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Dark matter is out there!  
an essential building block of the Standard Model of Cosmology 
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[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 particle nature?



WIMPs: weak-scale mass (~MZ) + weak interactions (~GF)  
→ cold 
→ many candidates in theories which attempt to explain the origin of EW mass 
→ predictive!

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

credit: M. Cirelli

•Weakly Interacting Massive Particles? 

• WIMP miracle: 

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

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

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

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

Revisiting the WIMP Miracle
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A larger cross-section would account for 

PAMELA and a surprise at LHC

The galaxy distribution obtained from 
surveys and from cosmological simulations.
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Dark matter particle nature? J. Biteau’s &  Y. Ali-Haimoud’s talks 



A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

credit: M. Cirelli

postmodern view “Like all tyrannies, there is a 
single yoke of control: the one thing we know 
about WIMPs is their relic abundance. We’ve lived 
with this tyranny for a long time. It’s provided all of 
us with jobs... and some of us with tenure.” 
– Neal Weiner, on the ‘tyranny’ of the WIMP 
Miracle paradigm (F. Tanedo, DMNotes)
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Dark matter particle nature?

WIMPs: weak-scale mass (~MZ) + weak interactions (~GF)  
→ cold 
→ many candidates in theories which attempt to explain the origin of EW mass 
→ predictive!



γ,  
ν,  
e±,  
p±  
D-

decay            

in astrophysical  
systems - remotely

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

@ O(Mz)
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• WIMP hypothesis is predictive: 
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in astrophysical  
systems - remotely

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.

@ O(Mz)
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Credit: S. Tulin

structure 
formation            

In the Early Universe: DM kept 
in equilibrium w SM by self-
annihilations 〈σv〉thermal.  
Today, DM expected to 
annihilate with the same 
〈σv〉thermal, in places where 
its density is enhanced!
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γs & νs point back to their source! 



e, p

diffuse γs: first measurement >10 GeV! 

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

Fermi LAT: launched 2008, 
energy range: 30 MeV->300GeV, whole sky coverage 
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the di�erent contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di�erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a�ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a�ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �F , expressed in GV. As already mentioned in the introduction, the value taken by �F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �F vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F (analo-
gously to what done in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV � �p

F ± 50%�p
F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

charged CRs: unprecedented 

precision and energy span 

AMS-02, PAMELA 
Fermi LAT 
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charged CRs: unprecedented 

precision and energy span 

AMS-02, PAMELA 
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the birth of neutrino astronomy! 

Ice Cube 

Fermi LAT 



• Why indirect searches? 
• direct detection and collider searches are cleaner environments with 

‘controlled’ backgrounds 
• Important: 
• to detect/measure DM remotely/in places where it was discovered 
• direct link to early universe physics 
• ideally: detect it in the Lab AND astrophysical objects. Multiple handle on 

its properties.



this is what 
we are after!

Inner Galactic halo

Galactic substructures

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

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

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

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

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

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

3

X

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

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

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

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

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

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

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

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

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

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

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

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

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

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

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

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

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

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

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

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

integrated DM density squared 
along the line of sight
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‘cosmological’ signal

look for an uncertain signal hidden in uncertain backgrounds

WIMPs gamma ray signals, as 
(expected to be) seen from the Earth

gamma ray sky, >1 GeV, 5yr Fermi LAT
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Figure 1. Upper panel: Spatial (left) and spectral (right) distribution of gamma rays originating from the annihilation of a 250 GeV WIMP into bb̄. The
left figure shows the expected intensity at E=10 GeV for the full sky in Galactic coordinates. A NFW profile is assumed for the DM halo and a value of
⇥⇥Av⇤ = 4 � 10�25cm3s�1 for the DM annihilation cross section. For comparison purposes typical spectra of the astrophysical emission from �0 decay and
Inverse Compton (IC) scattering are displayed in the right figure. The map also shows the boundaries of the region used to plot the average spectra of the right
panel, and which we will use for the analysis described in this work. Central panel: Same for a 250 GeV WIMP annihilating into µ+µ�. The contribution from
IC and from Final State Radiation (FSR) are shown separately in the spectrum and are superimposed in the spatial distribution. Lower panel: Spatial (left) and
spectral (right) distribution of the IC emission of an astrophysical CR source population distributed uniformly in Galactocentric radius within 1 kpc from the
Galactic Center and with a scale height of 200 pc.

lar populations and further reprocessing in the Galactic dust
(Moskalenko et al. 2006).

We use the GALPROP code (Strong et al. 2000) v54, to cal-
culate the propagation and distribution of CRs in the Galaxy.

The code is further used to create sky maps of the expected
gamma-ray emission from the interactions of the CRs with
the ISM and ISRF based on the models of the gas and radia-
tion targets described above. GALPROP approximates the CR
propagation by a diffusion process into a cylindrical diffusion

zone of half-height zh and radius Rh. CREs and nuclei are in-
jected by a parametrized distribution of CR sources. Energy
losses, production of secondary particles in interactions and
reacceleration of CRs in the ISM are taken into account (for
details see Strong et al. 2000). Several important parameters
enter the GALPROP modeling: the distribution of CR sources,
the half-height of the diffusive halo zh, the radial extent of
the halo Rh, the nucleon and electron injection spectrum, the
normalization of the diffusion coefficient D0, the rigidity de-

DM search - the challenge
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Strategies

GC

dwarf satellites

cumulative extragalactic signal

[adapted from: H.-S. Zechlin ]

signal 
strength

robustness

GC halo

130 GeV Line Feature towards Galactic Centre

Weniger (2012)

3.2σ significance (post-trial)  Einasto profile

Also – Possible
 VIB signal  
Bringmann etal 2012   

         

clusters of galaxies

spectral line

18



GC

[adapted from: H.-S. Zechlin ]

signal 
strength

robustness

1) search for generic WIMP signatures 
and use rich astrophysical data to model 
(or measure) the backgrounds

current experimental sensitivity in the right ballpark for vanilla models  

confirmation across wavelengths/messengers/targets necessary!
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Strategies

dwarf satellites

[adapted from: H.-S. Zechlin ]

signal 
strength

robustness

130 GeV Line Feature towards Galactic Centre

Weniger (2012)

3.2σ significance (post-trial)  Einasto profile

Also – Possible
 VIB signal  
Bringmann etal 2012   

         

spectral line

or, look for the ‘smoking guns’

‘zero’ astro backgrounds, but expected signals (for vanilla DM) low  

need luck, or optimised analysis techniques
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uniform-brightness template for 
the Fermi Bubbles

-

DM search in the inner Galaxy

-

point sources from the catalog

Assembling the Gamma-Ray Sky
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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.

model(s) of the diffuse emission

LAT data
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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’

general approach 
apply template fitting procedure to the inner ~<20 deg with addition of the FBs
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[Calore+, JCAP 1503 (2014)]  

Consistent Results!

Daylan et al. (2014, 1402.6703)

Inner GalaxyGalactic Center

Gamma-Ray Spectrum
Many works reaching similar results: Vitale & Morseli (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

[Daylan+, 1402.6703]

r-2.4
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Figure 13. Differential fluxes for the 15� ⇥ 15

� region about the GC of the
NFW component with spectrum modelled with an exponential cut-off power
law. The envelopes include the fit uncertainties for the normalisation and
spectral index. Hatch styles: Pulsars, intensity-scaled (red, vertical); Pulsars,
index-scaled (black, horizontal); OBstars, intensity-scaled (blue, diagonal-
right); OBstars, index-scaled (green, diagonal-left). Results from selected
other works are overlaid. Filled symbols: Hooper & Slatyer (2013), different
symbols bracket the results obtained when different regions of the sky are
considered in the fit; Angled crosses: Gordon & Macı́as (2013); Open sym-
bols: Abazajian et al. (2014), front-converting events shown with triangles,
front- and back-converting events shown with squares and circles, depend-
ing on the modelling of the fore-/background. Stars : Calore et al. (2015a).
Note: the overlaid results are rescaled to the DM content over the 15� ⇥ 15

�

region for an NFW profile with index �=1.

stant for each IEM, the interplay between the centrally peaked
positive residual template and the interstellar emission com-
ponents is not surprising. Because the IC component is max-
imally peaked toward the GC for all IEMs an additional tem-
plate that is also peaked there will also be attributed some
flux when fit. Over all IEMs the effect of including the NFW
model for the residual results in an IC annulus 1 contribution
that is up to three times smaller and H I annulus 1 contribution
that is up to three times larger.

Note that even if a centrally peaked template is included as
a model for the positive residual, it does not account for all of
the emission. This can be seen in Fig. 14, which shows the
residual counts for the NFW template and IEM with the best
spectral residuals (Pulsars index-scaled). Qualitatively, the re-
mainder does not appear distributed symmetrically about the
GC below 10 GeV, and still has extended positive residuals
even at higher energies along and about the plane.

5. DISCUSSION
5.1. Interstellar Emission

This study is the first using the Fermi–LAT data that has
made a separation between the large-scale interstellar emis-
sion of the Galaxy and that from the inner ⇠ 1 kpc about the
GC. The IC emission from annulus 1 is found to dominate
the interstellar emission from the innermost region, and rep-
resents the majority of the IC brightness from this component
along and through the line-of-sight toward the GC. The con-

Pulsars index-scaled IEM was tested by also setting them to the GALPROP
predictions and refitting for the annulus 1 interstellar emission, point sources,
and residual model parameters. The normalisation and cut-off energy of the
residual model did not appreciably change, indicating that the majority of any
effect related to the structured fore-/background from the index-scaled IEMs
is likely from annulus 4.

tribution by the IC from annulus 1 to the total flux depends on
the IEM and whether the residual is fitted (Sec. 4.3). For the
latter case the IC from annulus 1 is still up-scaled compared
to the GALPROP predictions, but by a factor ⇠ 2 lower than
if fitted solely for the interstellar emission components and
point sources. The remainder is distributed across the H I-
related ⇡

0-decay annulus 1 component and the template used
to fit the residual centred on the GC. For either case (residual
template used/not-used), the fitted fluxes attributed to the IC
annulus 1 component across all IEMs are within a factor ⇠ 2

– the flux and its range is the important quantity, instead of
the individual (model-dependent) scaling factors.

The Pulsars intensity-scaled IEM with the residual tem-
plate gives the minimal ‘enhanced’ flux for IC annulus 1.
The average CR electron intensity & 5 GeV in the Galac-
tic plane is estimated for this model within ⇠ 1 kpc of the
GC as ⇠ 2.8± 0.1⇥ 10

�4 cm�2 s�1 sr�1, where the uncer-
tainty is statistical only. This energy range is used because its
lower bound corresponds to the CR electron energies produc-
ing ⇠ 1 GeV IC �-rays. This is ⇠ a factor of two higher than
the local total CR electron density for this same energy range
for the Pulsars baseline model. On the other hand, the OB-
stars intensity-scaled IEM fitted without the residual compo-
nent gives the maximal ‘enhanced’ flux for IC annulus 1. The
average CR electron intensity & 5 GeV in the Galactic plane
within ⇠ 1 kpc of the GC for this IEM is ⇠ 9.4± 0.1⇥ 10

�4

cm�2 s�1 sr�1.
Measurements of the interstellar emission at hard X-ray

energies to MeV �-rays by INTEGRAL/SPI (Bouchet et al.
2011) show that the majority is due to IC scattering by ⇠GeV
energy CR electrons off the infrared component of the ISRF21.
The GALPROP calculations, which follow the same “conven-
tional” model normalisation condition to local CR measure-
ments as used in this paper, made to interpret the SPI measure-
ments indicate that IEMs with at least factor of 2 higher CR
densities toward the inner Galaxy are a plausible explanation
for the data. Another possible explanation is a higher intensity
for the radiation field energy density in the inner Galaxy than
used in the standard ISRF model of Porter et al. (2008); these
possibilities are not tested here because they require detailed
investigations that are beyond the scope of the current work.
The higher CR electron densities obtained from this analy-
sis are plausible given the same electrons are IC scattering
different components of the ISRF to produce the interstellar
emission & 1 GeV and at SPI energies.

The purpose for fitting the baseline IEMs to the data
was to obtain estimates for the interstellar emission fore-
/background. However, the fit results for the individual rings
for each IEM potentially give some information on the large-
scale distribution of CRs througout the Galaxy. Tables 5 and 6
in Appendix A.1 give the fit coefficients and fluxes for the
scaled IEMs, while Fig.15 shows the integrated fluxes for the
1–10 (top) and 10–100 GeV (bottom) energy ranges, respec-
tively, over the 15�⇥ 15

� region for the GALPROP-predicted
and scaled version of each IEM for the Pulsars (left) and OB-
stars (right) source distributions.

The fitting procedure generally increases the intensity of
each annulus relative to the nominal model. The coeffi-
cients for the intensity-scaled Pulsars and OBstars IEMs are
mostly higher than the GALPROP predictions toward the in-
ner Galaxy (annuli 2 � 3). Those for the OBstars IEM are

21 The majority of the IC �-rays in the energy range of this study are
produced by scattering off the optical component of the ISRF.

Ajello+, ApJ 819 1 44 (2016)]

[Charles+, Phys.Rept. 636 (2016)]
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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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• 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)

[A. Albert, APS 2016 meeting]

Updated Fermi LAT analysis (preliminary) 
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�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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Origin of the excess?
i) Individually unresolved point sources?
pulsars?

- spectral twins of ~50 GeV DM
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the ⌅⇥v⇧-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the ⌅⇥v⇧-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel ⇤⇤ ⇥ b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ⇤ 46.6GeV, ⌅⇥v⇧ ⇤ 1.60� 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
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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[Abazajian, 2012, Mirabal, 2014; Macias, 2014, Petrovic
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FIG. 7: The distance from the Solar System (left) and distance from the Galactic Plane (right), as a function of period, for
pulsars in the ATNF catalog [12]. The groups of points that form horizontal lines are millisecond pulsars in globular clusters.

FIG. 8: Left: The distance from the Galactic Plane and distance to the Solar System projected along the Galactic Plane for
those millisecond pulsars observed by Fermi and with coordinates given in the ATNF catalog. Right: The locations in the
Galactic Plane of those millisecond pulsars observed by Fermi and with coordinates given in the ATNF catalog, and with
|z| < 1.5 kpc. In this coordinate system, the Galactic Center is located at (0, 0), while the Solar System is at (0, 8.5 kpc).
Shown for comparison are the approximate locations of the Orion-Cygnus, Sagittarius, and Perseus arms of the Milky Way.

dinates given in the ATNF catalog is shown. From these
two figures, it is clear that the MSP distribution is not
highly concentrated within a few hundred parsecs of the
Galactic Plane, instead favoring a distribution at least
as broad as h|z|i ' 0.5 kpc.3 Thus reducing the value of
h|z|i alone (as shown in the upper left frame of Fig. 6)
does not seem to be a viable way to accommodate the
observed flux distribution. Furthermore, the left frame

3
While h|z|i ' 0.5 kpc provides the best-fit to the observed dis-

tribution of observed MSPs, observational bias favoring nearby

sources might lead us to slightly underestimate this quantity. We

take 0.5 kpc to be an approximate lower limit for h|z|i.

of Fig. 7 and the lower frame of Fig. 8 do not reveal any
very large local overdensity of MSPs.

From the results shown in Fig. 6, constrained by the
observed spatial distributions of Figs. 7 and 8, we con-
clude that we are forced to consider MSP luminosity func-
tions favoring somewhat higher values than are found in
the FGL base model. In terms of the magnetic field pa-
rameter, this favors B

0

⇠ (2� 6)⇥ 108 G, although one
should keep in mind that this parameter is somewhat de-
generate with the period distribution, and with the frac-
tion of rotational energy loss that goes into gamma ray
production. We consider examples of what appear to be
reasonably viable MSP population models in Fig. 9. In
the upper frames, we show the flux distribution; for the
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Why pulsars?

What are the options for the origin of the GCE?



Origin of the excess?
i) Individually unresolved point sources?
pulsars?

- spectral twins of ~50 GeV DM
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the ⌅⇥v⇧-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the ⌅⇥v⇧-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel ⇤⇤ ⇥ b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ⇤ 46.6GeV, ⌅⇥v⇧ ⇤ 1.60� 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
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 centre 

Spatial distribution close to the predicted NFW profiles.

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

ii) Transient at the GC: inverse Compton 
emission from electrons injected during 
an energetic burst event ~Myr ago  

iii) steady-state electron source at the GC

[Petrovic+, 2015; Carlson+, 2015, Cholis+, 2016]

[Carlson+, 2016; Gaggero+, 2015]]

[Abazajian, 2012, Mirabal, 2014; Macias, 2014, Petrovic
+, 2015, Brandt+2015, Lee+, 2015, Bartels+, 2015…]
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Origin of the excess?
i) Individually unresolved point sources?
pulsars?

- spectral twins of ~50 GeV DM
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Right on the spot where WIMP 
DM is supposed to be!

ii) Transient at the GC: inverse Compton 
emission from electrons injected during 
an energetic burst event ~Myr ago  

iii) steady-state electron source at the GC

[Petrovic+, 2015; Carlson+, 2015, Cholis+, 2016]

[Carlson+, 2016; Gaggero+, 2015]]

[Abazajian, 2012, Mirabal, 2014; Macias, 2014, Petrovic
+, 2015, Brandt+2015, Lee+, 2015, Bartels+, 2015…]
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How can we tell? 

DM — multi-target and -messenger tests 

astro — radio pulsar searches (e.g. w SKA [Calore+, 2016]), … 



SDSS Sky Coverage

3
~14,000 deg2

LAT Translation: 
All-Sky Counts MapDwarf spheroidal galaxies are the cleanest 

targets for DM search 

- old stars -> no high energy emission 
- 100+  times more dark than visible matter  
- located in quiet regions of the sky

LAT data within 
SDSS coverage

27

The biggest uncertainty: dark matter content ‘J factors’!  
Determined from stellar velocity dispersionM. Geha

Segue 1

Alex Drlica-Wagner   |   Fermi DM Overview

Dark Matter Content

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

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars
• Fit stellar velocity distribution of each 

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

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

many dwarfs
– Minimizes the uncertainty in the J-

factor
– Large enough to be insensitive to the 

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

nuisance parameter in the joint 
likelihood

24

Coma

Draco

Seg 1
UMa II
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lo
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0
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])

1000s 
stars

100s 
stars

Fermi LAT analysis method:  
- construct the joint likelihood, combining info 
from:  

• 15 dSphs 

• photon angular resolution information 

• J factor uncertainties (caveat Ullio+, 1603.07721)

DM search in dwarf galaxies



6

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].
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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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One of the strongest DM limits to date  
GCE dark matter origin in tension with complementary gamma ray observations

[Ackermann+, 1503.02641]

annihilation 
cross section

28

DM search in dwarf galaxies



Alex Drlica-Wagner   |   Fermilab

Dwarf Galaxies

15
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See Charles et al. 2016 [1605.02016]

More targets coming up!

- 1st year of DES: 8 new dSphs candidates No significant gamma ray emission    
(local significance of 2.4σ for Reticulum II dSph, [Drlica-Wagner, 1503.02632])

DES footprint

DM search in dwarf galaxies

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

In 2015 discoveries by optical surveys have roughly doubled the number of 
candidate dSphs (DES (2013 -), Pan-STARSS (2008-)) 

- 2nd year DES/LAT paper (submitted):  28 confirmed and 17 dSph candidates, 
stay tuned! 

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



More targets coming up!

Millisecond Pulsars in Dwarf Spheroidal Galaxies 7

Fig. 3.— PDFs showing the predicted flux for several representative dSphs taking into account poisson fluctuations in the LF. The
width of the respective distributions are observed to scale inversely with stellar mass, indicating that the e�ect due to fluctuations is most
dominant in low mass systems (i.e. ultra-faints).
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Fig. 4.— Expected flux plotted against J-factor. J-factor uncertainties are shown for kinematically confirmed dSphs only.

Food for thought: Pulsars present irreducible background to WIMP search 
As we find more dSphs, could they ultimately show up also in that ‘smoking gun’ target? 

[Winter, GZ, Bechtol, Vandenbroucke, 1607.06390]

preliminary

dSphs are "safe" for DM searches in GeV gamma rays (in the immediate future),  
except for possibly the highest stellar mass "classical" dSphs
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DM search in dwarf galaxies
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A Sample of Published Results from Indirect DM 
Searches with LAT Data 
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Representative Results for Different Search Targets for the b-quark Channel 

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

Outlook - LAT looks at many DM targets!

Many interesting analysis approaches, increasingly competitive constraints 

isotropic 
emission flux

dwarf 
galaxies

cross-
correlation

31

Galactic 
centre



one of the biggest projects in high energy astrophysics

32

CTA Key Science Projects

Adapted from  W. Hofmann!Adapted from W. Hofmann!

Future with the CTA
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Prod-3 CTA-S layout optimization

CTA-S layout 
 optimization
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Prod-3 CTA-N layout optimization

CTA-N layout 
 optimization

[credit: T. Hassan, 
CTA consortium]

CTA Telescope layout

Northern site!
4   LST!
15  MST!

800!m!

Southern site!
4  LST!
25  MST !
70 SST!

Credits: The CTA Consortium!

CTA Telescope layout

Northern site!
4   LST!
15  MST!

800!m!

Southern site!
4  LST!
25  MST !
70 SST!

Credits: The CTA Consortium!

800 m

CTA Telescope layout

Northern site!
4   LST!
15  MST!

800!m!

Southern site!
4  LST!
25  MST !
70 SST!

Credits: The CTA Consortium!

sites and example telescope layouts

Future with the CTA



CTA 
Comparison with state-of-the-art

34

Air Shower Viewed  
with Many Telescopes 

Angular	resolu&on		
versus	#	of	images	

Credits: W. Hofmann and The CTA Consortium 

CTA Performance

Angular Resolution Energy Resolution

Credits: The CTA Consortium!

Requirements!

Goals!

Further optimization of event selection can improve!
the angular resolution !
!
You can download the Instrument response functions at the following URL:!
https://portal.cta-observatory.org/Pages/CTA-Performance.aspx!

download the Instrument response functions at: 

https://portal.cta-observatory.org/Pages/CTA-Performance.aspx 

angular resolution

energy resolution
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1/4 of the sky (~104 deg2) Limiting flux ~ 5 mCrab 

Galactic plane survey Extragalactic plane survey

CTA as a whole-sky observatory 

ground based telescopes are pointing,  
but large sky surveys planned for CTA 
(thanks to a large number of CTA telescopes)

525 h deep exposure to uniformly 
cover the central 5 deg 


+ 300 h extended survey,10x10 deg

Galactic centre
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as

– 4 –

- impact of Galactic diffuse emission

36

- instrumental systematics
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CTA Ring method

CTA Morph. analysis

CTA Morph. analysis (3% syst.)

CTA Morph. analysis (0.3% syst.)

HESS GC

Fermi-LAT dSph

Doro et al. 2013, CTA

Wood et al. 2013, CTA

Pierre et al. 2014, CTA

Figure 6. Upper limits on the DM annihilation cross section using the previous Ring method (green)
and our morphological analysis (red), assuming 100 hr of observation of the GC. The thick solid
green and red lines are our baseline estimates of the limits attainable using the two analysis meth-
ods, assuming di↵erential acceptance uncertainties of 1% and including GDE. The red dashed and
dot-dashed lines show the limits produced in the morphological analysis assuming 3% and 0.3% sys-
tematics, respectively. Also shown are current limits on the DM annihilation cross section (thin solid
lines; Fermi -LAT dwarf analysis in blue [29], HESS GC observations in pink [34]), as well as various
projected CTA limits (thin dotted lines; Doro et al. 2013 in black [36], Wood et al. 2013 in cyan
[37], and Pierre et al. 2014 in dark blue [38]). For the sake of comparison, the CTA projections are
rescaled to 100 hr observation time and our adopted Einasto profile.

reasonable range has a significant impact on the actual projected constraints.7

6.4 Projected cross-section limits

We now present our results in terms of limits on DM annihilation, in the common h�vi-vs-
mass plane, assuming DM annihilation into di↵erent final states with a branching ratio of
100%. First we provide some context by summarising the most relevant previous work.

In Fig. 6, we show existing experimental limits from the Fermi -LAT satellite [29] and
the HESS telescope [34], on DM annihilation into bb̄. In this figure, all limits from the
GC are rescaled to our baseline Einasto DM profile. Projected limits correspond to 100 hr
observation time for CTA. The Fermi -LAT limits reach the thermal cross section for DM

7Although we introduced the morphological analysis method primarily to improve limits in the presence
of the GDE, we also compared its performance to that of the Ring method in the case of no GDE and 0%
systematics. In this case the morphological analysis produces limits that are marginally better than those of
the Ring method. This is expected, as the smaller RoIs still provide an additional constraint on the spatial
distribution of the signal.

– 16 –

[Silverwood+, JCAP 1503 (2015)]

CTA @ the Galactic centre

09/12/2015 
Valentin Lefranc, Gamma Ray & 

Dark Matter, Obergurgl 16 

Analysis methodology 

1 

2 
3 

4 
5 

ROI number 

•  2D Likelihood approach 
– Spatial : sub ROIs  

•  Different morphologies 
of signal and background 
rates. 

– Spectral  
•  Different spectral 

features between signal 
and background 

[Lefranc+, Phys.Rev. D91 (2015)]

Exploration of the most promising techniques and strategies ongoing:

- data analyses approaches: 
traditional ‘ring background’ 
method vs 2D likelihood 
morphology studies to fight CR 
backgrounds
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Thermal Relic Cross Section
(Steigman+ 2012)

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

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

Outlook - LAT & CTA

37

b-quark channel

vanilla WIMP parameter space 
could be largely covered by ~>2025

[new HESS limits, 1607.08142]



Anti-protons

- reasonable handle on astrophysical backgrounds: anti-protons are mainly 
produced in pp or pHe interactions and constrained by measured p fluxes 

- good containing power  on exotic contributions

Figure 1. Cosmic-ray proton (left panel) and antiproton (right panel) flux measured by the Pamela

experiment. We superimpose to the experimental data – taken, respectively, from ref. [25] and

ref. [26] – the background estimations obtained using the five propagation models defined in ref. [27].

Fitting the proton data we determine the best solar modulation potential �p
F for each setup (we give

the corresponding values in table 1). For the purpose of this figure we modulate the p̄ flux with the

same value.

The free parameters that appear in the di�usion-loss equation (2.5) define a propagation

setup. As discussed e.g. in [27], the uncertainty on the di�usion parameters produce a modest

spread in predictions for the antiproton flux coming from p-p and p-He collisions, while the

impact on the flux coming from DM annihilations is much larger.

We adopt the five propagation models defined in ref. [27]. We summarize their properties

in table 1 and comment on them as follows.

� The THN, KRA and THK models assume the same value of � – corresponding to a

Kraichnan-type turbulence in the Quasi-Linear Theory (QLT) – but di�erent values for

the height zt of the di�usion cylinder: THN corresponds to a very thin di�usion zone

(0.5 kpc), KRA assumes 4 kpc and THK applies if the di�usion zone is as thick as 10

kpc.

� The KOL model instead assumes a � = 0.33 (which is given by Kolmogorov turbulence

in QLT), with a di�usive characteristic height fixed at 4 kpc.

� The CON model includes strong convective e�ects (but the di�usive height is still fixed

at 4 kpc).

As pointed out e.g. in [27] (among others), the most relevant uncertainty for this kind of

analysis is the thickness of the di�usion zone zt: a thinner halo corresponds to a much

lower signal for the antiprotons coming from DM annihilation, hence one anticipates that

– 7 –

proton 
measurement

anti-proton 
measurement

p+gas interactions



	


No excess above secondary backgrounds
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the di�erent contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di�erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a�ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a�ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �F , expressed in GV. As already mentioned in the introduction, the value taken by �F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �F vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F (analo-
gously to what done in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV � �p

F ± 50%�p
F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

[Giesen+ 2015]

Relevant uncertainties for CR BG: 
• pbar production cross-section 

• spectrum of CR primaries  

• CR propagation  

• solar modulation (below ~10 GeV) 

No excess above secondary backgrounds! (Giesen+ 2015, Kappl+ 1506.04145, Evoli+ 1504.05175)

X

Anti-protons



• DM ann/decays could affect the early universe evolution: 
‣ BBN (T~1 MeV): energy injections destroy formed nuclei 
‣ CMB (z ∼ 1000): The increased ionization fraction leads to a broadening of the 

last scattering surface. 
‣ re-ionization (6 < z < 20): ionization and heating after recombination and 

during the epoch of structure formation affect optical depth of the Universe.

Early Universe

The cosmic microwave 
background

• Cosmic microwave background radiation carries information from around z~1000, 
the epoch of hydrogen recombination. No messy Galactic astrophysics, DM density 
perturbations are small and linear.!

• Want to investigate the effect of high energy SM particles injected by DM 
annihilation (or other new physics) – NOT the usual gravitational effects of DM.

DM annihilation and the CMB

� Cosmic microwave background radiation carries information from around z ~ 
1000, the epoch of hydrogen recombination. 

� Dark matter and baryons slow-moving, diffuse, nearly uniform (nonlinear 
structure formation does not begin until z < 100) F well-understood physics, 
without uncertainties from present-day Galactic astrophysics.

� Want to investigate the effect of high energy SM particles injected by DM 
annihilation F NOT the usual gravitational effects of DM.

Y. Ali-Haimoud’s talks 



• DM ann/decays could affect the early universe evolution: 
‣ BBN (T~1 MeV): energy injections destroy formed nuclei 
‣ CMB (z ∼ 1000): The increased ionization fraction leads to a broadening of the 

last scattering surface. 
‣ re-ionization (6 < z < 20): ionization and heating after recombination and 

during the epoch of structure formation affect optical depth of the Universe.

Early Universe

Example ionization history

• Example DM model, 1 TeV DM annihilating to electrons.!

• Use public codes RECFAST (Seager, Sasselov & Scott 1999) / CosmoRec (Chluba & Thomas 2010) / 
HyRec (Ali-Haimoud & Hirata 2010) to solve for ionization history.!

• At redshifts before recombination, many free electrons => the extra energy injection has little effect.!

• After recombination, secondary ionization induced by DM annihilation products => higher-than-usual 
residual free electron fraction.!

• Surface of last scattering develops a tail extending to lower redshift.

Bounds from Planck
• Early this year, Planck 

Collaboration 
released polarization 
results!

• (Technical note: these 
results use a slightly 
different ionization 
prescription, to be 
discussed shortly.)!

• 1502.01589 
(cosmological 
parameters paper) 
provides constraints 
for constant feff [Slatyer, 1506.03811]

Y. Ali-Haimoud’s talks 



Future?

Credits: S. Markoff & The CTA Consortium 

Synergies during CTA operation

Credits: S. Markoff & The CTA Consortium!

42

more observations!



Future?
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theoretical advances

Recombination Galaxy
Freeze

out

Born approximation

Direct Annihilation Bound State
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Figure 3: Dark matter bound state formation cross section for various dark matter velocities (thick red curve),
calculated from the general formula, Eq. (5). We have fixed the other parameters, m

D

= 16.7TeV, ↵
D

= 0.2
andm

V

= 10GeV. For comparison, we also show the direct annihilation cross section in the Born approximation
(dashed black) and the one with Sommerfeld enhancement (thick blue curve). The bound state formation cross
section plays the most important role for dark matter indirect detection, if m

V

/m
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The condition that n
max

< n
trans

is equivalent to µv2/2 < m
V

and we find numerically that Eq. (13) is
valid in the range 1

2

µv2 < m
V

< µv. In the region m
V

> µv, the cross section is resonantly enhanced
when the kinetic energy of the incoming state is nearly degenerate with a resonance state of the Yukawa
potential. These features are shown in Fig. 2.

Next, we discuss the velocity dependence of the bound state formation cross section, and highlight the
comparison with the Sommerfeld enhanced cross section of direct annihilation, often used for computing
DM annihilation in the literature [4, 8–10]. This comparison is shown in Fig. 3 for m

D

= 16.7TeV,
↵
D

= 0.2 and m
V

= 10GeV. We find that in the region m
V

/µ < v <
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/µ the bound state formation
cross section is consistently larger than the direct annihilation cross section with Sommerfeld enhancement
(labelled with subscript A). For this range of relative velocities, the two cross sections can be approximated
as
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The direct annihilation cross section (�v)
A

is obtained by enhancing the Born level cross section by the
s-wave Sommerfeld factor, defined as |R
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|2/(4⇡)2 in our convention.
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Example beyond the thermal cross section level

● Velocity-dependent cross sections
○ e.g. Sommerfeld enhancement, Dark Matter Bound States, p-wave (see R. Caputo’s talk)
○ Could have more DM annihilation now than in early Universe

“Darkonium” bound state (B) 
may decay to >2 particles
(current limits assume DM 
decays to a pair of particles)

Y. Zhang+ PRD 93.115020 (2015)

mDM = 16.7 TeV
mmed = 10 GeV
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Example beyond the thermal cross section level

● Velocity-dependent cross sections
○ e.g. Sommerfeld enhancement, Dark Matter Bound States, p-wave (see R. Caputo’s talk)
○ Could have more DM annihilation now than in early Universe

“Darkonium” bound state (B) 
may decay to >2 particles
(current limits assume DM 
decays to a pair of particles)

Y. Zhang+ PRD 93.115020 (2015)

mDM = 16.7 TeV
mmed = 10 GeV

[Zhang+, PRD2016]

e.g. relax an assumption on trivial dark sector -> bound states of DM (WIMPonium, 
Darkonium…) and their signatures

R. Essig’s talk 



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

• DM search is an outstanding effort for over 50 years: the tools are now finally in the right 
ballpark! 

• More data coming up - stay tuned!

[RESONAANCES: http://resonaances.blogspot.it/]

work in progress!

http://resonaances.blogspot.it/%5D
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[slide credit: A. Ismaili]

Neutrinos? IceCube data

� deficit of events in the energy range ~ (400 - 1000) TeV

� cut-off in events: no events observed with energy > 2 PeV

� angular distribution of events show mild anisotropies (enhanced toward GC)

none of the above-mentioned issues are significant⚠

4 years of data
Arman Esmaili                                                             ICTP - Extragalactic Frontier …                                                   05/May/2016           
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� angular distribution of events show mild anisotropies (enhanced toward GC)
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Neutrinos?Flux of neutrinos from decaying DM
an example:�
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Confronting with energy distribution of IceCube data
three years data set

heavy sterile neutrino, DM candidate
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PeV-scale decaying DM with generic decay channels, can naturally explain these features. 
The required lifetime is allowed by the current limits. Both the energy and angular 
distributions mildly prefer DM interpretation.  
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• MW satellite galaxies, D= 15 — 250 kpc

• luminosities ≳ 1000 L⊙ 

• large M/L up to 1000 M⊙/L⊙

• no astrophysical background 

(no gas content, no gamma-ray emitters) 
• new ultra-faint dSphs to be discovered  

with next-generation sky surveys  
(DES, LSST, SkyMapper, Pan-STARRS) 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• Sculptor, Draco, Segue I 
will be replaced with  
the best constrained/most promising 
dSphs known at the time of observation  
!

‣ robust constraints, but a factor 
of ~30 away from DM expectation

J-factors based on

Martinez, G.D., MNRAS 451, 3 (2015)

North 
array

Expected sensitivity does not reach the thermal cross-section: 

- sensitive to models with significant Sommerfeld enhancement (TeV dark 
matter) [e.g. Hisano+, 2008; Abazajian+ 2012; Bringmann+, 2014; Garcia-Cely+, 2016; …] 

Current plan: focus on the most promising dSph target
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev ⟨φ⟩ ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνF

µν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

5

Defining the dimensionless parameters

α = λ2/4π, ϵv =
v

α
, ϵφ =

mφ

αmχ
, (7)

and rescaling the radial coordinate with r′ = αmχr, we can rewrite Eq. 3 as,

ψ′′(r′) +

(

ϵ2v +
1

r′
e−ϵφr′

)

ψ(r′) = 0. (8)

In the limit where the φ mass goes to zero (ϵφ → 0), the effective potential is just the Coulomb potential and Eq.

8 can be solved analytically, yielding an enhancement factor of,

S ≡ |ψ(∞)/ψ(0)|2 =
π/ϵv

1 − e−π/ϵv
. (9)

For nonzero mφ and hence nonzero ϵφ, there are two important qualitative differences. The first is that the Sommerfeld

enhancement saturates at low velocity–the attractive force has a finite range, and this limits how big the enhancement

can get. At low velocities, once the deBroglie wavelength of the particle (Mv)−1 gets larger than the range of the

interaction m−1
φ , or equivalently once ϵv drops beneath ϵφ, the Sommerfeld enhancement saturates at S ∼ 1

ϵφ
. The

second effect is that for specific values of ϵφ, the Yukawa potential develops threshold bound states, and these give rise

to resonant enhancements of the Sommerfeld enhancement. We describe some of the parametrics for these effects in

the appendix, but for reliable numbers Eq. 8 must be solved numerically, and plots for the enhancement as a function

of ϵφ and ϵv are given there. As we will see in the following, we will be interested in a range of mφ ∼ 100 MeV - GeV;

with reasonable values of α, this corresponds to ϵφ in the range ∼ 10−2 − 10−1, yielding Sommerfeld enhancements

ranging up to a factor ∼ 103−104. At low velocities, the finite range of the Yukawa interaction causes the Sommerfeld

enhancement to saturate, so the enhancement factor cannot greatly exceed this value even at arbitrarily low velocities.

The nonzero mass of the φ thus prevents the catastrophic overproduction of gammas in the early universe pointed

out by [33].

Having obtained the enhancement S as a function of ϵv and ϵφ, we must integrate over the velocity distribution

of the dark matter in Earth’s neighborhood, to obtain the total enhancement to the annihilation cross section for

a particular choice of φ mass and coupling λ. We assume a Maxwell-Boltzmann distribution for the one-particle

velocity, truncated at the escape velocity:

f(v) =

{

Nv2e−v2/2σ2

v ≤ vesc

0 v > vesc.
(10)

The truncation does not significantly affect the results, as the enhancement factor drops rapidly with increasing

velocity. The one-particle rms velocity is taken to be 150 km/s in the baseline case, following simulations by Governato

et al. [34]. Fig. 1 shows the total enhancement as a function of mφ/mχ and the coupling λ for this case.

One can inquire as to whether dark matter annihilations in the early universe experience the same Sommerfeld

enhancement as dark matter annihilations in the galactic halo at the present time. This is important, because we are

relying on this effect precisely to provide us with an annihilation cross section in the present day much larger than

that in the early universe. However, it turns out that particles leave thermal equilibrium long before the Sommerfeld

enhancement turns on. This is because the Sommerfeld enhancement occurs when the expansion parameter α/v = 1/ϵv
is large. In the early universe, the dark matter typically decouples at TCMB ∼ mχ/20, or v ∼ 0.3c. Since we are

taking α<∼ 0.1 generally, the Sommerfeld enhancement has not turned on yet. More precisely, in the early-universe

regime ϵv ≫ ϵφ, so we can use Eq. 9 for the massless limit. Where ϵv ≫ 1, Eq. 9 yields S ≈ 1 + π/2ϵv: thus the

enhancement should be small and independent of mφ. Fig. 2 shows this explicitly. We are left with the perturbative

annihilation cross section σ ∼ α2/m2
χ which gives us the usual successful thermal relic abundance.

At some later time, as the dark matter velocities redshift to lower values, the Sommerfeld enhancement turns on

and the annihilations begin to scale as a−5/2 (before kinetic decoupling) or a−2 (after decoupling). From decoupling

until matter-radiation equality, where the Hubble scale begins to evolve differently, or until the Sommerfeld effect is

saturated, dark matter annihilation will produce a uniform amount of energy per comoving volume per Hubble time.
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as

– 4 –

[Silverwood+, JCAP 1503 (2015)] [Lefranc+, Phys.Rev. D91 (2015)]

Exploration of the most promising techniques and strategies ongoing:


- CR backgrounds: traditional ‘ring background’ method vs 2D likelihood morphology 
studies 
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as

– 4 –
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CTA @ the Galactic centre
Exploration of the most promising techniques and strategies ongoing:


- CR backgrounds: traditional ‘ring background’ method vs 2D likelihood morphology 
studies 



CTA @ spectral lines

South 
arrayCTA excellent energy resolution — high 

sensitivity to spectral line search! 

•data within a circle of 1 deg radius around 
the center 
  
•standard astrophysical emission taken into 
account as background 

‣ sensitivity improvement by a factor of ~10 
expected  

52H.-S. Zechlin - Dark Matter and Fundamental Physics with CTA, La Palma, 28/08/2015

GALACTIC CENTER: 
LINE SEARCH

• data within a circle of 1 deg 
radius around the center 

• standard astrophysical emission 
taken into account as 
background

!

• systematics expected to be 
small for line searches

!

‣ sensitivity improvement by  
a factor of ~10 expected
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★ Hadronization of annihilation products and subsequent π0 decay (annihilations to W, 
Z, q, ...channels): high branching predicted in bulk of particle physics models, but featureless 
spectra.

★ ‘feature-full’ (hard or line shaped) emission (photons from Final State Particles (FSR), internal 
states (VIB) or annihilation to a γ-ray line (two photons/Zγ) through loop processes): low 
signals but easier to distinguish from astrophysics radiation; or box shaped emission, to four 
photos via decay of an intermediate state.

★ gamma rays produced through electron radiative losses (annihilations to leptons states): 
emission correlates with ambient backgrounds and fields.

DM in γ rays: spectraAdvances in Astronomy 3
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,µ+µ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of
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from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.
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and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of

limits the search for spectral features.
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FIG. 1: The spectrum of box-shaped gamma-ray features. The left panel displays the unconvoluted

(dashed) and convoluted (solid) box spectra for mDM = 100 GeV, m� = 60 GeV and ⇥�v⇤ = 3 �

10�26 cm3/s on top of the 2-yr Fermi-LAT data (borrowed from [23]) for the galactic centre region.

The right frame shows the convoluted box spectra for mDM = 100 GeV, ⇥�v⇤ = 3 � 10�26 cm3/s

and several values of m�.

We are interested in exploring box-shaped gamma-ray features in the energy range rele-

vant for typical WIMPs, i.e. from a few GeV to a few TeV, so we shall focus on Fermi-LAT

performance and data all through the manuscript. The energy resolution of the LAT instru-

ment is parameterised according to [32], giving �(E)/E = 8 (12)% at E = 1 (200) GeV. We

consider as our main target fields of view the galactic centre and halo regions as defined in

[23] (cf. Table 1 therein). The former features �⇥ = 1.30 sr,
�
�⇥ d⇥ Jann = 9.2� 1022 GeV2

cm�5 sr and
�
�⇥ d⇥ Jdec = 6.9 � 1022 GeV cm�2 sr, while the latter presents �⇥ = 10.4

sr,
�
�⇥ d⇥ Jann = 8.3 � 1022 GeV2 cm�5 sr and

�
�⇥ d⇥ Jdec = 2.2 � 1023 GeV cm�2 sr,

assuming a Navarro-Frenk-White (NFW) profile normalised to a local dark matter density

of 0.4 GeV/cm3. Following the findings of [23], we shall focus on the centre (halo) region

to derive constraints on annihilating (decaying) dark matter. For the centre region, figure 1

(left) shows the unconvoluted and convoluted box spectra taking mDM = 100 GeV, m� = 60

GeV (or �m/mDM = 0.4) and ⇥�v⇤ = 3� 10�26 cm3/s, as well as the 2-yr Fermi-LAT data

(borrowed from the analysis in [23]). Figure 1 (right) illustrates instead the e⇤ect of varying

the mass degeneracy parameter �m/mDM . The plots highlight the key phenomenological

features of the dark matter models under scrutiny. As discussed above, in the limit of van-
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Current Gamma-ray Observatories
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Low earth orbit (565 km)
28.5° orbital inclination, ~2 sr f.o.v.
20 MeV -- > 300 GeV, 100% Duty Cycle
(AGILE has similar technology, but has 
limited energy resolution)

Khomas Highland of Namibia
23° South Latitude, ~5° f.o.v.
~30 GeV -- ~100 TeV

Parque Nacional Pico de Orizaba, Mexico
19° North Latitude, ~2 sr f.o.v.
~50 GeV -- ~100 TeV, 100% Duty Cycle

Tucson, Arizona
31° North Latitude, ~5° f.o.v.
~85 GeV -- ~50 TeV

La Palma, Canary Islands
29° North Latitude, ~5° f.o.v.
~30 GeV -- ~30 TeV

VERITAS Array
MAGIC

H.E.S.S.

HAWC Observatory

Fermi Large 
Area Telescpe

MILAGRO (2001-2008) 

HAWC (2010 - )

ii) Air shower arrays (‘with buckets of water’)
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The TeV sky 
IACTs are pointing telescopes! 
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Gamma-ray Astrophysics

●  H.E.S.S. aims to observe the Southern  
γ-ray sky between 100GeV to 50TeV

– Installed in Namibia since 2003 with 4 
telescopes

– Inauguration of a 5th large telescope 
in Sept. 2012

● Using the Imaging Atmospheric 
Cherenkov Technique

– Array of telescopes observing the sky 
in stereoscopy 

Bruno Khélifi | Imaging Atmospheric Cherenkov Technique : H.E.S.S. | 25 April 2013 | 

2nd Second 
Galactic Scan
H.E.S.S. coll.

●  Atmospheric Showers
●  Cherenkov Radiation of showers
●  H.E.S.S. Cherenkov Telescope Array 
●  Gamma-ray analysis methods
●  H.E.S.S. performance and main 

physics topics

2nd Galactic plane survey, H.E.S.S.

Extended emission from the Galactic centre ridge

H.E.S.S. Collaboration, 2016 

Figure 6. (a) Evolution over time (year of announcement) of the number of VHE gamma-ray sources (TeVCat [75]), with the
contributions from H.E.S.S., MAGIC and VERITAS. (b) Sky map of the present 155 VHE gamma-ray sources (TeVCat [75])
in galactic coordinates (Hammer projection) with a zoom on the Galactic Centre area.

to allow stereoscopic observations and benefit of the associated background reduction that allowed the detection
of the pulsed γ-ray emission of the Crab in the 50-400 GeV energy range.

Finally, VERITAS (Very Energetic Radiation Imaging Telescope Array System) came online in 2007. It has
recently (2012) been upgraded to include a better trigger system, higher quantum efficiency phototubes, and high
speed networking, with the result of an improved γ-ray sensitivity and an energy threshold reduced by 30%. Since
2007, it has detected more than 20 extra-galactic objects, and in the recent years, its focus has shifted from
discovery of new targets to long-term monitoring of known sources.

The wealth of the scientific harvest of these IACT has pushed all groups to unite in the preparation of the world-
wide CTA (Cherenkov Telescope Array) project [72] which aims at expanding the energy coverage, improving the
angular resolution and increasing the sensitivity by a factor 10.

2.3.5. Ground-based detectors with a wide field-of-view
Another technique, based on revisiting surface arrays must also be reported here: scintillation counters are now

replaced by big water tanks in which a large fraction of the shower particles that reach the (high altitude) ground
are detected through their Cherenkov light emission in water. This allows dense arrays to be built, reaching a high
efficiency of particle detection over a large area, and now makes it possible to detect astrophysical γ-ray sources.
This water Cherenkov technique gave its first source detections with the MILAGRO [73] array (2000-2008). The
present major detector of this type is the HAWC (High Altitude Water Cherenkov) γ-ray observatory [74] whose
construction has just been completed using 55 kilotons of water distributed over 300 tanks at an altitude of 4100
m a.s.l. Its energy threshold will be higher than IACT’s and its hadron rejection and angular resolution will not
reach the IACT level, but HAWC will observe continuously (while IACT have a maximum of 20% of duty cycle),
have a much wider field of view (though its effective energy threshold increases rapidly with zenith angle) and
offer a good stability and ease of operation. So, HAWC will be very complementary to IACT and will notably
allow a full sky survey at TeV energies, the detection of unexpected transients for providing alerts to pointed
instruments, and the study of large extended sources.

2.3.6. Presently detected VHE γ-ray sources: a rich catalogue
All the VHE gamma-ray sources and the associated publications are registered in an online catalogue, TeVCat

[75], from which sky maps and characteristic tables can easily be extracted. This database shows that 155 highly
significant sources have now been published in referred journals (or recently announced). Fig. 6a displays how
this number has grown over time, from the first discovery in 1989 to the end of 2014. It clearly exhibits a slow
evolution until 1996 (only 3 sources by that time), a more visible slope over [1996-2004] due to camera upgrades
or new telescopes coming online, and a very fast rise from 2005 onwards when H.E.S.S. started operations, soon
followed by MAGIC and VERITAS and bringing the source count to its present level of 155.

A sky map of these VHE gamma-ray sources in galactic coordinates is shown in Fig. 6b. The contribution of
the galactic sources is concentrated close to the horizontal axis and most of the sources situated away from this
axis are extragalactic active galactic nuclei. The physics properties of these various objects are discussed in the
other papers of this topical issue of Comptes Rendus Physique.
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170 VHE gamma-ray sources

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right

panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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