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Dark matter is out there!  
an essential building block of the Standard Model of Cosmology 

  Galaxies

[Orsi et al. (2009)]

Hα versus H-band selection in future redshift surveys 9

Figure 8. The spatial distribution of galaxies and dark matter in the Bow06(r)model at z = 1. Dark matter is shown in grey, with the densest regions shown
with the brightest shading. Galaxies selected by their Hα emission with log(FHα[erg s−1 cm−2]) > −16.00 and and EWobs > 100Å are shown in red
in the left-hand panels. Galaxies brighter than HAB = 22 are shown in green in the right-hand panels. Each row shows the same region from the Millennium
simulation. The first row shows a slice of 200h−1Mpc on a side and 10h−1Mpc deep. The second row shows a zoom into a region of 50h−1Mpc on a side
and 10h−1Mpc deep, which corresponds to the white square drawn in the first row images. Note that all of the galaxies which pass the selection criteria are
shown in these plots.

tion. First, a form must be adopted for the distribution of sources
in redshift. Second, some papers quote results in terms of proper
separation whereas others report in comoving units. Lastly, an evo-
lutionary form is sometimes assumed for the correlation function
(Groth & Peebles 1977). In this case, the results obtained for the
correlation length depend upon the choice of evolutionary model.

Estimates of the correlation length of Hα emitters are avail-
able at a small number of redshifts from narrow band sur-
veys, as shown in Fig. 9 (Morioka et al. 2008; Shioya et al. 2008;
Nakajima et al. 2008; Geach et al. 2008). These surveys are small
and sampling variance is not always included in the error bar quoted
on the correlation length (see Orsi et al. 2008 for an illustration of
how sampling variance can affect measurements of the correlation
function made from small fields). The models are in reasonable
agreement with the estimate by Geach et al. (2008) at z = 2.2, but
overpredict the low redshift measurements. The z = 0.24 measure-
ments are particularly challenging to reproduce. The correlation

length of the dark matter in the ΛCDM model is around 5h−1Mpc
at this redshift, so the z = 0.24 result implies an effective bias of
b < 0.5. Gao & White (2007) show that dark matter haloes at the
resolution limit of the Millennium Simulation,M ∼ 1010h−1M⊙,
do not reach this level of bias, unless the 20% of the youngest
haloes of this mass are selected. In the Bow06(r) model, the Hα
emitters populate a range of halo masses, with a spread in forma-
tion times, and so the effective bias is closer to unity. Another possi-
ble explanation for the discrepancy is that the observational sample
could be contaminated by objects which are not Hα emitters and
which dilute the clustering signal.

The bottom panel of Fig. 9 shows the correlation length evo-
lution for different H-band selections, compared to observational
estimates from Firth et al. (2002). Note that the samples analysed
by Firth et al. are significantly brighter than the typical samples
considered in this paper (HAB = 20 versus HAB = 22). Firth
et al. use photometric redshifts to isolate galaxies in redshift bins
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Dark matter is out there!  
an essential building block of the Standard Model of Cosmology 

All evidence is astrophysical through gravity 
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The challenge

Artwork by Sandbox Studio, Chicago

• How does it couple to the Standard Model? 
• Why so abundant? Note ΩDM~few x Ωb. 
• Why ‘stable’? 
• Composite or elementary?  
• ‘Maverick’ or dark ‘sector’?



 What can it be? — the WIMP miracle

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

credit: M. Cirelli

Thermal decoupling from primordial plasma 
singles out the Weak Scale - WIMP miracle 
suggestive & predictive!The WIMP hypothesis: thermal freeze-out
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focus on WIMPs 
(+comment on axions)

P. Serpico’s talk

I. Garcia Irastorza’s talk

motivated by the 
strong CP 
problem in QCD
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How to find it?

For thermal dark matter:  
— indirect searches provide insight 
into the early Universe decoupling  
— we know ‘where’ to look

in astrophysical systems - remotely
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How to find it?

Exploring the dark sector

Self-interactions

DM

DM

DM

DM

What if dark matter has suppressed couplings to Standard Model particles?

Non-gravitational interactions leave an imprint on the structure of the 
Universe.

We can probe the particle interactions of dark matter even if it has no
coupling to the Standard Model.

through cosmological clustering probes: 
we know DM interacts gravitationally… 
look at small scales — could probe dark 
matter self-interactions, its de-Broglie 
wave length (fuzzy DM) etc

For thermal dark matter:  
— indirect searches provide insight 
into the early Universe decoupling  
— we know ‘where’ to look

[see e.g. Murgia+ 1704.07838 ]
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point back to their origin

interact with the inter-stellar medium 

(magnetic field) — only local spectra

ANTARES

Ice Cube



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

γ
diffuse emission from our Galaxy:

Fermi bubbles

~3000 point sources (Galactic and extraGal):

charged cosmic rays

ν
First detection of astrophysical neutrinos!

[T. Montaruli, 1512.07978]

Proton and Helium fluxes
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This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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Interesting features: 
1) Both proton and helium fluxes show a hardening

H flux measurement:  
300 million events
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Interesting features: 
2) Also for Carbon, Nitrogen and Oxygen the single-power law behaviour 
is excluded by AMS-02 data: a change of spectral index is observed at ≈ 

the same rigidity.
AMS results:
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Proton and Helium fluxes
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This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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Interesting features: 
1) Both proton and helium fluxes show a hardening

H flux measurement:  
300 million events
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Interesting features: 
2) Also for Carbon, Nitrogen and Oxygen the single-power law behaviour 
is excluded by AMS-02 data: a change of spectral index is observed at ≈ 

the same rigidity.
New AMS results:

Astrophysical experiments are not optimized for DM searches 

& ’backgrounds’ are astrophysics, not a ‘controlled’/lab system 

 Strategy — in case of a signal ‘hint’ 

look at different targets within a single experiment 

confirm w different experiments/messengers 

Astrophysical experiments: multipurpose experiments w rich scientific 
program --> discovering the sky @>~Mz energies 
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dwarf satellites
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signal 
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Weniger (2012)

3.2σ significance (post-trial)  Einasto profile

Also – Possible
 VIB signal  
Bringmann etal 2012   
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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:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

!

i
BRi

dNi
γ

dEγ
"!!!!!!!!!!!!!!!!!!!!!#$!!!!!!!!!!!!!!!!!!!!!%

Particle Physics

· &J(∆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’ &J is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

&J =
(

∆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 gamma-ray flux which increases with decreasing relative ve-
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mediator particle mass. This effect can enhance the annihilation
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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-
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Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
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cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
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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
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in the early universe (‘freeze-out’), in order to reproduce the ob-
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ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
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class of non-baryonic candidates with mass typically between
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tle Higgs [21], Universal Extra Dimensions [22], and Tech-
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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 .
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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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and again towards Draco and Ursa Minor by Whipple [41].
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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,
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guarantees the stability of the lightest SUSY particle (LSP),
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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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tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

&J =
(

∆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-
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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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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.
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targets where DM is expected could prove conclusive about its
nature .
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tegral over the line of sight (los) of the squared DM density and
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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
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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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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:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

!

i
BRi

dNi
γ

dEγ
"!!!!!!!!!!!!!!!!!!!!!#$!!!!!!!!!!!!!!!!!!!!!%

Particle Physics

· &J(∆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’ &J is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

&J =
(

∆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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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.

uniform-brightness template for 
the Fermi Bubbles

-
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,

‘Galactic centre excess’

prime example of a search strategy in practice: 
• look in high-signal/high background region 
• in case of a detection hint — cross check the signal with different targets and experiments
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Figure 20. Solid blue line: radial profile as a function of distance from the GC for the total gamma-ray

data at 2 GeV with bright PS masked. Squares: radial profile of the MSP-like spectral component (the hard

component in Figure 11). Dashed red line: GC excess in the Sample Model modeled by the gNFW profile

(� = 1.25). Dash-dotted magenta line: GC excess profile in the Sample Model with the NFW profile (� = 1)

replacing the gNFW profile. Yellow band: expectation for a population of MSPs in the Galactic bulge from

disrupted globular clusters (Brandt & Kocsis 2015). All values correspond to intensity at 2 GeV.

excess for cases with the component centered at b = 0� and with various longitudes are presented in

Figure 21 on the left, while the �2�log L values for di↵erent locations around the GC are shown in

Figure 21 on the right. The best-fit position is at l ⇡ �1�. The spectrum of the excess depends on

the location of the centroid. The spectra for the center at positive longitudes look similar to the GC

excess in the left quadrant in Figure 16 left, while the spectra for negative longitudes resemble more

the spectrum of the Fermi bubbles with a less-pronounced bump at a few GeV and the spectrum

extending to lower energies. These findings are consistent with the possibility that the GC excess to

the right (negative longitudes) from the GC is mixed with a contribution from low-latitude emission

of the Fermi bubbles above 10 GeV. This is also consistent with the observation by Calore et al.

(2015) that the best-fit longitude of the gNFW profile is at l ⇡ �1� below 10 GeV and it shifts to

l . �2� above 10 GeV.

The �2�log L values for the variations of the gNFW center when the model includes the all-sky

bubbles template (i.e., including the component at low latitudes) are shown in Figure 22. On the

left we show results for all-sky gNFW templates, while on the right we truncate the gNFW template

at 10� from its center to test whether the di↵erence in the best-fit location of the center is due to

residuals away from the GC. Both the truncated and the all-sky gNFW templates have the best-

fit position at b = 3�, ` = 1�. The range of �2�log L values is smaller when the all-sky bubbles

component is included in the model.

The spectra of the GC excess and the �2�log L for di↵erent indices of the gNFW profile when

all other components are accounted for as in the Sample Model are shown in Figure 23. The step

36
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Figure 15. Spectrum of the GC excess. Points are derived using the Sample Model described in Section 2.2.

The systematic uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent

analysis configurations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3

to 6. Our results are compared to previous determinations of the GC excess spectrum from the literature.

Note, that the area of integration varies in di↵erent cases. In this analysis we mask some bright PS, which

e↵ectively masks the GC within about 2� radius. Gordon & Maćıas (2013) have a 7� ⇥ 7� square around

the GC. The flux from Calore et al. (2015) is obtained by taking the intensity in Figure 14 and multiplying

by the area of the ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is

a 15� ⇥ 15� square around the GC. The two cases that we consider here correspond to the model with the

CR sources traced by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity

(“fit intens”) or both intensity and index (“fit index”) for the di↵use components spectra are fit to the data

(cf. Figure 13 of Ajello et al. 2016).

and modeling of PS. The excess remains significant in all cases in the energy range from 1 GeV to a

few GeV, although its flux is found to vary by a factor of & 3 owing to uncertainties in the modeling

of IC emission, additional CR sources near the GC, and a contribution of the low-latitude emission

from the Fermi bubbles.

Figure 15 also shows that our determination of the GC excess spectrum is generally consistent with

previous determinations in the literature, but our assessment of systematic uncertainties is generally

larger than that reported in other studies. We note that the ROIs used to determine the flux and

the flux profiles assumed are di↵erent for di↵erent analyses, thus the curves cannot be compared

quantitatively. The main purpose of the figure is to show that there is a qualitative agreement.

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS

Characterizing the morphology of the GC excess is important to understand its nature. In partic-

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of

Consistent Results!

Daylan et al. (2014, 1402.6703)

Inner GalaxyGalactic Center

Gamma-Ray Spectrum

DM spectral fits

DM morphology

Many works reaching similar results: 
Vitale & Morselli (2009), Goodenough & Hooper 
(2009), Hooper & Goodenough (2011, PLB 697 
412), Hooper & Linden (2011, PRD 84 12), 
Abazajian & Kaplinghat (2012, PRD 86 8), 
1207.6047, Hooper & Slatyer (2013, PDU 2 118), 
1302.6589 Gordon & Macias (2013, PRD 88 8) 
1306.5725 Macias & Gordon (2014, PRD 89 6) 
1312.6671, Abazajian et al. (2014, PRD 90 2) 
1402.4090, Daylan et al. (2014) 1402.6703, 
1407.5583 1407.5625 1410.1527

[Ackermann+, ApJ 2017]
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,
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the combined p-value is 0.11.

mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Could it be dark matter?

~100 GeV

~thermal 
cross 
section

Thermal cross section & <~100 GeV & at the Galactic center 
Spatial distribution close to the predicted NFW profiles.

Right on the spot where WIMP DM is supposed to be!
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Or…

But, only a handful gamma-ray pulsars known pre-Fermi LAT. 
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Observational Horizon for Pulsars 

•  Most γ-ray detected 
pulsars are within 4 kpc  
•  Even less for MSP  
•  GC at 8.5 kpc 
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Since, >100 pulsars and milli-second 
pulsars observed  in the MW 
most of them local — possible that many 
faint ones contribute to the Galactic 
centre excess

[Caraveo, 2014]



Bulge MSP population?
Individual pulsars hard to detect at the distance of the GC.  
What if we account for unassociated sources (1/3 of all sources)? 
— Identify candidate pulsar sources among the unassociated ones,  
— use  the ‘local’ γ-ray pulsar luminosity function from known pulsars to estimated efficiency of the 
pulsar selection  
— use maximum likelihood analysis to extract the morphology of the Galactic pulsar population 

Bulge MSP population?
Individual pulsars hard to detect at the distance of the GC.  
What if we account for unassociated sources (1/3 of all sources)? 
Work in progress within LAT: 
— Identify candidate pulsar sources among the unassociated ones,  
— use  the ‘local’ γ-ray pulsar luminosity function from known pulsars to estimated 
efficiency of the pulsar selection 
— use maximum likelihood analysis to extract the morphology of the Galactic pulsar 
population Pulsar Candidates in the Galactic Bulge 
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Positions of γ-ray sources in the “2FIG” source list 

Identified Pulsars 
3FGL Sources 
New Sources 

Fermi-LAT Clb.: to be  
submitted to ApJ 

Bulge MSP population?

Confirmation of Bulge Population of Pulsar-Like 
Sources 

69 

•  Recent analysis confirms findings of Lee et al. and Bartels et al., and finds 
strong independent evidence that the unresolved sources are indeed pulsars. 

•  Current favored interpretation is that these are ancient pulsars that are relics 
from early in the life of our Galaxy, billions of years ago. 

Pulsar-like sources as a function of distance from GC 

Preliminary  

Fermi-LAT Clb.: to be  
submitted to ApJ 

[see also Bartels+ and Lee+, 2016]

Individual pulsars hard to detect at the distance of the GC.  
What if we account for unassociated sources (1/3 of all sources)? 
Work in progress within LAT: 
— Identify candidate pulsar sources among the unassociated ones,  
— use  the ‘local’ γ-ray pulsar luminosity function from known pulsars to estimated 
efficiency of the pulsar selection 
— use maximum likelihood analysis to extract the morphology of the Galactic pulsar 
population 

consensus is building up 
that (milli-second) pulsar 
population in the 
Galactic bulge is 
responsible for the excess 

[Ajello+ 2017]

[see also Bartels+ and Lee+, 2016]

consensus is building up that (milli-
second) pulsar population in the Galactic 
bulge is responsible for the excess 



How can we test the GCE origin?
For DM interpretation, multi-target tests are essential  
—> dwarf spheroidal galaxies!

53 

• Roughly two dozen Dwarf spheroidal (dSph) satellite galaxies of the Milky Way 
known up to the DES era  

• Negligible astrophysical γ-ray production expected 

Searches for DM in MW Satellites 
M. Valli’s ta

lk
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⇥+⇥� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

⇥�
v
⇤
(c
m

3
s�

1
)

bb̄

Pass 8 Combined dSphs

Fermi-LAT MW Halo

H.E.S.S. GC Halo

MAGIC Segue 1

Abazajian et al. 2014 (1�)

Gordon & Macias 2013 (2�)

Daylan et al. 2014 (2�)

Calore et al. 2014 (2�)

Thermal Relic Cross Section
(Steigman et al. 2012)

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⇥+⇥� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of ⇤�v⌅, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇥ 2.2�
10�26 cm3 s�1) for WIMPs with mDM

<⇥ 100GeV annihi-
lating through the quark and ⇥ -lepton channels. Our
results also constrain DM particles with mDM above
100GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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GCE dark matter origin in tension with complementary gamma ray observations

[Ackermann+, 1503.02641]

DM search in dwarf galaxies with Fermi LAT

annihilation 
cross section

21

Using the joint likelihood to combine info from 15 dSphs, taking into account the 
uncertainties in their DM content —> one of the strongest DM limits to date



More targets coming up!

[Bechtol+ 1503.02584, Belokurov+, 1403.3406, Laevens+, 1503.05554] 
[Gerringer-Sameth et al. 2015, Hooper & Linden 2015, Li et al. 2016]

>45 dSphs, 28 kinematically confirmed + 17 candidates since 2015 (DES, PANSTARSS) Growing Number of Known Dwarf Galaxies 

•  Advent of deep, digital survey era in optical astronomy has led to the 
discovery of numerous new Milky Way-satellite dwarf galaxies 

•  LSST & other surveys will continue to find new dwarf galaxies after the 
Fermi mission 
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DES Year 2 Data: 
Drlica-Wagner+, 
2015ApJ...813..109D 
 
DES Year 1 Data: 
Bechtol+: 
2015ApJ...807...50B 
 
Koposov+: 
2015ApJ...805..130K 

SDSS 

DECam 

DES footprint 

DM search in dwarf galaxies with Fermi LAT

12

101 102 103 104

DM Mass (GeV)

10�27

10�26

10�25

10�24

10�23

h�
vi

(c
m

3
s�

1
)

bb̄

Ackermann et al. (2015)

Nominal sample

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal
target sample for the bb̄ (left) and ⌧+⌧� (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis
on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity
while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors
are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the
combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2� confidence)
in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.
2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal
relic cross section from Steigman et al. (2012).

are added, and depends on the precision with which the
J-factors of the new systems can be measured, as well as
the DM mass and annihilation channel being tested. As-
suming that the J-factors of the new systems can be mea-
sured with an uncertainty of 0.6 dex, the improvement in
sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (mDM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite

galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM
search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.

After the completion of this analysis, we became aware
of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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States, the Commissariat à l’Energie Atomique and the
Centre National de la Recherche Scientifique / Institut
National de Physique Nucléaire et de Physique des Par-
ticules in France, the Agenzia Spaziale Italiana and the
Istituto Nazionale di Fisica Nucleare in Italy, the Min-
istry of Education, Culture, Sports, Science and Technol-
ogy (MEXT), High Energy Accelerator Research Organi-
zation (KEK) and Japan Aerospace Exploration Agency
(JAXA) in Japan, and the K. A. Wallenberg Founda-
tion, the Swedish Research Council and the Swedish Na-
tional Space Board in Sweden. Additional support for
science analysis during the operations phase is gratefully

[A. Albert+, (2016)]

LAT data coincident with four of the newly discovered targets show a ~2σ (local) γ-ray emission in 
excess of the background, weakening the limits by 1.5x at low masses. 



Gamma rays in the context - comparison with other CR species:

Fermi LAT
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• gamma ray fluxes significantly lower than those of charged cosmic rays!
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anti-particles  
- golden channels

-> charged cosmic rays:

Strategy 02: cross-check with different messengers
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =
1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

[Cuoco+, PRL 2017]

GCE origin test?
Use high precision AMS-02 data! J. Heisig’s talk
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describe well solar modulation at rigidities R <⇠ 5GV,
and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.

In FIG. 4 we summarize the result of our fit and show
both the evidence for a DM component in the CR an-
tiproton flux, as well as limits on the DM annihilation
cross-section. The systematic uncertainty on the exclu-
sion limit is shown as an uncertainty band obtained from
the envelope of the various fits presented in FIG. 3. In
our baseline scenario (solid line), we can exclude ther-
mal DM with h�vi ⇡ 3 ⇥ 10�26 cm3s�1 annihilating
into bb̄ for DM masses below about 50GeV and in the
range between approximately 150 and 1500GeV. Even
considering our most conservative propagation scenario,
we achieve strong limits and can exclude thermal DM
below about 50 GeV and in the range between approxi-
mately 150 and 500 GeV. The results for other hadronic
annihilation channels, and for annihilation into ZZ and
W+W� final states are very similar; in the supplemen-
tary material we provide limits for DM annihilation in
into W+W� as a further explicit example.

In comparison with the results derived in [49] from
gamma-ray observations of nearby dwarf galaxies, we im-
prove the annihilation cross-section limits by a factor of
⇠ 4 for all DM masses except those around 80 GeV. We
also see from FIG. 4 that, similarly to the DM interpre-
tation of the Galactic center gamma-ray excess, the pre-
ferred region of a DM signal in the antiproton flux is in
tension with the dwarf galaxy constraints. However, this
tension can be relieved with a more conservative estimate
of the DM content of the dwarf galaxies [50]. Also, a
recent analysis using new discovered dwarfs galaxies [51]
actually provides weaker limits, also shown in FIG. 4, fur-
ther relieving the tension.

SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the

annihilation cross-section, h�vi ⇡ 3⇥ 10�26 cm3s�1.

ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.

ACKNOWLEDGMENTS

We wish to thank Jan Heisig, Julien Lesgourgues, Ste-
fan Schael, and Pasquale Serpico for helpful discussions
and comments.

⇤ cuoco@physik.rwth-aachen.de
† mkraemer@physik.rwth-aachen.de
‡ korsmeier@physik.rwth-aachen.de

[1] L. Bergstrom, J. Edsjo, and P. Ullio, Astrophys. J. 526,
215 (1999), arXiv:astro-ph/9902012 [astro-ph]

[2] F. Donato, N. Fornengo, D. Maurin, and P. Salati, Phys.
Rev. D69, 063501 (2004), arXiv:astro-ph/0306207 [astro-
ph]

[3] T. Bringmann and P. Salati, Phys. Rev. D75, 083006
(2007), arXiv:astro-ph/0612514 [astro-ph]

〈σv〉thermal.

Galactic centre 
excess

25

4

TABLE I: Analysis constraints on the fit parameters,
and their ranges of variation in the fit.

Propagation Fit with- Standard fit
parameters out DM with DM Fit range

�1,p 1.54+0.04
�0.18 1.41+0.19

�0.01 1.2 - 1.8
�2,p 2.425+0.023

�0.002 2.531+0.008
�0.010 2.3 - 2.6

�1 1.56+0.03
�0.18 1.21+0.22

�0.02 1.2 - 1.8
�2 2.388+0.021

�0.003 2.480+0.005
�0.005 2.3 - 2.6

R0 [GV ] 8.43+0.27
�1.93 5.01+1.30

�0.12 1.0 - 10
s 0.38+0.11

�0.01 0.46+0.01
�0.06 0.05 - 0.9

� 0.361+0.005
�0.043 0.245+0.015

�0.007 0.2 - 0.5
D0 [1028 cm2/s] 7.48+1.52

�1.88 9.84+0.26
�2.85 0.5 - 10.0

vA [km/s] 23.8+3.09
�0.91 28.5+1.5

�0.64 0 - 30
v0,c [km/s] 26.9+34.7

�3.33 45.3+5.69
�19.2 0 - 100

zh [kpc] 6.78+0.22
�2.70 5.35+1.65

�1.27 2 - 7
�AMS [GV] 580

+65
�50 520

+35
�35 0 - 1.8

DM parameters

log(mDM/GeV) 1.85+0.02
�0.03 1 - 5

log(h�vi/cm3/s) �25.57+0.09
�0.03 �(28 - 23)

Experiment �2 (Number of data points)

p (AMS-02) 9.6 (61) 6.2 (61)
p (VOYAGER) 1.8 (4) 0.4 (4)
He (AMS-02) 30.8 (65) 24.8 (65)
He (VOYAGER) 2.3 (4) 1.6 (4)
p̄/p (AMS-02) 26.6 (42) 12.6 (42)
Total 71.0 (176) 45.6 (176)

DM cannot accommodate anymore this excess, is the low-
rigidity tail of the DM spectrum, c.f. FIG. 1 (left panel),
which would overshoot the experimental data below 5
GV. Nonetheless, although the data at R <⇠ 5GV ap-
pear to disfavor a DM component in the antiproton flux,
the situation is not conclusive: at rigidities R <⇠ 5GV,
solar modulation deviates from the simple force-field ap-
proximation and exhibits also charge dependent effects
[47, 48]. Thus, a deeper scrutiny of the antiproton excess
and of a potential DM signal will require a dedicated
study of the solar modulation below 5GV, for which it
would be desirable to have time series of the proton and
antiproton fluxes.

In the remainder of this paper, we will make the con-
servative assumption of no DM detection and derive con-
straints on the hadronic DM annihilation cross-section
as a function of the DM mass. Our limits on the an-
nihilation cross-section h�vi as a function of mDM are
obtained by marginalizing over the CR propagation un-
certainties. Technically, we divide the likelihood samples
in the h�vi-mDM plane obtained from the MultiNest

scan into 20 slices in mDM, equally spaced in log(mDM)
between mDM = 10 GeV and 100 TeV. For each mDM

slice we derive the 1D profile likelihood as a function of

FIG. 3: Limits on the DM annihilation cross-section
into bb̄ final states for our standard setting, for different

diffusion zone heights, z
h

, for propagation without
convection, for an alternative antiproton cross-section
model, for the Burkert DM profile, and for rigidities
down to 1 GV, respectively. We also show limits for

three fixed DM masses, as discussed in the text.

h�vi, determining the minimum �2 and then set 95% ex-
clusion limits on h�vi from the condition ��2 = 3.84.
Formally, the correct procedure would amount to fixing
mDM to a grid of values and to perform a separate fit for
each of these values. However, such a procedure would
be computationally very demanding and would lead to
results very similar to those obtained using the 1D pro-
file likelihood for slices in mDM. This is shown in FIG. 3,
comparing the black line with the the three black dots,
which are the limits derived with the formally accurate
procedure for the three values of mDM.

In order to obtain an estimate of the systematic un-
certainties affecting the limits, we perform fits with dif-
ferent diffusion models, rigidity cuts, DM profiles, and
antiproton production cross-sections. The various limits
are shown in FIG. 3. Not surprisingly, the worst limits
are obtained when fixing the diffusion zone height z

h

to
the minimal considered value of 2 kpc, since in this case a
large fraction of a potential DM signal outside the diffu-
sion zone cannot reach Earth. Correspondingly, setting
the diffusion zone height to the maximal value we con-
sider, z

h

= 7 kpc, leads to a larger DM contribution and
thus stronger constraints. Neglecting convection in the
diffusion equation and/or changing the DM profile from
NFW to Burkert does not have a significant impact on
the fit.

The most prominent feature in FIG. 3 is the weak ex-
clusion near DM masses of 80GeV, where the fit prefers a
significant DM component. The exclusion becomes much
stronger for a fit down to low rigidities of 1GV, which
also disfavours a DM signal. However, as argued above,
the simple force-field approximation is not expected to

Remember: 
propagation of charged cosmic rays determined by many 
free parameters 

—> significant uncertainties! 
— strong limits, in tension but not excluding the GCE

[Cuoco+, PRL 2017]
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describe well solar modulation at rigidities R <⇠ 5GV,
and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.

In FIG. 4 we summarize the result of our fit and show
both the evidence for a DM component in the CR an-
tiproton flux, as well as limits on the DM annihilation
cross-section. The systematic uncertainty on the exclu-
sion limit is shown as an uncertainty band obtained from
the envelope of the various fits presented in FIG. 3. In
our baseline scenario (solid line), we can exclude ther-
mal DM with h�vi ⇡ 3 ⇥ 10�26 cm3s�1 annihilating
into bb̄ for DM masses below about 50GeV and in the
range between approximately 150 and 1500GeV. Even
considering our most conservative propagation scenario,
we achieve strong limits and can exclude thermal DM
below about 50 GeV and in the range between approxi-
mately 150 and 500 GeV. The results for other hadronic
annihilation channels, and for annihilation into ZZ and
W+W� final states are very similar; in the supplemen-
tary material we provide limits for DM annihilation in
into W+W� as a further explicit example.

In comparison with the results derived in [49] from
gamma-ray observations of nearby dwarf galaxies, we im-
prove the annihilation cross-section limits by a factor of
⇠ 4 for all DM masses except those around 80 GeV. We
also see from FIG. 4 that, similarly to the DM interpre-
tation of the Galactic center gamma-ray excess, the pre-
ferred region of a DM signal in the antiproton flux is in
tension with the dwarf galaxy constraints. However, this
tension can be relieved with a more conservative estimate
of the DM content of the dwarf galaxies [50]. Also, a
recent analysis using new discovered dwarfs galaxies [51]
actually provides weaker limits, also shown in FIG. 4, fur-
ther relieving the tension.

SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the

annihilation cross-section, h�vi ⇡ 3⇥ 10�26 cm3s�1.

ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.
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TABLE I: Analysis constraints on the fit parameters,
and their ranges of variation in the fit.

Propagation Fit with- Standard fit
parameters out DM with DM Fit range

�1,p 1.54+0.04
�0.18 1.41+0.19

�0.01 1.2 - 1.8
�2,p 2.425+0.023

�0.002 2.531+0.008
�0.010 2.3 - 2.6

�1 1.56+0.03
�0.18 1.21+0.22

�0.02 1.2 - 1.8
�2 2.388+0.021

�0.003 2.480+0.005
�0.005 2.3 - 2.6

R0 [GV ] 8.43+0.27
�1.93 5.01+1.30

�0.12 1.0 - 10
s 0.38+0.11

�0.01 0.46+0.01
�0.06 0.05 - 0.9

� 0.361+0.005
�0.043 0.245+0.015

�0.007 0.2 - 0.5
D0 [1028 cm2/s] 7.48+1.52

�1.88 9.84+0.26
�2.85 0.5 - 10.0

vA [km/s] 23.8+3.09
�0.91 28.5+1.5

�0.64 0 - 30
v0,c [km/s] 26.9+34.7

�3.33 45.3+5.69
�19.2 0 - 100

zh [kpc] 6.78+0.22
�2.70 5.35+1.65

�1.27 2 - 7
�AMS [GV] 580

+65
�50 520

+35
�35 0 - 1.8

DM parameters

log(mDM/GeV) 1.85+0.02
�0.03 1 - 5

log(h�vi/cm3/s) �25.57+0.09
�0.03 �(28 - 23)

Experiment �2 (Number of data points)

p (AMS-02) 9.6 (61) 6.2 (61)
p (VOYAGER) 1.8 (4) 0.4 (4)
He (AMS-02) 30.8 (65) 24.8 (65)
He (VOYAGER) 2.3 (4) 1.6 (4)
p̄/p (AMS-02) 26.6 (42) 12.6 (42)
Total 71.0 (176) 45.6 (176)

DM cannot accommodate anymore this excess, is the low-
rigidity tail of the DM spectrum, c.f. FIG. 1 (left panel),
which would overshoot the experimental data below 5
GV. Nonetheless, although the data at R <⇠ 5GV ap-
pear to disfavor a DM component in the antiproton flux,
the situation is not conclusive: at rigidities R <⇠ 5GV,
solar modulation deviates from the simple force-field ap-
proximation and exhibits also charge dependent effects
[47, 48]. Thus, a deeper scrutiny of the antiproton excess
and of a potential DM signal will require a dedicated
study of the solar modulation below 5GV, for which it
would be desirable to have time series of the proton and
antiproton fluxes.

In the remainder of this paper, we will make the con-
servative assumption of no DM detection and derive con-
straints on the hadronic DM annihilation cross-section
as a function of the DM mass. Our limits on the an-
nihilation cross-section h�vi as a function of mDM are
obtained by marginalizing over the CR propagation un-
certainties. Technically, we divide the likelihood samples
in the h�vi-mDM plane obtained from the MultiNest

scan into 20 slices in mDM, equally spaced in log(mDM)
between mDM = 10 GeV and 100 TeV. For each mDM

slice we derive the 1D profile likelihood as a function of

FIG. 3: Limits on the DM annihilation cross-section
into bb̄ final states for our standard setting, for different

diffusion zone heights, z
h

, for propagation without
convection, for an alternative antiproton cross-section
model, for the Burkert DM profile, and for rigidities
down to 1 GV, respectively. We also show limits for

three fixed DM masses, as discussed in the text.

h�vi, determining the minimum �2 and then set 95% ex-
clusion limits on h�vi from the condition ��2 = 3.84.
Formally, the correct procedure would amount to fixing
mDM to a grid of values and to perform a separate fit for
each of these values. However, such a procedure would
be computationally very demanding and would lead to
results very similar to those obtained using the 1D pro-
file likelihood for slices in mDM. This is shown in FIG. 3,
comparing the black line with the the three black dots,
which are the limits derived with the formally accurate
procedure for the three values of mDM.

In order to obtain an estimate of the systematic un-
certainties affecting the limits, we perform fits with dif-
ferent diffusion models, rigidity cuts, DM profiles, and
antiproton production cross-sections. The various limits
are shown in FIG. 3. Not surprisingly, the worst limits
are obtained when fixing the diffusion zone height z

h

to
the minimal considered value of 2 kpc, since in this case a
large fraction of a potential DM signal outside the diffu-
sion zone cannot reach Earth. Correspondingly, setting
the diffusion zone height to the maximal value we con-
sider, z

h

= 7 kpc, leads to a larger DM contribution and
thus stronger constraints. Neglecting convection in the
diffusion equation and/or changing the DM profile from
NFW to Burkert does not have a significant impact on
the fit.

The most prominent feature in FIG. 3 is the weak ex-
clusion near DM masses of 80GeV, where the fit prefers a
significant DM component. The exclusion becomes much
stronger for a fit down to low rigidities of 1GV, which
also disfavours a DM signal. However, as argued above,
the simple force-field approximation is not expected to

Remember: 
propagation of charged cosmic rays determined by many 
free parameters 

—> significant uncertainties! 
— strong limits, in tension but not excluding the GCE

[Cuoco+, PRL 2017]

—> Several probes are reaching the 
thermal cross section limits and are 
in tension with the GCE DM 
interpretation. 



Things are getting more interesting…

The extended gamma-ray emission observed recently from M31

Fermi-LAT collaboration meeting @ CERN - March 2017 Pierrick MARTIN 10 

The gamma-ray emission from M31 

•  Main facts 
•  Emission confined to inner regions (R<5kpc) 
•  Not correlated with interstellar gas and star formation sites 
•  Galactic disk not detected 

Credit: NASA/Goddard 

12 The Fermi-LAT collaboration

Fig. 3.— Spectrum of M31. The blue solid line is the best-fit PL model from an analysis over the full energy range, and the light-blue
shaded area indicates the 68% confidence level uncertainty domain. Red spectral points were obtained by performing independent fits in
individual energy bins. Red arrows represent the 95% confidence level flux ULs. Red and black vertical error bars are statistical and total
uncertainties, respectively, with the latter being the quadratic sum of statistical and systematic uncertainties on the effective area.

Fig. 4.— 0.1−100 GeV light curve and TS evolution for M31 (left) and the source in the direction of M33 (right), with 90-day binning.
Flux ULs at the 95% confidence level are shown as red arrows in bins where the source has TS < 1.

C. Eckner’s talk

[Ackermann+, ApJ (2017)]
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Representative Results for Different Search Targets for the b-quark Channel 

[Charles+, Phys.Rept. 636 (2016)]

Outlook - gamma ray limits come from many targets!

Many interesting analysis approaches, increasingly competitive constraints 
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Outlook - many experiments contribute to 
the effort!
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Fig. 7 The final limits without systematic uncertainties (solid line), compared to the sensitivity (dashed line). Showing the
1� (green band) and 2� (yellow band) statistical uncertainty for dark matter self-annihilating through the W+W� channel
to neutrinos assuming a NFW (Burkert) halo profile on the left (right) plot.
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Fig. 8 Comparison of upper limits on h�
A

vi versus WIMP
mass, for dark matter self-annihilating through ⌧+⌧� to neu-
trinos, assuming the NFW profile. This work (IC86 (2012-
14)) is compared to other published searches from IceCube
[28, 38–40] and ANTARES [41]. Also shown are upper lim-
its from gamma-ray searches from the dwarf galaxy Segue 1
(Seg1) by FermiLAT+MAGIC [42] and from the galactic cen-
ter by H.E.S.S. [43]. The ‘natural scale’ refers to the value of
h�

A

vi that is needed for WIMPs to be a thermal relic [44].

center for WIMPs with masses between 10 and 100 GeV
annihilating to ⌧+⌧�.

9 Conclusions

This analysis demonstrates the continued improvements
in dark matter searches with neutrinos, providing a
valuable complement to the bounds from Cherenkov
telescopes and gamma-ray satellites. A more inclusive

event selection and the use of an improved event re-
construction algorithm have increased the sensitivity of
IceCube to the signal of dark matter self-annihilation.
However, no significant excess above the expected back-
ground has been observed in 3 years of Icecube/DeepCore
data. Upper limits have been put on h�Avi providing
the leading limits on WIMPs with a mass between 10-
100 GeV for a neutrino observatory.
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Outlook - future WIMP searches
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints

37



Outlook— cornering the WIMPs
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FIG. 4: Results from a model-independent scan [161, 165] of the parameter space in the minimal super-
symmetric model (MSSM), presented in the (m�, R · �p

SI) plane. The models are divided into categories,
depending on whether dark matter can be discovered in future direct detection experiments (green points),
indirect detection experiments (blue points) or both (red points). Among the remaining models, the magenta
(grey) points represent models that will (will not) be discovered at the upgraded LHC.

divergences in the Higgs potential, drastically reducing the fine-tuning present in the theory. How-
ever, current LHC results generically imply squark masses of >⇠ 1 TeV. In most SUSY models
this implies a mild reintroduction of fine-tuning, which, while far less severe than the fine-tuning
present in the SM, weakens the motivation of SUSY theories.

This issue is compounded by the discovery of the Higgs boson at the LHC with a mass of
mh ⇡ 125.6 GeV [171, 172]. In the MSSM, it is well-known that radiative corrections can lift the
Higgs mass above the tree-level bound of mZ ' 91 GeV. However, achieving a Higgs mass as large
as the one observed experimentally requires either stop masses of O(8 � 10) TeV or a large stop
A-term. Large A-terms are non-generic, while stop masses of O(8� 10) TeV seem to reintroduce
some fine-tuning.

Relatively heavy scalars are also motivated from precision observables in the flavor and CP
violation sectors. General weak-scale SUSY models su↵er serious constraints from flavor violating
observables, which would point to a heavy sfermion sector. Even though well-known mechanisms
exist to ameliorate the dangerous flavor-changing e↵ects, in concrete models, CP violation is gen-
erally still present, and motivates sfermion masses in the multi-TeV range to avoid electron and
neutron EDM constraints [173].

Focus Point Supersymmetry. One specific framework which addresses this combination of
issues is focus point (FP) supersymmetry [174, 175]. In the MSSM for tan� >⇠ 5, electroweak
symmetry breaking requires at tree level

m2

Z ⇡ �2µ2 � 2m2

Hu
(mW ) , (4)

where µ is the higgsino mass parameter and m2

Hu
is the soft up-type Higgs mass parameter. The

theory is relatively natural, ifm2

Z ⇠ µ2 ⇡ ��m2

Hu

��, which can be achieved for certain sets of boundary
conditions due to renormalization group (RG) running, even when (some of) the SUSY-breaking
masses are significantly larger than mZ . One such example is the FP scenario, in which the scalar
masses are universal at the GUT scale, the A-terms are negligible (see, however [176]), and the

[Cahill-Rowley et al. 
arXiv:1305.6921]

or for MSSM

The community (theorists & experimentalists from many fields) came together over the past 
~40 years and executed a complex strategy to test the WIMP models.  

By ~2025+ n-ton scale direct detection + upgraded LHC + indirect detection should have 
delivered (bulk of) the message.



Not ‘only’ WIMPs…
D E T E C T I N G  A X I O N S / A L P s  W I T H  
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[Birenji, Gaskins, Meyer 2016]
[slide credit: M. Meyer]



P H O T O N - A X I O N / A L P  M I X I N G  

S T R O N G  M I X I N G  
R E G I M E

1st Observable: axions/ALPs do not get absorbed during propagation,  
might lead to a boost in photon flux

[De Angelis et al. 2007,2011; Simet et al. 2008; Mirizzi & Montanino 2009; Sánchez-Conde et al. 2009; 
Domínguez & Sánchez-Conde 2011; MM et al. 2013; MM & Conrad 2014]

Pa� ⇠ (ga�Bl)2

[Nikishov 1962; Jelley 1966; Gould & Schréder 1966,1967; 
Dwek & Krennsrich 2013. Slide adopted from M. Raue]
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[slide credit: M. Meyer]



P H O T O N - A X I O N / A L P  M I X I N G  
2nd Observable: irregularities in 

energy spectrum around Ecrit and Emax

[Östman & Mörtsell 2005; Hooper & Serpico 2007; Mirizzi et al 2007; Hochmuth & Sigl 2007; 
De Angelis et al. 2008; Wouters & Brun 2012,2013; Abramowski et al. 2013; Ajello et al. 2016]

[slide credit: M. Meyer]



F E R M I - L AT  D ATA  A N A LY S I S

• 6 years of LAT data  

• Split into analysis EDISP event types 

• Method: log-likelihood ratio test for 
no-ALP and ALP hypothesis 

• Hypothesis test calibrated with 
Monte-Carlo simulations

Photon. surv. prob.; incl. EBL
Intrinsic  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Intrinsic 
spectrum

EBL attenuation 
only

ALP HYPOTHESIS:

NO-ALP HYPOTHESIS:

P��(E,ma, ga� ,B)F (E)

exp(�⌧)F (E)

17[Ajello et al. (Fermi-LAT Collaboration) 2016]

Hubble image of NGC 1275 
http://hubblesite.org/newscenter/archive/releases/2008/28/image/a/

S E A R C H  F O R  I R R E G U L A R I T I E S  W I T H  
F E R M I  L AT  F R O M  N G C  1 2 7 5

• Radio galaxy NGC 1275, 
bright Fermi source [e.g. Abdo 
et al. 2009] 

• In the center of cool-core 
Perseus cluster 

• Rotation measures: central B 
field ~25μG [Taylor+ 2006] 

• B ≳ 2 μG from non-
observation of ɣ rays [Aleksic 
et al. 2012]

15[Ajello et al. (Fermi-LAT Collaboration) 2016]
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A X I O N L I K E  PA R T I C L E S  F R O M  C O R E  
C O L L A P S E  S U P E R N O VA E

• ALPs would be 
produced in a core-
collapse SN explosion 
via Primakoff process  

• Could convert into 
gamma-rays in 
Galactic magnetic field 

19

E X P E C T E D  A L P  S I G N A L

• ALPs produced in SN 
core within ~10 s after 
explosion and escape 
core ➜ short burst 

• Spectrum has thermal-
like shape, peaks at ~50 
MeV 

• Gamma rays would 
arrive co-incident with 
SN neutrinos (provides 
time tag)

20

ALP / ɣ-ray flux integrated over explosion time

Progenitor masses

Better gamma-ray sensitivity and large FoV of 
Fermi LAT promise unparalleled sensitivity for 

ALPs in case of a Galactic core-collapse SN within 
Fermi-LAT lifetime and FoV

[Payez et al. 2015]

E X P E C T E D  C O U N T S  F R O M  A L P  
M O D E L

• Integrated over explosion time (~20s)  

• Integrated over energy, 50-500 MeV  

• Folded with Fermi-LAT  
instrumental response function  

• Expected number of counts ~ gaɣ4  

• Little dependence on progenitor 
mass  

22

Assuming 4 background counts in one 20s 
time bin: 

Exclude ALP models predicting more than 
6.4 counts at 95% confidence

[MM; M. Giannotti; A. Mirizzi; J. Conrad;  
M. Sanchez-Conde; submitted; arXiv:1609:02350]
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[MM; M. Giannotti; A. Mirizzi; J. Conrad;  

M. Sanchez-Conde, accepted in PRL. ArXiv:1609.02350]
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this is what 
we are after!

Inner Galactic halo

Galactic substructures

cosmological signal

the DM signal:

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
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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’ &J is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

&J =
(

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

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

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

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

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

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

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

6

NFW

GC Sun

flux of SM particles  
per DM annihilation

VI
B

box

ΓΓ

q q , Z Z , W W

"E!E # 0.15

"E!E # 0.02

0.02 0.05 0.10 0.20 0.50 1.00 2.00

0.01

0.1

1

10

x # E ! mΧ

x2
dN
!d
x

Bringmann &Weniger !2012"

Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have different origins, but detectors with very good energy resolutions ∆E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into γX – where X = γ, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with Eγ = mχ
!

1 − m2X/4m
2
χ

"

, providing
a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(α2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution ∆E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween γγ and γZ lines for DM masses of roughly mχ ! 150GeV (mχ ! 400GeV) if at
least one of the lines has a statistical significance of" 5σ [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(αem) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf ≪ mχ, and produces a model-
independent spectrum with a sharp cut-off at Eγ = mχ [59, 60]; a typical example for a

5

quasi-universal spectra

model dependent features

genuinely multi-disciplinary field!

integrated DM density squared 
along the line of sight
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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Figure 12: Measurements of the radial profile of the Galactic center excess (markers and bands) compared with predictions of
hydrodynamical and N-body simulations of Milky Way-like structures (red lines). This figure is from Ref. [160] (reproduced
by permission of the AAS); see that reference for additional details.

more, it is important to distinguish between measuring an excess with respect to models of �-ray emission
from predicted cosmic-ray populations interacting with estimated dust, gas and radiation field, and being
able to interpret that excess as a clear signal of DM. Accordingly, we can expect systematic uncertainties
in modeling the Galactic fore/background to significantly limit the sensitivity of searches for DM signals
from the Galactic center. Furthermore, as described above, a population of unresolved pulsars in the inner
Galaxy would be a di�cult-to-reduce background for the best-fit DM models.

Therefore, in projecting the search sensitivity we account for such systematic limitations. The b
e↵

(in
counts) for several radial profiles are shown in Fig. 13.2

Figure 13: Estimated be↵ for several DM radial profiles, for a 60 �
⇥ 60 � area centered on the Galactic center for 15 years of

P8R2 SOURCE data. The plot shows the total integrated be↵ for annihilations to bb̄ as a function of the WIMP mass, m�. The
left-hand plot includes all Galactic latitudes |b| < 30 �, the right-hand plot excludes the Galactic plane (|b| < 2 �).

Fig. 14 shows the expected upper-limit bands for the statistical errors-only case as well as for indicative
values of f

syst

(0.01 and 0.1).

2Fig. 13 was made using the “binned model map simulations” for the di↵use Galactic and isotropic background components,
together with the “all-sky photon simulations” of the cataloged point sources as described in App. D.
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,



• uses more data (80m) 
• uses improved event selection: pass 8 (improved angular and energy resolution, 

increased effective area at the high- and low-energy ends) 

• checks additional systematic uncertainties: 
• GALPROP model parameters variations 
• Alternative gas maps (softer GCE spectrum < 1GeV) 
• Include additional sources of CR electrons near the GC (Gaggero+2015, 

Carlson+2015 ; GCE reduced) 
• add data driven template of the Fermi Bubbles (excess >10 GeV gone)

[Ackermann+, ApJ 2017]

Pass 8 Fermi LAT analysis

New emission component in 
the Galactic centre appears 
robust to various checks of the 
systematic uncertainty 
its exact spectral features are 
model dependent
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Figure 15. Spectrum of the GC excess. Points are derived using the Sample Model described in Section 2.2.

The systematic uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent

analysis configurations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3

to 6. Our results are compared to previous determinations of the GC excess spectrum from the literature.

Note, that the area of integration varies in di↵erent cases. In this analysis we mask some bright PS, which

e↵ectively masks the GC within about 2� radius. Gordon & Maćıas (2013) have a 7� ⇥ 7� square around

the GC. The flux from Calore et al. (2015) is obtained by taking the intensity in Figure 14 and multiplying

by the area of the ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is

a 15� ⇥ 15� square around the GC. The two cases that we consider here correspond to the model with the

CR sources traced by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity

(“fit intens”) or both intensity and index (“fit index”) for the di↵use components spectra are fit to the data

(cf. Figure 13 of Ajello et al. 2016).

and modeling of PS. The excess remains significant in all cases in the energy range from 1 GeV to a

few GeV, although its flux is found to vary by a factor of & 3 owing to uncertainties in the modeling

of IC emission, additional CR sources near the GC, and a contribution of the low-latitude emission

from the Fermi bubbles.

Figure 15 also shows that our determination of the GC excess spectrum is generally consistent with

previous determinations in the literature, but our assessment of systematic uncertainties is generally

larger than that reported in other studies. We note that the ROIs used to determine the flux and

the flux profiles assumed are di↵erent for di↵erent analyses, thus the curves cannot be compared

quantitatively. The main purpose of the figure is to show that there is a qualitative agreement.

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS

Characterizing the morphology of the GC excess is important to understand its nature. In partic-

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of

Galactic center GeV excess - properties

uses more data 80m
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Fig. 4.— Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year gamma-ray maps in
two energy bins. Point sources are subtracted, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ℓ < 60◦), have been
masked. Two large bubbles are seen (spanning −50◦ < b < 50◦) in both cases. Right panels: Apparent Fermi bubble features marked
in color lines, overplotted on the maps displayed in the left panels. Green dashed circles above and below the Galactic plane indicate the
approximate edges of the north and south Fermi bubbles respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately marks the edge of
Loop I. The purple dot-dashed line indicates a tentatively identified “donut” structure.

artifact of that subtraction.
Next, a simple disk model is subtracted (Figure 3, mid-

dle row). The purpose of this subtraction is to reveal the
structure deeper into the plane, and allow a harder color
stretch. The functional form is (csc |b|) − 1 in latitude
and a Gaussian (σℓ = 30◦) in longitude. The disk model
mostly removes the IC gamma-rays produced by cosmic
ray electrons interacting with the ISRF including CMB,
infrared, and optical photons; as discussed previously,
such electrons are thought to be mostly injected in the
Galactic disk by supernova shock acceleration before dif-
fusing outward.
Finally, we fit a simple double-lobed geometric bub-

ble model with flat gamma-ray intensity to the data, to
remove the remaining large-scale residuals towards the
GC (Figure 3, bottom row). In this model, we identify
the approximate edges of the two bubble-like structures
towards the GC in the bottom left panel (shown with
dashed green line in right panels of Figure 4). We then
fill the identified double-lobed bubble structure with uni-
form gamma ray intensity, as a template for the “Fermi
bubbles” (bottom right panel of Figure 3). If the Fermi
bubbles constitute the projection of a three dimensional
two-bubble structure symmetric to the Galactic plane
and the minor axis of the Galactic disk, taking the dis-
tance to the GC R⊙ = 8.5 kpc, the bubble centers are

approximately 10 kpc away from us and 5 kpc above and
below the Galactic center, extending up to roughly 10
kpc as the most distant edge from GC has |b| ∼ 50◦.
No structures like this appear in GALPROP models, and in
fact GALPROP is often run with a box-height smaller than
this. Because the structures are so well centered on the
GC, they are unlikely to be local.
In Figure 4, we show the full sky residual maps at 1−5

GeV and 5−50 GeV after subtracting the SFD dust and
the disk model to best reveal the Fermi bubble features.
Although photon Poisson noise is much greater in the
5 − 50 GeV map, we identify a Fermi bubble structure
morphologically similar to the structure in the 1−5 GeV
map, present both above and below the Galactic plane.
In Figure 5, we show the full sky maps at 1−5 GeV with

the zenithal equal area (ZEA) projection with respect to
both north pole and south pole. We found no interesting
features appear near the poles.

3.1.3. Low Energy Fermi Map as a Diffuse Galactic Model

In Figure 6, we show the 0.5− 1 GeV and 2− 50 GeV
residual maps after subtracting only the SFD dust map
as a template of foreground π0 gammas. The residual
maps should be dominated by IC emission from CR elec-
trons interacting with the ISRF. We use the 0.5− 1 GeV
maps as a template of IC emission from high energy elec-

discovery 
of the FBs

[Su+., ApJ, 2010, 1005.5480]            
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The significance map of the residuals (defined as (data�model)/
⇥
model) for the baseline model

defined in Section 3 integrated over energies 6.4GeV < E < 290GeV is shown in Figure 4 (left). The

template of the bubbles is determined by applying a threshold in the smoothed significance map. To find

the threshold, we create a histogram (Figure 4, right) with the smoothed significance in each pixel in the

region of interest and outside the region of interest (orange and black respectively in Figure 3, left). We

consider the outside region as the background region and fit a Gaussian to the histogram. The width

of the Gaussian is denoted as �BG. The threshold in the definition of the template of the bubbles is set

to 3�BG. The results for a di�erent threshold of 4�BG are included in the systematic uncertainties (see

Section 3.3). Figure 5 shows the resulting templates of the bubbles. We distinguish between flat and

structured templates. In the flat template the value is 1 if the significance of the residual is more than the

threshold and 0 otherwise, while the structured template is equal to the residual flux if the significance

of the residual is greater than the threshold and 0 otherwise. In the baseline model, the bubbles are

modeled with a structured template created with a significance threshold of 3�BG.

Significance of integrated residuals for E = 6.4� 289.6 GeV
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Fig. 4.— Left: significance of integrated residual map at energies 6.4GeV < E < 290GeV, defined as

(data�model)/
⇥
model, smoothed with a 2� Gaussian kernel. The large-scale residuals outside of the bubbles

are due to imperfect modeling of Loop I and the local gas. Right: histogram of values in the smoothed residual

significance map. Dashed (red): background region (Figure 3). Dash-dotted (green): the region of interest. Solid

(blue): all sky. Dotted (cyan): Gaussian fit to the background distribution, the width is �BG = 1.5. The threshold

in the definition of the bubbles’ template is set to 3�BG and is shown as a vertical dashed black line. All pixels

inside the elliptical masking region and above |b| = 10� with the level of residual flux larger than the threshold are

included in the template of the bubbles (Figure 5).

In the next step the template of the bubbles is included in the all-sky fit. This time, since no PS

mask is applied, the point sources are included in the fit and not masked as in the derivation of the Fermi

bubbles’ template. The integrated residual map after including the structured template of the bubbles in

the fit and fitting the point sources is shown in Figure 6 (left). The spectra for the di�erent components

are presented in Figure 6 (right).

In the rest of the paper, the model of the foreground emission components and the Fermi bubbles

[Fermi LAT coll., ApJ, 2014,1407.7905]
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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Fig. 10.— Comparison of the derived total EGB intensity (foreground model A) to other mea-

surements of the X-ray and �-ray background. The error bars on the LAT measurement include

the statistical uncertainty and systematic uncertainties from the e�ective area parametrization, as

well as the CR background subtraction. Statistical and systematic uncertainties have been added

in quadrature. The shaded band indicates the systematic uncertainty arising from uncertainties in

the Galactic foreground. (Note that the EGRET measurements shown are measurements of the

IGRB. However, EGRET was more than an order of magnitude less sensitive to resolve individual

sources on the sky than the Fermi -LAT.)

[Ackermann+, ApJ799, 2015)]
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