upward going events or use 
detector edge as an 
anticonicidence detector or 
atmospheric neutrinos.

• taus, electrons...

• large volumes 
needed (~km3) 
due to small 
interaction cross 
sec of ν.

Ice Cube

http://en.wikipedia.org/wiki/Photomultiplier
http://en.wikipedia.org/wiki/Photomultiplier


• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):
•Super Kamiokande, ICE CUBE, ANTARES 

Ice Cube

Antares

SuperKamiokande



• messengers (γ, ν, e±, p±, D-,...) /experiments (@~Mz range):
•satellites (PAMELA, AMS, ...)/balloons (CREAM, ATIC...):

• unlike gamma-ray experiments, magnets 
and are further optimized to distinguish 
charge and Z study e+/e-; p+/p-

• AMS, launched May 16, 2011, operating at 
the ISS, 

• PAMELA in orbit till the end of 2013.

charge

Z

energy

N. Mori’s talk

 Resurs-DK1: multi-spectral 
 

 PAMELA mounted inside a 
pressurized container 
 Lifetime >3 years (assisted, first 

time February 2009), extended till 
end 2012 
  
 Data transmitted to NTsOMZ, 

Moscow via high-speed radio 
downlink. ~16 GB per day 
 
 Quasi-polar and elliptical orbit 

(70.0°, 350 km - 600 km)  from 
2010 circular orbit  (70.0°, 600 km) 
 
 Traverses the South Atlantic 

Anomaly 
  
 Crosses the outer (electron) Van 

Allen belt at south pole 

Resurs-DK1 
Mass: 6.7 tonnes 
Height: 7.4 m 
Solar array area: 36 m2 

350 km 

610 km 

70o 

PAMELA 

SAA 

~90 mins 

!"#$%#&'()*#+,"--.,"*/*0%1.,*



B) Rely on multi-wavelength/multi target cross checks for an 
additional handle: 

‣  gamma rays: HESS/MW halo: HESS analyzed a smaller region 
around the GC producing one of the strongest constraints on 
heavy DM to date. 
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H.E.S.S. inner galaxy bound (arxiv:1103.3266)

• GC has complex astrophysics, look away!

• Select signal region close to GC but as much as 
possible free from backgrounds

• Select “similar geometry” region where signal is 
expected to be smaller for background subtraction

bb
_

~ stacked dwarfs Fermi

C. Weniger’s talk

Figure 3. Shown are the constraints on dark matter in two leptonic annihilation channels: (a) µ+µ−
;

(b) τ+τ−. The regions are labeled according to their constraining observations as described in the

text: “HESS GC” are the 95% CL limits from the HESS analysis of the GC. The double hatched

region is constrained for both the Einasto and NFW halo models, and the single hatched region is

constrained for only the Einasto halo model. The regions labeled “Fermi Dwarfs” are the 95% CL

limits from the Fermi-LAT collaboration analysis of dwarf spheroidals. The light pink shaded region

is consistent with a dark matter interpretation of the PAMELA signal and the dark red shaded region

is that from the Fermi-LAT e+e− feature from ref. [10]. In the µ+µ−
channel, panel (a), the light

green outlined region is consistent with a dark matter interpretation of the PAMELA signal and the

dark green outlined region with that of the Fermi-LAT e+e− feature from ref. [22]. PAMELA regions

below Mχ = 160 GeV are ruled out by the rise in the positron fraction seen by the Fermi-LAT [23].

In panel (b), to illustrate the strength of the HESS GC limits, we show for the NFW profile the 95%,

99.7% and 99.9999% CL limits in dotted, dot-dashed and solid lines, respectively. For comparison,

we plot the 3σ limits from ref. [68] for their analysis of prompt and inverse-Compton emission in the

Fermi-LAT observation of the 3
◦ × 3

◦
region around the Galactic Center as dashed (black) lines in

both panels for the respective channels.
– 16 –

[Abazajian+, JCAP, 2012, 1110.6151]



• measurement: CR (anti)protons 
• The measurements consistent with purely secondary production 

of antiprotons in the galaxy

[Adriani+, PRL 2010.]



B) Rely on multi-wavelength/multi target cross checks for an 
additional handle:
• positron fraction: prime example (few_k papers; 615X2) and a 

demonstration of a method!
2. multiwavelength/multi target cross checks: 

‣  gamma rays: radio, GC region 

C. Weniger’s talk
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Figure 6. Upper bounds on the annihilation cross section (σv) as a function of the DM mass for the
muonic channel. Different panels are for different astrophysical setups. Upper–left panel shows the
constraints inferred with all survey using the whole sky. The constraints for NFW profile are more
stringent than the Isothermal case. Upper–right panel shows the constraints inferred individually
from each of the surveys considered in the analysis. In the lower–left panel, the bounds are obtained
excluding the strip along the galactic plane |b| < 15◦. This means that in the grid of appendix A
we have excluded three lines of patches around the galactic plane. Constraints inferred for different
GMF models are presented in the lower–right panel.

equivalent to remove 3 strips of patches. In general, with this conservative choice, we reduce
the uncertainties on the propagation related to possible unaccounted astrophysical effects
occurring on the galactic disk. Moreover, the fact that the radio astrophysical background
and its uncertainties are maximal in the galactic plane, complicates the searches of DM signals
in this region. Therefore, by avoiding the region |b| < 15◦, we study the reach of current
radio surveys in the DM parameter space focusing on ”cleaner” targets of observations.
Interestingly, we find that the bounds are almost unchanged for the MAX model and only
slightly affected for the MED one. For the MIN model, they are more altered since the
emission is more concentrated in the Galactic center region. These results are consistent
with what discussed in the Sec. 5.

7 Prospects for detection

So far our goal has been to derive robust and conservative bounds on WIMP parameter space.
We now analyze the possibility that the data already contain a significant DM contribution,
and discuss a method to single it out.

As for the constraints, our focus is on WIMP models inducing a synchrotron emission
with a spectrum softer than the astrophysical one (see Fig. 4) with the latter mainly coming
from cosmic–rays and showing a spectrum roughly proportional to ν−2.5. As it is clear from
Fig. 5, a possible DM excess would be maximal in the central region of the Galaxy (within 20–
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B) Rely on multi-wavelength/multi target cross checks for an 
additional handle:
• positron fraction: prime example (few_k papers; 615X2) and a 

demonstration of a method!
2. multiwavelength/multi target cross checks: 

‣  gamma rays: radio, inner Galaxy region 

C. Weniger’s talk
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Figure 7. Upper bounds on the annihilation cross section (σv) as a function of the DM mass

for different annihilations channels: e+e− (Upper–left), τ+τ− (Upper–right), bb̄ (Lower–left), and

W+W−
(Lower–right). In most of the cases, the thermal cross section value, orange solid line, is

reached at MDM ∼ 10 GeV.

30 degrees), and should appear as a spherical feature related to the (approximately) spherical

shape of the DM profile. This is opposite to what is expected for the CR emission, which

typically shows a “disky” shape, following from the confinement of CR sources to the stellar

disc. Therefore, we perform a search where the signal to background ratio is expected to be

larger, i.e. in maps at low frequencies and in the inner part of the Milky–Way. We choose

the 45 MHz map [28] where the central region is better sampled, but analogous analysis can

be done with the 22 MHz map [27].

We consider the Haslam et al. map [29] at 408 MHz as a template for galactic syn-

chrotron emission. This is commonly done also in CMB studies since the Haslam map is the

radio full–sky map with the best angular resolution and sensitivity, at a frequency where the

emission is thought to be dominated by synchrotron radiation. We estimate the emission at

45 MHz in each angular pixel as T est
i = T408,i · (45MHz/408MHz)

α
+ T 0

, where i is the pixel

index, and the 408 MHz map is smoothed down at the angular resolution of the 45 MHz

map [28]. α and T 0
are derived from the best–fit of the observed temperature T obs

in the

map of Ref. [28], by minimizing the χ–square function χ2
=

�
i(T

est
i − T obs

i )
2/σ2

, where σ
is the noise–level reported in Table 3, and in the sum we include all available pixels in the

map except for the disc (|b| < 5
◦
). We include T 0

in the fit to account for a possibly different
spectral index in the extragalactic emission, or for possible experimental issues associated to

the absolute normalization of the flux. However, it is nearly irrelevant since its best–fit value

comes out to be at the level of noise. We found α = −2.56, confirming our expectation, and

suggesting that this search technique can be indeed useful for DM candidates inducing a syn-

chrotron spectrum softer than ∼ ν−2.5
. The residuals (T est

i − T obs
i )/T obs

i are shown in Fig. 8

for the central 30
◦×30

◦
box, and in the full-sky. Note that this technique is similar to the one

employed for the “WMAP haze” [19, 20, 22], namely a possible foreground excess found in
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Highlights from astrophysics:

‣ point sources: sufficient numbers for population studies

‣ diffuse emission: Galactic/extraGalactic

‣ CR spectral breaks 
Analysis Procedure 

•  We use 46months of P7V6 1-500 GeV data 

•  We define 3 redshift bins with 50 sources 
each:  
–  z= 0-0.2, 0.2-0.5, 0.5 -1.6 

•  All BL Lacs are modeled with a LogParabola 
spectrum 

•  We perform a combined fit where: 
–  The spectra of all sources are fit 

independently 
–  The spectra of all sources are modified 

by a common e-b !(E,z) term  

•  We evaluate 2 cases: 
1.  Null hypothesis b=0 : there is no EBL 
2.  Null hypothesis b=1  : the model 

predictions are correct  
6 

! 

F(E)absorbed = F(E)int rinsic " e
#b"$mod el

Simulated SEDs 
Simulated data 

Fit to ‘unabsorbed’ data 
preliminary 

We look for the collective deviation of the spectra of blazars from their intrinsic spectra 

‣ also significant progress with 
ACT’s (J. Knapp’s talk)



• messengers (γ, ν, e±, p±, D-) /experiments:
•balloons (CREAM, ATIC, ...):

many balloon flights, measuring CR nuclei and electron spectrum. 
The CREAM mission has had five successful flights: 2004-2010.
ATIC: 

?
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[C. Rott, SnowPACK 2012.]

• messengers (γ, ν, e±, p±, D- ) /experiments (@~Mz range):



• What we can ~reliably predict:

• The (prompt) spectrum of SM particles resulting from DM annihilation/decay→ 
Fixed when DM mass and branchings are set!
• feature-full: for a given set of SM final states are quasi-universal spectra as a 

result of fragmentation/hadronization and subsequent pion decays.

Torsten Bringmann, University of Hamburg !Indirect Dark Matter Searches

Gamma-ray flux

9

The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ

dΦγ

dEγ
(Eγ ,∆ψ) =

�σv�ann

8πm2
χ

�

f

Bf
dNf

γ

dEγ
·
�

∆ψ

dΩ
∆ψ

�

l.o.s
d�(ψ)ρ2(r)X X=

ν

ν

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸
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(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3Are “standard” calculations of IDM signatures reliable?
Heavy, leptophilic DM candidates imply that most indirect signatures in CRs are at E << m. 

Itʼs important to consider “tertiary” signatures (e.g. Inverse Compton !ʼs from e±  originating from 
DM) and/or multi-body final states (W,Z-strahlung, 3-body from sub-threshold virtual states...)
Need to go beyond mere “one step production” (need propagation!) and 2-body final states
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! ! signatures are present at high latitudes.
! Leptophilic models do have b.r. in other channels
! e± spectra are softer and fits typically worsen

Cirelli, Panci, PS 
0912.0663

related to EW effects, see talk 
by A. De Simone @ 18:10 (tomorrow)

For heavy DM also ElectroWeak bremstrahlung relevant

[Ciafaloni, JCAP 2011, 1009.0224].[M. Kuhlen, AA, 2010.] 



• What are we after:

DM signal
particle 
physics DM clustering= X

• charged CRs: are entangled with the magnetic fields in our 
Galaxy.    
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• What are we after:

• What we can ~reliably predict: The (prompt) spectrum
•for a given set of SM final states are quasi-universal spectra as a 

result of decays/fragmentationsTheoretical Predictions of Spectra

! in the “vanilla case”, DM annihilates into the heaviest SM stuff allowed: modulo 
some br’s variations, quasi-universal spectra as a result of decays/fragmentations 

! “Prompt” production dominates ( = forget propagation for now)

! Notable exceptions are present, later on I shall briefly comment on some....
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• messengers (γ, ν, e±, p±, D- @~Mz scale) 
•gamma rays: bulk of emission produced close to the particle 

mass! highest S/N (background low)
•but lower frequencies too!
•microwaves
•radio: Electrons and protons produced in dark matter 

annihilations in the Galactic Center region will emit synchrotron 
radiation
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Propagation

20

Little known about Galactic magnetic field distribution

Random distribution of field inhomogeneities
        propagation well described by diffusion equation�
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Are “standard” calculations of IDM signatures reliable?
Heavy, leptophilic DM candidates imply that most indirect signatures in CRs are at E << m. 

Itʼs important to consider “tertiary” signatures (e.g. Inverse Compton !ʼs from e±  originating from 
DM) and/or multi-body final states (W,Z-strahlung, 3-body from sub-threshold virtual states...)
Need to go beyond mere “one step production” (need propagation!) and 2-body final states
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! ! signatures are present at high latitudes.
! Leptophilic models do have b.r. in other channels
! e± spectra are softer and fits typically worsen
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by A. De Simone @ 18:10 (tomorrow)For heavy DM relevant also ElectroWeak 

bremstrahlung
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