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Figure 3: Pictorial all-sky map in Galactic coordinates and Hammer-Aitoff projection showing the sky loci
of 4FGL catalog sources and their class. All AGN classes are plotted with the same blue symbol, other
associations to a well-defined class are plotted in red, while unassociated sources and sources associated to
counterparts of unknown nature are plotted in dark grey [22].

for the 3FGL is about 20% larger acceptance at all energies and improved angular resolution
above 3 GeV.

• A new model of underlying diffuse Galactic emission was developed. The model is based
on linear combinations of templates for components of the Galactic diffuse emission. For
the 4FGL catalog all the templates are updated with refined partitioning the HI and H2 (2.6-
mm CO line) into separate ranges of Galactocentric distance (‘rings’), and a new template
is added for all-sky high-resolution, 21-cm spectral line HI4PI survey as tracer of HI. The
interstellar emission dominates in the Galactic Ridge and the dark gas is responsible for
a large part of the small-scale structures of the interstellar matter and gamma-ray diffuse
emission. Recent published data are used in the new model, and improvements are reached
against spurious structures around massive star-forming regions.

• Weighted logarithmic maximum likelihood analysis is adopted to mitigate the effect of sys-
tematic errors due to the imperfect knowledge of the Galactic diffuse emission.

• 75 4FGL sources are explicitly modeled as extended emission regions, up from 25 in 3FGL.

• To study the associations of LAT sources with counterparts at other wavelengths, several
catalogs of counterparts at lower frequencies are updated and correspondingly the association
procedure is recalibrated.
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2.3. Localization

The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
serious limitation. For example, in 3FGL the average ratio
between the two axes of the error ellipses was 1.20, so most
ellipses were close to circular. At higher energies (1FHL) this
ratio was even smaller, 1.12.

The systematic uncertainties associated with localization
were not calibrated on 3FHL itself, but on the larger (and more
precise) preliminary source list derived from an analysis over
all energies greater than 100MeV. The absolute precision at the
95% confidence level was found to be 0°.0075 (it was 0°.005 in
3FGL, but the statistical precision on localization was not
good enough to constrain the absolute precision well). The
systematic factor was found to be 1.05, as in 3FGL. We
checked that the 3FHL localizations were consistent with the
same values. Consequently, we multiplied all error estimates by
1.05 and added 0°.0075 in quadrature.

2.4. Significance and Spectral Characterization

The framework for this stage of the analysis was inherited
from the 3FGL catalog analysis pipeline (Acero et al. 2015). It
splits the sky into regions of interest (RoIs), each with typically

half a dozen sources whose parameters are simultaneously
optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape
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was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.
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3.5. The Galactic Population

The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10<∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2<∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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Figure 1. The TeV sky in mid-2019. A compilation of known VHE gamma-ray sources (from
TeVCat), compared to the high energy Fermi-LAT catalogue (3FHL) sources. Adapted from [1].

harder (for example with respect to the ultra-high-energy cosmic rays, where the GZK horizon
leads to a dramatic reduction in the number of candidate sources).

Particularly in the case of transient events, the very large area of VHE gamma-ray instruments
(in particular the Imaging Atmospheric Cherenkov Telescopes – IACTs) makes them an ideal
counterpart to neutrino telescopes, with typically thousands of detected gamma-rays expected
for each neutrino. Interactions of accelerated nuclei both with matter and radiation fields lead
to simultaneous neutrino and gamma-ray production. In general neutrino and gamma-ray fluxes
from the two process are comparable and in the absence of absorption e↵ects it is straightforward
to predict the expected neutrino spectrum from the observed gamma-ray spectrum (see e.g. [2]).
In the case of photo-hadronic interactions however the necessary presence of strong radiation
fields makes gamma-gamma interactions and cascading very likely. This situation breaks the
simple relationship between gamma-ray and neutrino fluxes, but the combination remains very
powerful as a diagnostic of the underlying physics and physical conditions in the emission region.

For the proton accelerators in our own galaxy the p-p channel is the most promising,
and extensive surveys exist of the Galactic Plane in both, neutrinos and VHE gamma-rays.
Unfortunately there are so far no firmly identified Galactic neutrino sources, but it is intriguing
to note that one of the most promising regions from the recent IceCube search [3], is coincident
with a source (MGROJ1908+06) now established by the HAWC collaboration to emit TeV
photons to energies beyond 100 TeV [4].

Beyond our galaxy, the large dataset from IceCube now places tight constraints on cosmic-ray
acceleration and neutrino production in both gamma-ray bursts (GRBs, [5]) and the population
of gamma-ray emitting active galaxies know as blazars [6]. Whilst there is so far no evidence for
neutrino emission from active galaxies as a population, there is one very important candidate
object which is discussed in detail below.
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Figure 3: Pictorial all-sky map in Galactic coordinates and Hammer-Aitoff projection showing the sky loci
of 4FGL catalog sources and their class. All AGN classes are plotted with the same blue symbol, other
associations to a well-defined class are plotted in red, while unassociated sources and sources associated to
counterparts of unknown nature are plotted in dark grey [22].
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mm CO line) into separate ranges of Galactocentric distance (‘rings’), and a new template
is added for all-sky high-resolution, 21-cm spectral line HI4PI survey as tracer of HI. The
interstellar emission dominates in the Galactic Ridge and the dark gas is responsible for
a large part of the small-scale structures of the interstellar matter and gamma-ray diffuse
emission. Recent published data are used in the new model, and improvements are reached
against spurious structures around massive star-forming regions.
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tematic errors due to the imperfect knowledge of the Galactic diffuse emission.
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The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10<∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2<∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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Figure 1. The TeV sky in mid-2019. A compilation of known VHE gamma-ray sources (from
TeVCat), compared to the high energy Fermi-LAT catalogue (3FHL) sources. Adapted from [1].

harder (for example with respect to the ultra-high-energy cosmic rays, where the GZK horizon
leads to a dramatic reduction in the number of candidate sources).

Particularly in the case of transient events, the very large area of VHE gamma-ray instruments
(in particular the Imaging Atmospheric Cherenkov Telescopes – IACTs) makes them an ideal
counterpart to neutrino telescopes, with typically thousands of detected gamma-rays expected
for each neutrino. Interactions of accelerated nuclei both with matter and radiation fields lead
to simultaneous neutrino and gamma-ray production. In general neutrino and gamma-ray fluxes
from the two process are comparable and in the absence of absorption e↵ects it is straightforward
to predict the expected neutrino spectrum from the observed gamma-ray spectrum (see e.g. [2]).
In the case of photo-hadronic interactions however the necessary presence of strong radiation
fields makes gamma-gamma interactions and cascading very likely. This situation breaks the
simple relationship between gamma-ray and neutrino fluxes, but the combination remains very
powerful as a diagnostic of the underlying physics and physical conditions in the emission region.

For the proton accelerators in our own galaxy the p-p channel is the most promising,
and extensive surveys exist of the Galactic Plane in both, neutrinos and VHE gamma-rays.
Unfortunately there are so far no firmly identified Galactic neutrino sources, but it is intriguing
to note that one of the most promising regions from the recent IceCube search [3], is coincident
with a source (MGROJ1908+06) now established by the HAWC collaboration to emit TeV
photons to energies beyond 100 TeV [4].

Beyond our galaxy, the large dataset from IceCube now places tight constraints on cosmic-ray
acceleration and neutrino production in both gamma-ray bursts (GRBs, [5]) and the population
of gamma-ray emitting active galaxies know as blazars [6]. Whilst there is so far no evidence for
neutrino emission from active galaxies as a population, there is one very important candidate
object which is discussed in detail below.
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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 − m2
X/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(α2

em) 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 ! 150 GeV (mχ ! 400 GeV) 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
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Fig. 10.— Comparison of the derived total EGB intensity (foreground model A) to other mea-

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

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

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

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

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

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

sources on the sky than the Fermi -LAT.)

[Ackermann+, ApJ799, 2015)]
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FIG. 2. Top panel: The latitudinal profile of the Galactic
Plane over a longitude range of −75◦ < l < 60◦. Shown is
the differential flux at 1 TeV including sources. H.E.S.S. TeV
data, which include known sources, are indicated by black
crosses. The minimal 1 TeV γ-ray from hadronic interactions,
estimated using HI and H2 data (traced by CO data) and a
solar-like cosmic-ray spectrum (see text), is shown as model
curve. The dashed line includes a nuclear enhancement factor
of 2.1. Model curves do not comprise a reduction due to
background subtraction. Bottom panel: The same as the top
panel, except only the DAR (for the definition see Fig. 1 top
panel) is considered. Model curves correspond to the minimal
hadronic γ-ray emission expected in the same region.

Gas templates of HI and H2 column densities are used
for the calculation: HI data originate from the Lei-
den/Argentine/Bonn Survey [16], a column density is ob-
tained assuming a spin temperature of TS = 125 K. The
H2 column density is traced by CO (1-0) measured by
the NANTEN telescope. The conversion factor is chosen
to be XCO = 2 · 1020 cm−2 K−1 km−1 s [11]. Since the
degeneracy between HI, H2 and dust-related tracers for
energetic γ-ray emission is not yet satisfactorily resolved
at lower energies - where the majority of all observed
photons is attributed to diffuse Galactic emission [2, 4]
- an additional dust-related (dark gas) component is not
considered here.
The minimum expected γ-ray flux is obtained from in-
tegrating the product of the gas column density n(l, b),

the interaction cross section dσCR−→γ

dECR
, and the cosmic-ray

energy spectrum J(ECR) [9] over energy:

dF (l, b)

dEγ
=

∫
dσCR−→γ

dECR
n(l, b)J(ECR) dECR .

The parametrization of the interaction cross section fol-

lows Kelner et al. [17]. H2 is treated as two individual
protons. For a conservative minimum in the calculated γ-
ray emission, the proton cross section is applied also for
heavier cosmic-ray nuclei. A nuclear enhancement fac-
tor accounting for contributions of nucleonic cosmic-ray
interactions (beyond proton-proton) to the diffuse γ-ray
emission is model-dependent but typically considered in
the range of 1.5 to 2 (see [20] and references therein). In
Figs. 1 and 2 the corresponding flux according to a more
recent estimate of ≈ 2.1 by Kachelriess et al. [15] is in-
dicated by a dashed line.
When comparing the shape of the distributions, a dif-
ference can be observed in the widths of the latitudinal
profiles: The hadronic component exhibits a FWHM of
2◦. The H.E.S.S. data exhibits a narrower width of 1◦

for the total flux including γ-ray sources, while the pro-
file of the DAR has a FWHM of 1.2◦ - slightly broader,
which could hint at a composite origin of the DAR sig-
nal, consisting of both γ-ray sources and hadronic diffuse
emission. Considering the fraction of the hadronic contri-
bution, the minimum estimated from p-gas interactions
in the range of −1◦ < b < 1◦ is 9% for the total flux and
26% for the DAR. These values increase to 19% (total)
and 55% (DAR) when considering the nuclear enhance-
ment factor. The background subtraction that is applied
to the H.E.S.S. data reduces the detectable γ-ray emis-
sion by around a third, yielding fractions of 14% (total)
and 36% (DAR) for the hadronic contribution in the re-
spective signal.

2. Large-scale inverse Compton emission

Another major contribution to the diffuse emission sig-
nal at very high energies is predictably related to contin-
uous cosmic-ray electron and positron energy losses via
inverse Compton (IC) scattering. Both existence and rel-
evance of an IC-emission contributing to an observable
diffuse emission signal can be deduced from the imme-
diately neighboring energy band, the Galactic diffuse γ-
ray emission at GeV energies. Studies of the Galactic
diffuse emission in the Fermi-LAT energy range [3] indi-
cated contributions by IC-scattering to the total observed
diffuse emission with an intensity up to the same order
of the pionic emission component. More specifically, IC-
related γ-ray emission was reported at similar intensity to
the hadronic γ-ray emission produced from gas traced by
HI for high Galactic latitudes, and dominant above tens
of GeV [3]. Spectral extrapolation is suggestive of both
hadronic and IC-related emission components extending
towards even higher energies before either energy losses
soften or even cut-off the IC-spectrum, or the neutral
pion production spectrum might indicate the imprint of
the maximum energy reached by particle acceleration in
our Galaxy. At first glance, the IC-emission component
used to interpret the Fermi-LAT detected diffuse Galac-
tic emission might serve as a reasonable template for such
an extrapolation. Respective predictions were derived on

[HESS coll., 2014]
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Very extended gamma-ray emission (tens of pc) is detected, much larger than typical PWNe.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µX

ij }, a signal template for the DM component, µ�
ij , and normalisation parameters

A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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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 –

future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021GeV2 cm�5

and JOFF = 1.2⇥ 1022GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1�⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4⇥ 10�4 sr, JDraco = 6.31⇥ 1018GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25GeV to 10TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background

– 9 –
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the morphological than on the spectral information in the templates, which is partially mo-
tivated by the excellent angular resolution of CTA. We will discuss this point in more detail
below when explicitly introducing systematic uncertainties. Mock data, finally, are prepared
for each of the background components X by drawing the number of photon counts in a given
bin, nX

ij , from a Poisson distribution with mean µ
X
ij . Summing these contributions then gives

the total number of counts per bin, nij =
P

X n
X
ij .

We generate all count maps using ctools.8 As our benchmark binning scheme we choose
– unless explicitly stated otherwise (see also Section 6.1 for a discussion) – square spatial bins
of width 0.1�, roughly corresponding to the typical PSF, and 55 spectral bins in the range
from 30 GeV to 100 TeV chosen such that their width is given by the energy resolution at
the central bin energy, at the two standard deviations (2�) level.9 We restrict our analysis to
circular FoV regions with a radius of 5� around the respective pointing direction of the array
(c.f. Fig. 1).

To derive an upper bound on the DM normalisation A
�, for a fixed DM template µ�

and a given data set n, we define the test statistic

TS(A�) = min
{AX

i }

 
�2 ln

"
L
�
µ(A�

, A
X
i )
��n
�

L( µ̂|n)

#!
, (4.2)

where µ̂ ⌘ µ(A� = Â
�
, A

X
i = Â

X
i ) denotes the model counts in Eq. (4.1) for the best-fit values

of all normalisation parameters (i.e. both for DM and background components) obtained by
maximising the likelihood. This test statistic is distributed according to a �

2-distribution
with one degree of freedom [165], so a (one-sided) upper limit on A

�
< A

�
max at 95% (99%)

Confidence Level (C.L.) corresponds to a TS value of 2.71 (5.41).
It is straightforward to extract the mean expected limit, hA�

maxi, and its variance, �2 =
hA

�
max � hA

�
maxii

2, by compiling Monte Carlo realisations of mock data sets, and then take
limits for each of those according to the above prescription. As this is computationally rather
intensive, however, we will instead typically utilise a single ‘representative’ set of data, the
so-called Asimov data set, nA: for a Poissonian process, this corresponds to the expected
number of counts per bin one would obtain with an infinitely large sample of individual
Poisson realisations of a given background or signal model, i.e. nA = µ(A� = 0, AX

ij = 1) [166].
In principle, this approach can also be used to estimate the variance of the expected upper
limits. However, we checked that in its simplest implementation [166] this does not lead to a
reliable estimate once systematic uncertainties (to be discussed below) are taken into account;
whenever we present ‘sidebands’ to expected limits, these are thus based on full Monte Carlo
calculations.

Treatment of Systematic uncertainties For a future experiment, instrumental system-
atic uncertainties are by nature hard to quantify. However, we can still estimate the possible
effects in a general manner by introducing uncertainties that are correlated among the data
bins (as is typical for instrumental systematic errors). Similarly, correlated systematic er-
rors can also account for additional systematic uncertainties in the IEM templates that are
not already captured in the template analysis. Such correlated uncertainties may deteriorate

8We use ctmodel to obtain 3D data cubes with the mean photon counts of each emission template, and
ctobssim to produce an event list (both in the form of .fits files) containing MC realisations of the data.

9For our standard IRFs, this corresponds to a bin width of �E/E = 0.52 for the lowest energy bin,
decreasing to �E/E = 0.12 at E ⇠ 4 TeV, before increasing again to �E/E = 0.17 at the high-energy end.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µX

ij }, a signal template for the DM component, µ�
ij , and normalisation parameters

A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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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
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021GeV2 cm�5

and JOFF = 1.2⇥ 1022GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1�⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4⇥ 10�4 sr, JDraco = 6.31⇥ 1018GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25GeV to 10TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µX

ij }, a signal template for the DM component, µ�
ij , and normalisation parameters

A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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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
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021GeV2 cm�5

and JOFF = 1.2⇥ 1022GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1�⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4⇥ 10�4 sr, JDraco = 6.31⇥ 1018GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25GeV to 10TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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the partially strong morphological differences of the background/signal templates and, hence,
weaken their constraining power over the signal component.

Correlated Gaussian uncertainties (with zero mean) are fully defined in terms of their
covariance matrix, K. For our purposes, this may encompass

(i) spatial bin – spatial bin correlations,

(ii) energy bin – energy bin correlations and/or

(iii) spatial bin – energy bin correlations.

As described below, we will only consider the first two types of correlations. To apply
the covariance matrix description of systematic errors, we follow the approach outlined in
Refs. [167, 168], and implemented in the publicly available Python package swordfish [169].
In particular, we change the construction of the model prediction in Eq. (4.1) (but not that
of the data n) in the following way: Instead of varying the background templates by normal-
isation parameters A

X
i per energy bin to account for background fluctuations, we set these

normalisation parameters to unity and explicitly introduce Gaussian ‘background perturba-
tions’ �B – related, e.g., to uncertainties of the reconstruction of events – for each individual
template bin k,

(µK)k ⌘

X

X

µ
X
k +�Bk +A

�
µ
�
k . (4.3)

Here, the sum runs over the model templates X to be examined, the index k comprises
both spatial and energy bins, i.e. k 2 [1,N ] with N being the product of the number of
spatial pixels and the number of energy bins. In principle, the different templates can give
rise to different background perturbations, i.e. �Bk =

P
X �B

X
k . Including the Gaussian

prior on the background variations �Bk in the likelihood function (and neglecting a constant
determinant) then yields

L(µ|n) =
NY

k=1

µ
nk
k

(nk)!
e
�µk ⇥ exp

"
�
1

2
�Bk

NX

l=1

�
K

�1
�
kl
�Bl

#
, (4.4)

where Kij ⌘ h�Bi�Bji is the covariance matrix (and we assume h�Bii = 0). Profiling over
the nuisance parameters �Bi, this reduces to a log-likelihood function that only depends on
the signal normalisation A

� (again omitting terms that are constant in the model parameters):

� 2 lnL(µK |n) = min
�B

8
<

:

NX

k=1


nk ln (µK)k � (µK)k

�
�

1

2

NX

k,l=1


�Bk

�
K

�1
�
kl
�Bl

�9=

; . (4.5)

For systematic uncertainties that are uncorrelated between the background templates X,
which is the case we consider here, we have h�B

X
i �B

Y
j i = 0 for X 6= Y . The last term in the

above equation can then be written as
P

k,l �Bk

�
K

�1
�
kl
�Bl =

P
X

P
k,l �B

X
k

�
K

�1
�X
kl
�B

X
l ,

where K =
P

X K
X is now understood to be the total correlation matrix.

Upper limits on the DM signal are derived by constructing a test statistic in full analogy
to Eq. (4.2), mutatis mutandis. Concerning the concrete construction of covariance matrices,
the simplest way to parameterise spatial correlations is by an NS ⇥NS matrix KS, with

(KS)jj0 = �
2
S exp

 
�
1

2

��~rj � ~rj0
��2

`2S

!
, (4.6)

– 19 –

∆Bk - perturbations in different background templates, k 



31

IACTs are pointing telescopes: 
• Small FoV 
• Significant CR contamination 
• Better energy and ang resolution

IACTs (H.E.S.S., MAGIC, VERITAS)+CTA

Gamma rays - analysis techniques - IACTs

�4�2024
Galactic Longitude � [deg]

�2

�1

0

1

2

3

4

5

G
al
ac
ti
c
L
at
it
u
d
e
b
[d
eg
]

ON

OFF

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
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Traditionally ‘ON/OFF’ technique

Backgrounds measured, not modelled

Figure 24: CTA sensitivity to a DM signal, independently derived for the three telescope
types (LSTs – blue, MSTs – red, SSTs – green) according to the Southern Array layout,
both for our standard analysis pipeline (solid) and when neglecting systematic uncertainties
(dashed). Note that in the case of SSTs the solid and dashed (green) lines are overlapping.

when broken down to individual telescope types, limits are dominated by systematic errors
for low DM masses/photon energies, and statistics-dominated for high DM masses/photon
energies.

C.4 ON/OFF analysis

Here we briefly compare the performance of our default template fitting technique to the
ON/OFF type of analysis discussed in Section 4. For the latter, we adopt a likelihood that
is a product of Poisson likelihood functions Lij over the i�th energy, j�th ON region (ring)
and k�th pointing position (as used in, e.g., Ref. [182]):

L(MDM, h�vi) =
Y

ijk

Lij
�
NS

k,N
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k ,k |NON

k ,NOFF
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�
(C.2)
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with N
S

ijk denoting the expected number of signal events in the ON (‘signal’) region. Nk
ON

and Nk
OFF refer to the measured photon events in ON and OFF region for observation k which

we prepare as a single Asimov data set from a selection of background source components
described in Sec. 3.2. ijk is in general a normalisation factor to account for the different
background acceptance in the ON and OFF regions, but in our case it will by construction
be equal to one for all bins.

Fixing the value of m�, we again choose the likelihood ratio as test statistic to constrain
h�vi. To this end, we adopt Eq. (4.2) to our purposes here, by explicitly profiling over
the nuisance parameters N

B

ijk; as a result, we obtain a one-dimensional likelihood function
depending only on the signal strength h�vi. The definition of ON and OFF regions closely
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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
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Traditionally ‘ON/OFF’ technique

Backgrounds measured not modelled

Figure 24: CTA sensitivity to a DM signal, independently derived for the three telescope
types (LSTs – blue, MSTs – red, SSTs – green) according to the Southern Array layout,
both for our standard analysis pipeline (solid) and when neglecting systematic uncertainties
(dashed). Note that in the case of SSTs the solid and dashed (green) lines are overlapping.

when broken down to individual telescope types, limits are dominated by systematic errors
for low DM masses/photon energies, and statistics-dominated for high DM masses/photon
energies.

C.4 ON/OFF analysis

Here we briefly compare the performance of our default template fitting technique to the
ON/OFF type of analysis discussed in Section 4. For the latter, we adopt a likelihood that
is a product of Poisson likelihood functions Lij over the i�th energy, j�th ON region (ring)
and k�th pointing position (as used in, e.g., Ref. [182]):
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with N
S

ijk denoting the expected number of signal events in the ON (‘signal’) region. Nk
ON

and Nk
OFF refer to the measured photon events in ON and OFF region for observation k which

we prepare as a single Asimov data set from a selection of background source components
described in Sec. 3.2. ijk is in general a normalisation factor to account for the different
background acceptance in the ON and OFF regions, but in our case it will by construction
be equal to one for all bins.

Fixing the value of m�, we again choose the likelihood ratio as test statistic to constrain
h�vi. To this end, we adopt Eq. (4.2) to our purposes here, by explicitly profiling over
the nuisance parameters N

B

ijk; as a result, we obtain a one-dimensional likelihood function
depending only on the signal strength h�vi. The definition of ON and OFF regions closely
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- However, finding ‘uncontaminated’ OFF regions can be challenging
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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 known mechanisms 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 100 GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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 known mechanisms 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 100 GeV,
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

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)

2m2
χ

∑

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 known mechanisms 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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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 100 GeV,
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
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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.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µX

ij }, a signal template for the DM component, µ�
ij , and normalisation parameters

A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on

– 17 –

future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021GeV2 cm�5

and JOFF = 1.2⇥ 1022GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1�⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4⇥ 10�4 sr, JDraco = 6.31⇥ 1018GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25GeV to 10TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background

– 9 –
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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.
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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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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

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

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

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

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

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

Therefore, in projecting the search sensitivity we account for such systematic limitations. The be↵ (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 fsyst (0.01 and 0.1).

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

V. THE GALACTIC CENTER

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

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

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

⇤
TS > 25,
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GCE Energy spectrum and spatial morphology
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• There is no clear evidence of an energy 
variation of the spatial morphology. 

• The value of γ is roughly 1.2-1.3.

Paper II

Dark matter density distribution
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Geometrical factor integrate in our ROI

Systematic uncertainty estimates [Ackermann+, ApJ 2017] 
• 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) 
• data driven template of the Fermi Bubbles 
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mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Could it be dark matter?

~100 GeV

~thermal 
cross 
section

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

Right on the spot where WIMP DM is supposed to be!
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Discovery of the ‘dark matter - like’  excess GCE 
   
Evidence that the signal is due to pulsar is strengthening: 
— statistical properties of photo counts suggest that GCE is of a ‘point source’ origin 
(Bartels+, PRL (2016), Lee+, PRL (2016) ) 
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— Machine learning techniques could also be used  
(Caron+, JCAP(2017))

— evidence of GCE tracing stellar densities 
(Bartels+, 1711.04778; Macias+, Nature Astronomy (2018))

The Fermi-LAT GCE Traces Stellar Mass in the Bulge 3

Figure 1: Left panel: Fermi -LAT data above 1 GeV in the inner 40� × 40� around the Galactic center. Other panels:
Spatial templates used to fit the GCE, with arbitrary normalization. From left to right: DM profile (NFW126),
boxy-bulge, nuclear bulge, X-shaped bulge.

rived using the runs with fixed spectra.
We emphasize that, given the large modeling uncer-

tainties of cosmic-ray induced � -ray emission from the
inner Galaxy, we do not explicitly include a source of
cosmic rays at the GC when modeling the diffuse com-
ponents. However, such sources are expected, e.g., from
star formation in the central molecular zone (CMZ, Gag-
gero et al. 2015; Carlson et al. 2016a,b). The associated
emission will depend on the efficiency of cosmic-ray accel-
eration, the effects of potentially strong advective winds
or anisotropic diffusion, which are difficult to model in
detail. In our analysis, the expected hard emission would
be instead absorbed by our Fermi Bubbles component
(see supplemental material, B.4, for a discussion).

3. RESULTS AND DISCUSSIONS

3.1. Comparison of templates

Run −2 lnL
free spectrum MSP spectrum

r5 RCG NB X 647808.1 648020.2

r5 RCG NB 647831.2 648027.5

r5 RCG 647884.7 648061.7

r5 BulgeGC 647916.5 648140.3

r5 Einasto 647961.4 648188.6

r5 NFW126 648021.8 648242.4

r5 NFW100 648049.8 648278.6

Table 1: Log-likelihood values for fits with various GCE
templates. Column 2 shows results for a unconstrained
GCE spectrum, and column 3 for a spectrum fixed to
stacked MSPs.

In Tab. 1 we compare the values of the total (Poisson
plus constraints; see Storm et al. (2017) for details) log-
likelihood, −2 lnL, from the SkyFACT runs, of the vari-
ous modifications of Run5 with different GCE templates
with constrained morphology. We find that, formally,
the combination of boxy bulge as traced by RCG and
NB (r5 RCG NB) provides a better fit to the data than

the other runs (except the one including the X-shaped
bulge, see below). The total flux associated with the
bulge is (2.1± 0.1) × 10−9 erg cm−2 s−1 for the compo-
nent traced by RCG and (2.3± 0.4)×10−10 erg cm−2 s−1

for the NB component (in the range 0.1–100GeV). The
quoted errors are statistical; we emphasize that typical
systematic uncertainties from modeling assumptions (the
range of allowed modulation parameters, etc.) are gen-
erally smaller than a factor � 2.
We find that the addition of the X-shaped bulge can

only mildly improve the fit quality. Its total flux is (3±
1)% of that of the boxy bulge for the fixed spectrum run
(r5 RCG NB X msp). This value is only slightly smaller
than the expectations from Li & Shen (2012) and Cao
et al. (2013), who find the X-shape to be, by mass, about
6–7% of the boxy bulge (although fractions of 20–30%
(Portail et al. 2015b) and � 45% (Portail et al. 2015a)
have also been argued). We find that this component
is not critical for providing a good fit to the data (2.7�
improvement), and will concentrate subsequently on the
RCG+NB model. For a more detailed discussion of the
X-shaped bulge and the from Macias et al. (2016) see the
supplementary material B.3.
We find that RCG+NB model provides a significantly

better fit than any of the DM models. These DM profiles
can be excluded with a high significance of about 12.5� .

In Fig. 2, we show the longitudinal and latitudinal de-
pendences of the various model components compared
with Fermi -LAT data, for two different GCE models,
namely the r5 NFW126 and r5 RCG NB runs. The solid
lines correspond to the components of the r5 RCG NB run,
while the dashed lines of the same color correspond to
the r5 NFW126 components, except for the GCE com-
ponent, which is red (RCG) and orange (NB) for the
r5 RCG NB run and brown (NFW126) for the r5 NFW126

run. The dotted black and yellow lines are point sources
and extended sources, respectively, which have the same
total flux in both runs. There is very little variation in
any components except those of the GCE (in the lati-
tude profile, the extended source flux peaks just below
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Figure 1: Left panel: Fermi -LAT data above 1 GeV in the inner 40� × 40� around the Galactic center. Other panels:
Spatial templates used to fit the GCE, with arbitrary normalization. From left to right: DM profile (NFW126),
boxy-bulge, nuclear bulge, X-shaped bulge.
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only mildly improve the fit quality. Its total flux is (3±
1)% of that of the boxy bulge for the fixed spectrum run
(r5 RCG NB X msp). This value is only slightly smaller
than the expectations from Li & Shen (2012) and Cao
et al. (2013), who find the X-shape to be, by mass, about
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with Fermi -LAT data, for two different GCE models,
namely the r5 NFW126 and r5 RCG NB runs. The solid
lines correspond to the components of the r5 RCG NB run,
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Note of caution 

• given the complexity of astrophysical phenomena and experimental challenges 
it happens relatively often to stumble upon curious signal hints. 

In such cases multi-
target and multi-

messenger confirmation 

is the key 



DM @ GC with HESS
Phys. Rev. Lett. 129, 111101 (2022)

HESS performed an Inner Galaxy  
survey and  derived strong limits. 

Used ON/OFF techniques. 

Limits vanishing for cored DM 
profiles.



Cosmological signal/UEBG: 
• Spectral flux  
• Auto-correlations 
• Cross-correlations w Galaxy 

catalogs and cosmic shear

[adapted from: H.-S. Zechlin]

signal 
strength

robustness

Extragalactic sources: 
• clusters of galaxies 
• other galaxies (M31, 

M33, LMC, SMC)
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1

4π
(σannv)

2m2
χ

∑

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 known mechanisms 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 100 GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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 known mechanisms 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 100 GeV,
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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halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
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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 100 GeV,
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
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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 .
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astronomical target where DM is expected, can be written as:
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the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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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∫
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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 known mechanisms 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 100 GeV,
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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masses well above the H.E.S.S. energy threshold of 100 GeV,
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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
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performed using 112 h of H.E.S.S. data [42]. For WIMP
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the DM signal:

this is what 
we are after!

dwarf satellites

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

DM Structures are Present on Many Scales 

Zoom sequence of DM structure on Cosmo. Scales  Milky Way like halo and several sub-halos 

•  We can probe DM by looking for 
signal contributions from halos: 
•  On cosmological scales (left) 
•  In the Milky Way virial radius 

(~300 kpc, right) 

DM search in dwarf galaxies

Dwarf spheroidal galaxies are the cleanest targets for DM search

- old stars - expect no high energy astrophysical emission

- 100 - 1000 times more dark than visible matter 

- located in quiet regions of the sky

Sample of 15 dSphs with well-determined DM content (J-factors)

- not yet detected in gamma rays

SDSS Sky Coverage

3
~14,000 deg2

LAT Translation: 
All-Sky Counts Map

GC

GC halo

dark subhalos

[J.  C-B. + Phys.Dark Univ. 32 (2021)]

[Archaryya et al. JCAP 2020.]

What strategies (thermal DM)?



For DM interpretation, multi-target tests are essential  
—> dwarf spheroidal galaxies!

DM @ dSphs with Fermi LAT
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DM @ dSphs with Fermi LAT



GCE dark matter origin in tension with complementary gamma ray observations

[Ackermann+, 1503.02641]

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

DM @ dSphs with Fermi LAT



More targets coming up!

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

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

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

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

SDSS 

DECam 

DES footprint 

12

101 102 103 104

DM Mass (GeV)

10�27

10�26

10�25

10�24

10�23

h�
vi

(c
m

3
s�

1
)

bb̄

Ackermann et al. (2015)

Nominal sample

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

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

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

firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (m

DM,bb̄ & 1TeV and mDM,⌧+⌧� & 70GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.
Ongoing Fermi -LAT observations, more precise

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

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

of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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States, the Commissariat à l’Energie Atomique and the
Centre National de la Recherche Scientifique / Institut
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LAT data coincident with four of the newly discovered targets show a ~2σ (local) γ-ray emission in 
excess of the background, weakening the limits by 1.5x at low masses. 

DM @ dSphs with Fermi LAT
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5. Results and discussion

No significant DM signal has been observed by any of the five instruments. We therefore present the
results of the combined upper limits at 95% C.L. on the DM annihilation cross-section hfEi in the
case of two annihilation channels, 11̄ and g+g�, using all the data collected towards the twenty dSphs.
We note that we selected these hadronic and leptonic channels as the follow up of our previous
results presented at ICRC 2019 [13]. We set our upper limits by solving TS = �2 ln_(hfvi)
for hfvi, with TS = 2.71. The value 2.71 represents the 95% confidence level of a one-sided
distribution assuming the test statistics behaves like a j2 distribution with one degree of freedom.
The combination is performed using two independent public analysis software packages, gLike [14]
and LklCombiner [15], that provide compatible results. The combined upper limits are presented
in Fig. 1 and are given with their 68% (1f) and 95% (2f) containment bands. These limits (solid
black lines) are expected to be close to the median limit (dashed black lines) as no signal is present.
We obtain upper limits within the 2 f expected bands for the two annihilation channels 11̄ and
g+g�. The individual limits produced by each experiment are also indicated in the figures as a
comparison to our new combined results. Below ~500 GeV, the DM limits are largely dominated
by the Fermi-LAT experiment. Between ~500 GeV to ~10 TeV, Fermi-LAT continues to dominate
for the hadronic DM channel then above ~10 TeV, the IACTs (H.E.S.S., MAGIC, and VERITAS)
and HAWC take over. In the case of the leptonic channel, both the IACTs and HAWC contribute
significantly to the DM limit from ~1 TeV to ~100 TeV.

Figure 1: Upper limits at 95% confidence level on hfvi as a function of the DM mass for the annihilation
channels 11̄ (left) and g+g� (right), using the set of � factors from Ref. [8]. The black solid line represents
the observed combined limit, the black dashed line is the median of the null hypothesis corresponding to the
expected limit, while the green and yellow bands show the 68% and 95% containment bands. Combined
upper limits for each individual detector are also indicated as solid, colored lines.

We observe that the combined DM constraints from all five telescopes are 2 to 3 times stronger than
any individual telescope for multi-TeV DM. The selection of multiple targets increases statistics
used to probe these sources and allows us to derive upper limits spanning the largest mass range
of any WIMP DM search. We note that these limits depend on the choice of the annihilation
channels and are driven by the objects with the highest � factors that can be observed. The ultrafaint
dSphs, containing a few tens of bright stars only, can be subject to large systematic uncertainties
for the determination of their �-factors such as Segue I. The derivation of upper limits through 6

7

[Armand, C.+, 2108.13646]

More data + excellent collaboration between experiments! 

Latest: 20 dSphs and 5 gamma ray telescopes (Fermi  LAT. MAGIC, HESS, Veritas, HAWC)

HAWC
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VERITAS

MAGIC

Fermi LAT

DM @ dSphs
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Summary - searches in GC and dSPhs

Fermi LAT @ GC HESS @ GC

@dSphs



WIMPs - all gamma ray limits (cca  2016)  
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Representative Results for Different Search Targets for the b-quark Channel 

[Charles+, Phys.Rept. 636 (2016)]
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Future?   
LAT + CTA + complementary probes (LSST, Euclid, +…)  
will test vanilla thermal DM over the whole range 10 GeV- ~>10 TeV
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Thermal DM and CTA - the big picture

• CTA unique experiment to test thermal WIMP models in the TeV range!
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Thermal DM and CTA - the big picture

• CTA unique experiment to test thermal WIMP models in the TeV range!

Decaying DM

‘TeV gap’GCE

?

Note of caution: for multi-TeV 
DM phenomenology naturally 
more complex, Z/W exchanges 

leading to Sommerfield 
enhancements/bound  states 

etc Unitarity bound (based on 
s-wave assumption) might not 

hold either 8
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χ

χ

φ

φ

φ
...

mφ ∼ GeV
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χ

χ

φ

φ

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 ′
µνFµν . 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].



Cosmological signal/UEBG: 
• Spectral flux  
• Auto-correlations 
• Cross-correlations w Galaxy 

catalogs and cosmic shear

[adapted from: H.-S. Zechlin]

signal 
strength

robustness

Extragalactic sources: 
• clusters of galaxies 
• other galaxies (M31, 

M33, LMC, SMC)
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1

4π
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where (σannv) is the annihilation cross-section (times the rela-

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

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

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

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

There are various known mechanisms 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 100 GeV,
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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on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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 known mechanisms 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 100 GeV,
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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integrated DM density 
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from N-body simulations of matter clustering 
(e.g. Millenium simulation)

simulation of hadronic showers (e.g. PYTHIA)

flux of SM particles 

per DM annihilation

the DM signal:

this is what 
we are after!

dwarf satellites

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

DM Structures are Present on Many Scales 

Zoom sequence of DM structure on Cosmo. Scales  Milky Way like halo and several sub-halos 

•  We can probe DM by looking for 
signal contributions from halos: 
•  On cosmological scales (left) 
•  In the Milky Way virial radius 

(~300 kpc, right) 

DM search in dwarf galaxies

Dwarf spheroidal galaxies are the cleanest targets for DM search

- old stars - expect no high energy astrophysical emission

- 100 - 1000 times more dark than visible matter 

- located in quiet regions of the sky

Sample of 15 dSphs with well-determined DM content (J-factors)

- not yet detected in gamma rays

SDSS Sky Coverage

3
~14,000 deg2

LAT Translation: 
All-Sky Counts Map

GC

GC halo

dark subhalos

[J.  C-B. + Phys.Dark Univ. 32 (2021)]

[Archaryya et al. JCAP 2020.]

Looking into the future - 
where to look with CTA

CTA consortium 
paper published 

CTA non-
consortium 
paper published 

CTA consortium 
papers being refereed 

CTA consortium 
papers being written 

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.
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CTA as a whole-sky 
observatory 

Novel observational strategy: extended sky surveys 

• Unbiased view of the sky 

• Bridging the differences with satellite data
DATA CHALLENGE 1 EXPOSURE

Galactic Plane 
Survey

Galactic Centre
Survey

Extragalactic
Survey

Simulated:
1980 h South
1815 h North
8132 pointings

AGN 
Monitoring Fermi LAT, AGILE

Remember?

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.
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CTA @ GC
F O R E S E E N  C TA  O B S E R VAT I O N S  O F  T H E  
G A L A C T I C  C E N T E R

[Archaryya et al. 2020, submitted, 2007.16129] 9

• Galactic center survey: 
525 hours over first 10 
years 

• Extended survey: 
additional 300 hours 

[Archaryya et al. JCAP 2020.]

Extended survey: additional 300 hours  
(relevant for cored DM profiles!)

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.

7

~HESS region 



M O D E L I N G  O F  T H E  G A L A C T I C  C E N T E R  R E G I O N  F O R  C TA  
S E N S I T I V I T Y  S T U D Y  —  F U L L  3 D  T E M P L AT E  A N A LY S I S

10[Archaryya et al. 2020, submitted, 2007.16129]

—> FULL 3D TEMPLATE ANALYSIS 

[Archaryya+, 2020]
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S E N S I T I V I T Y  S T U D Y  —  F U L L  3 D  T E M P L AT E  A N A LY S I S

10[Archaryya et al. 2020, submitted, 2007.16129]

CTA  analysis techniques

ON/OFF analysis unfeasible for 
GC (no good OFF region)

CTA @ GC
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P R O J E C T E D  C TA  S E N S I T I V I T Y  

[Archaryya et al. 2020, submitted, 2007.16129] 11

• CTA should be able to probe 
thermal annihilation cross 
section between 100s of GeV 
and tens of TeV 

• Likelihood analysis for sensitivity 
includes systematic uncertainties

[Archaryya et al. JCAP 2020.]

Fermi LAT dSPhs

HESS GC

F O R E S E E N  C TA  O B S E R VAT I O N S  O F  T H E  
G A L A C T I C  C E N T E R

[Archaryya et al. 2020, submitted, 2007.16129] 9

• Galactic center survey: 
525 hours over first 10 
years 

• Extended survey: 
additional 300 hours Expected to probe the TeV window

CTA @ GC



Galactic center with CTA 
Likelihood analysis for sensitivity includes: 
•  systematic uncertainties 
•  astro backgrounds 

—> CTA expected to probe thermal annihilation cross section between 100s of GeV and 
tens of TeV 
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Figure 5: Sensitivity of CTA to a DM annihilation signal, at 95% C.L., based on our bench-
mark treatment of the expected instrumental systematic uncertainty. Following common
practice, this is presented in terms of projected mean upper limits on the average velocity-
weighted annihilation cross section, as a function of the DM mass m�. Solid lines show the
sensitivity based on our benchmark settings, while dashed lines show the reach assuming no
systematic uncertainty in the spatial templates. We also indicate the ‘thermal’ cross-section
that for the simplest DM models leads to a relic density within the 3� range of the DM abun-
dance observed by Planck [1, 171]. Left panel: Sensitivity to DM annihilation into W

+
W

�

final states (black), without electroweak corrections (see Section 3.1 for a discussion). The
green (yellow) band indicates the 2� (3�) scatter of the projected limits (based on Monte
Carlo realisations). Right panel: DM annihilation into b̄b (red), W+

W
� (black) and ⌧

+
⌧
�

(green), respectively.
.

that CTA is also expected to pick up astrophysical ‘signal’ components that most likely are
different in the two ROIs.

5 Projected dark matter sensitivity

In this section we present the main results of our analysis, namely the sensitivity of CTA to
a DM signal, focussing exclusively on the following benchmark settings:

• GC survey observation strategy, masking bright sources as indicated in Fig. 1.

• Asimov mock data set based on CR background and IE Gamma model templates.

• Template fitting analysis based on 0.1�⇥0.1� spatial bins and 55 energy bins between 30
GeV and 100 TeV (and a width corresponding to the energy resolution at the 2� level).
Our default treatment of systematic uncertainties implements a 1% overall normalisation
error and a spatial correlation length of 0.1� (but no energy correlations).

In the subsequent Section 6, we will discuss how our results are affected by modifying the
benchmark assumptions listed above.

5.1 Expected dark matter limits

The most often considered ‘pure’ annihilation channels for heavy DM candidates are those
resulting from b̄b, W+

W
� and ⌧

+
⌧� final states (in the order of increasingly harder spectra).

In Fig. 5 we show the expected limits for DM models where annihilation into these final

– 21 –

[Archaryya+, 2020]



Decaying DM and CTA?
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Cosmological signal/UEBG: 
• Spectral flux  
• Auto-correlations 
• Cross-correlations w Galaxy 

catalogs and cosmic shear

[adapted from: H.-S. Zechlin]

signal 
strength

robustness

Extragalactic sources: 
• clusters of galaxies 
• other galaxies (M31, 

M33, LMC, SMC)
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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 known mechanisms 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 100 GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

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

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:
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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 known mechanisms 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 100 GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].

One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =

3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1

Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.

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

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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tive velocity of the two WIMPs),
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halos populating the host halo [see, e.g., Refs. 5, 26]. Such
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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 100 GeV,
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

integrated DM density 
squared along the line of site

from N-body simulations of matter clustering 
(e.g. Millenium simulation)

simulation of hadronic showers (e.g. PYTHIA)

flux of SM particles 

per DM annihilation

the DM signal:

this is what 
we are after!

dwarf satellites

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

DM Structures are Present on Many Scales 

Zoom sequence of DM structure on Cosmo. Scales  Milky Way like halo and several sub-halos 

•  We can probe DM by looking for 
signal contributions from halos: 
•  On cosmological scales (left) 
•  In the Milky Way virial radius 

(~300 kpc, right) 

DM search in dwarf galaxies

Dwarf spheroidal galaxies are the cleanest targets for DM search

- old stars - expect no high energy astrophysical emission

- 100 - 1000 times more dark than visible matter 

- located in quiet regions of the sky

Sample of 15 dSphs with well-determined DM content (J-factors)

- not yet detected in gamma rays

SDSS Sky Coverage

3
~14,000 deg2

LAT Translation: 
All-Sky Counts Map

GC

GC halo

dark subhalos

[J.  C-B. + Phys.Dark Univ. 32 (2021)]

[Archaryya et al. JCAP 2020.]

Looking into the future - 
where to look with CTA

CTA consortium 
paper published 

CTA non-
consortium 
paper published 

CTA consortium 
papers being refereed 

CTA consortium 
papers being written 

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.
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Many more analysis 
ongoing  … getting ready for 

the first data!



Summary

Search for DM is not easy… but a worthy task! 

Field is mature and growing + astrophysics is exciting :) 

Lots of ideas and well thought strategies that can be applied to variety of systems 

~40yr 
search
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the Fermi Large Area Telescope”, E. Charles  et al., 
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SMASH offers 50 postdoctoral Fellowships that revolve around applications of 
machine learning to the fields of climate research, linguistics, precision 
medicine and fundamental physics. 

SMASH postdocs are hosted in five Slovenian institutions and they can also 
spend up to 1/3 of their fellowship duration at one of our numerous 
international academic partners (including top EU centres like Gravitation and 
Astroparticle Physics at the University of Amsterdam, and world-leading 
institutions like CERN and UC Berkeley + IFSC-USP!) or at some of the most 
successful Slovenian companies. 

Each fellowship offers excellent working conditions, access to top infrastructure 
(including the peta-scale supercomputer Vega), substantial research and travel 
funds and a salary that is significantly higher than local costs of living. 

More information: https://smash.ung.si/


