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Indirect Searches for Dark Matter

…or whatever…

Appealing to consider 
GeV-TeV mass, weakly-

interacting particle

Astrophysical signal from annihilation or decay to standard model particles 

Focus on final-state gamma rays

“WIMP Miracle” 
⟨σv⟩ ~3x10-26 cm3s-1 

Feng 2010 arXiv:1003.0904

χ

χ

SM

SM

SM = qq,  
W+W-, ZZ, l+l-,…

Standard model particles 
hadronize, decay, radiate

Gamma rays, neutrinos, p+/p-, e+/e-
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Targets: Milky Way and Beyond

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

Balance between signal strength & astrophysical backgrounds 
Litmus test: consistent signal from multiple targets

Credit: M. Hütten
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Targets: Advantages and Disadvantages

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites 
🙂  Relatively close 

🙂  Low astrophysical background 
🙂  Modest angular extension 
🙁  Modestly high DM content

Dark matter clumps 
🙂  Relatively close 

🙂  Low astrophysical background 
🙂  Modest angular extension 

🙁  Very modest/uncertain DM content

Galaxy clusters 
🙂  High DM content 
🙁  Relatively distant 

🙁  Astrophysical background

Isotropic contributions

🙂  High DM content 
🙂  Close! 

🙁  Large angular extension 
🙁  Astrophysical background
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Weakly Interacting Massive Particles (WIMPs)

Particle physics

: Differential spectrum of 
each annihilation channel
calculated with standard 
particle physics

Dark matter density
(Astrophysics)

Gamma-ray spectra of DM with MDM = 1 TeV.

WIMPs decay or annihilate into the standard model 
particles that produce gamma-ray lines or continuum.
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Cirelli et al. (2010)
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Predicted Gamma-ray Signal

Cirelli et al. 2011 arXiv:1012.4515

Mχ = 1 TeV
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• Assuming branching ratio of 1 to a 
given final state 

• Spectral shape is a key input! 
• Continuum emission from χχ 
→ quark pairs, lepton pairs, 
W+W-, ZZ 
• Cut-off at Mχ (assuming 

annihilation) 

• “Line” emission from χχ → γX, 
X = h, Z, γ

“Particle physics term”

https://arxiv.org/abs/1012.4515
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Predicted Gamma-ray Signal

http://tevcat.uchicago.edu

Cirelli et al. 2011 arXiv:1012.4515
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“Astrophysics term”

• J-factor depends on 
• Dark matter distribution 

in target 
• Distance to target 
• Instrument response 

(point spread function) 
• Significant source of 

uncertainty in extracted 
limits on ⟨σv⟩

J-factor

https://arxiv.org/abs/1012.4515
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Detecting Gamma Rays
Fermi-LAT • Energy range: 20 

MeV to 1 TeV 
• Large duty-cycle 
• Full-sky coverage

VERITAS

MAGIC

H.E.S.S.

HAWC

• Imaging Atmospheric Cherenkov 
Telescopes (IACTs) 
• E ~100 GeV to > 30 TeV 
• Precise energy & angular 

reconstruction 
• High sensitivity 
• Limited duty-cycle/FOV

• Water Cherenkov Technique 
• E ~1 - 100 TeV 
• Large duty-cycle 
• Large field of view

• Multiple detection methods 
• E ~ < 1 TeV - 1 PeV 
• Large duty-cycle 
• Large field of view

LHAASO



e.g. VERITAS

Photomultiplier tube cameras 
for faint & fast signal 
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Imaging Atmospheric Cherenkov Technique

Credit: J. Holder

October 21, 2015 0:14 World Scientific Review Volume - 9.75in x 6.5in jholder˙ACTs page 7

Atmospheric Cherenkov Gamma-ray Telescopes 7

Fig. 5. An illustration of the stereoscopic imaging technique. A gamma-ray triggers an elec-
tromagnetic cascade in the Earth’s atmosphere, which generates Cherenkov radiation in a pool
on the ground. Telescopes within this light pool are used to form an image of the shower, which
allows reconstruction of the arrival direction of the incident primary photon.

made up of hundreds of individual mirror facets.
The second requirement is for a large field-of-view. Cherenkov images from air

showers are approximately elliptical in shape, with an angular extent of up to a few
degrees. The images are o↵set from the arrival direction of the shower primary - in
the case of gamma-ray initiated showers, this means that the image is o↵set from the
gamma-ray source position in the field-of-view. The angular distance of the o↵set
is proportional to the shower impact parametera (Figure 5). Even a point source of
gamma-rays, therefore, requires a field-of-view of a few degrees diameter. In reality,
many known sources of gamma-ray emission (particularly supernova remnants and
pulsar wind nebulae) have a large angular extent. Additionally, analysis of ACT
data typically uses a portion of the field-of view in which there are no known gamma-
ray sources to estimate the background of remaining cosmic ray showers. Currently
operating arrays have fields-of-view of 3� � 5�, while plans for the next generation
of instruments reach 8� � 10�.

The requirement for a very large field-of-view for each telescope dictates a small

aThe distance between the shower core projected onto the ground and the telescope.

very-high-energy  
γ-ray

air shower

Cherenkov 
light pool

Multiple telescopes  
for stereoscopic imaging
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Searches for Dark Matter Annihilation

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites
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Annihilation in the Galactic Center: Continuum Emission

4

FIG. 1. Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right
panel) channels derived from the H.E.S.S. observations taken from 2014 to 2020. The constraints are expressed as 95% C. L.
upper limits including the systematic uncertainty on h�vi as a function of the DM mass mDM. The observed limit is shown
as black solid line. The mean expected limit (black dashed line) together with the 68% (green band) and 95% (yellow band)
C.L. statistical containment bands are shown. The mean expected upper limit without systematic uncertainty is also shown
(red dashed line). The horizontal grey long-dashed line is set to the value of the natural scale expected for the thermal-relic
WIMPs. The constraints obtained in the bb̄, tt̄, ZZ, hh, µ+µ� and e+e� channels are given in Fig. 3 of Ref. [15].
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NON,ij and NOFF,ij are the number of measured events in
the ON and OFF regions, respectively, in the spectral bin
i and in the spatial bin j. NB

ij
is the expected number of

background events in the (i, j) bin for the ON and OFF
regions. NS

ij
and NS

0

ij
are the total number of DM events

in the (i, j) bin for the ON and OFF regions, respectively.
It is obtained by folding the expected DM flux given in
Eq.(1) with the energy-dependent acceptance and energy
resolution. The gamma-ray yield dNf

�
/dE� in the chan-

nel f is computed with the Monte Carlo event collision
generator PYTHIAv8.135, including final state radiative
corrections [27]. The J-factor values of each ROI are re-
ported in Tab. III of Ref. [15]. NS

ij
+NB

ij
is the total num-

ber of events in the spatial bin j and spectral bin i. The
systematic uncertainty can be accounted for in the like-
lihood function as a Gaussian nuisance parameter where
�ij acts as a normalisation factor and ��ij

is the width of

1
Estimates of the local DM density show an uncertainty of about

a factor of 2 [18].

the Gaussian function (see, for instance, Refs. [28–30]).
�ij is found by maximizing the likelihood function such
that dLij/d�ij ⌘ 0. A value of 1% for ��ij

is used [15].
In case of no significant excess in the ROIs, con-

straints on h�vi are obtained from the log-likelihood ra-
tio TS described in Ref. [31] assuming a positive signal
h�vi > 0 [15]. We used the high statistics limit in which
the TS follows a �2 distribution with one degree of free-
dom. Values of h�vi for which TS is higher than 2.71 are
excluded at the 95% confidence level (C.L.).

RESULTS

We find no significant excess in any of the ON regions
with respect to the OFF regions. An analysis crosscheck
performed using independent event calibration and re-
construction [32] corroborates the absence of significant
excess. Hence, we derive 95% C.L. upper limits on h�vi.
We explore the self-annihilation of WIMPs with masses
from 200 GeV up to 70 TeV, into the quark (bb̄, tt̄), gauge
bosons (W+W�, ZZ), lepton (e+e�, µ+µ�, ⌧+⌧�) and

H.E.S.S. collaboration 2022 arXiv:2207.10471

12

FIG. 3. Significance map of the residuals in Galactic coordinates in three energy bands. The grey-shaded region corresponds
to the set of masks used in this analysis to avoid astrophysical background contamination from the VHE sources in the ROIs.
The black triangle shows the position of the supermassive black hole Sagittarius A*.

FIG. 4. Left panel: J-factor map for the Einasto profile in Galactic coordinates. The J-factor values are integrated in
pixels of 0.02�⇥0.02� size. The grey-shaded region corresponds to the set of masks used in this analysis to avoid astrophysical
background contamination from the VHE sources in the ROIs. The black triangle shows the position of the supermassive black
hole Sagittarius A*. Rigth panel: Background determination method in Galactic coordinates. Two IGS pointing positions are
marked with black crosses. J-factor values are displayed for the ROI 7 and 13, respectively, together with those obtained in
the corresponding OFF regions. In addition, the J-factor values for ROI 25 and its corresponding OFF region with respect to
the pointing position 2-5 are shown. The masked regions are excluded similarly in the ON and OFF regions such that these
regions keep the same solid angle size and acceptance. The black triangle shows the position of the supermassive black hole
Sagittarius A*.

Figure 5 shows the energy-di↵erential annihilation spectrum in the W+W� channel convolved with the H.E.S.S.
acceptance and energy resolution expected for the self-annihilation of DM with mass mDM = 0.98 TeV and h�vi =
3.8 ⇥ 10�26 cm3s�1 for individual ROIs as well as for the combination of all ROIs. Overlaid are the corresponding
ON and OFF energy-di↵erential spectra convolved with the H.E.S.S. energy-dependent acceptance (Ae↵) and energy
resolution.

In Fig. 6 are plotted the energy-di↵erential flux for ON and OFF regions for individual ROIs as well as for the
combination of all ROIs. The steep spectrum of the residual background is mainly due to the dominant contribution
of misidentified cosmic-rays. Fig. 7 shows the background-subtracted energy-di↵erential flux, convolved with the
H.E.S.S. response, for di↵erent combinations of the ROIs as explained in the caption.

• H.E.S.S. location → good visibility for Galactic Center 
• Deep survey observations of inner region of Galactic 

halo (546 hours, 5 telescopes) 
• Exclude Galactic plane and known gamma-ray 

emitters

Probe below thermal relic 
density for annihilation to τ+τ-
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Annihilation in the Galactic Center: Continuum Emission
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FIG. 1. Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right
panel) channels derived from the H.E.S.S. observations taken from 2014 to 2020. The constraints are expressed as 95% C. L.
upper limits including the systematic uncertainty on h�vi as a function of the DM mass mDM. The observed limit is shown
as black solid line. The mean expected limit (black dashed line) together with the 68% (green band) and 95% (yellow band)
C.L. statistical containment bands are shown. The mean expected upper limit without systematic uncertainty is also shown
(red dashed line). The horizontal grey long-dashed line is set to the value of the natural scale expected for the thermal-relic
WIMPs. The constraints obtained in the bb̄, tt̄, ZZ, hh, µ+µ� and e+e� channels are given in Fig. 3 of Ref. [15].
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a factor of 2 [18].

the Gaussian function (see, for instance, Refs. [28–30]).
�ij is found by maximizing the likelihood function such
that dLij/d�ij ⌘ 0. A value of 1% for ��ij

is used [15].
In case of no significant excess in the ROIs, con-

straints on h�vi are obtained from the log-likelihood ra-
tio TS described in Ref. [31] assuming a positive signal
h�vi > 0 [15]. We used the high statistics limit in which
the TS follows a �2 distribution with one degree of free-
dom. Values of h�vi for which TS is higher than 2.71 are
excluded at the 95% confidence level (C.L.).

RESULTS

We find no significant excess in any of the ON regions
with respect to the OFF regions. An analysis crosscheck
performed using independent event calibration and re-
construction [32] corroborates the absence of significant
excess. Hence, we derive 95% C.L. upper limits on h�vi.
We explore the self-annihilation of WIMPs with masses
from 200 GeV up to 70 TeV, into the quark (bb̄, tt̄), gauge
bosons (W+W�, ZZ), lepton (e+e�, µ+µ�, ⌧+⌧�) and
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FIG. 3. Significance map of the residuals in Galactic coordinates in three energy bands. The grey-shaded region corresponds
to the set of masks used in this analysis to avoid astrophysical background contamination from the VHE sources in the ROIs.
The black triangle shows the position of the supermassive black hole Sagittarius A*.

FIG. 4. Left panel: J-factor map for the Einasto profile in Galactic coordinates. The J-factor values are integrated in
pixels of 0.02�⇥0.02� size. The grey-shaded region corresponds to the set of masks used in this analysis to avoid astrophysical
background contamination from the VHE sources in the ROIs. The black triangle shows the position of the supermassive black
hole Sagittarius A*. Rigth panel: Background determination method in Galactic coordinates. Two IGS pointing positions are
marked with black crosses. J-factor values are displayed for the ROI 7 and 13, respectively, together with those obtained in
the corresponding OFF regions. In addition, the J-factor values for ROI 25 and its corresponding OFF region with respect to
the pointing position 2-5 are shown. The masked regions are excluded similarly in the ON and OFF regions such that these
regions keep the same solid angle size and acceptance. The black triangle shows the position of the supermassive black hole
Sagittarius A*.

Figure 5 shows the energy-di↵erential annihilation spectrum in the W+W� channel convolved with the H.E.S.S.
acceptance and energy resolution expected for the self-annihilation of DM with mass mDM = 0.98 TeV and h�vi =
3.8 ⇥ 10�26 cm3s�1 for individual ROIs as well as for the combination of all ROIs. Overlaid are the corresponding
ON and OFF energy-di↵erential spectra convolved with the H.E.S.S. energy-dependent acceptance (Ae↵) and energy
resolution.

In Fig. 6 are plotted the energy-di↵erential flux for ON and OFF regions for individual ROIs as well as for the
combination of all ROIs. The steep spectrum of the residual background is mainly due to the dominant contribution
of misidentified cosmic-rays. Fig. 7 shows the background-subtracted energy-di↵erential flux, convolved with the
H.E.S.S. response, for di↵erent combinations of the ROIs as explained in the caption.

• H.E.S.S. location → good visibility for Galactic Center 
• Deep survey observations of inner region of Galactic 

halo (546 hours) 
• Exclude Galactic plane and known gamma-ray 

emitters

Probing below thermal relic 
density for annihilation to τ+τ-
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FIG. 2. Left panel: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross
section h�vi. The constraints expressed in terms of 95% C. L. upper limits including the systematic uncertainty, are shown as a
function of the DM mass mDM in the W+W� channel for the Einasto profile (black line), another parametrization of the Einasto
profile [27] referred as to Einasto 2 (red line), and the NFW profile (pink line), respectively. Right panel: Comparison of present
constraints in the W+W� channel with the previous published H.E.S.S. limits from 254 hours of observations of the GC [13]
(orange line), the limits from the observation of the GC with HAWC [33] (purple line), the limits from the observations of 15
dwarf galaxy satellites of the Milky Way by the Fermi satellite [34] (grey line), the limits from the cosmic microwave background
with PLANCK [2] (red line). The limits from the observation of the GC with the Fermi satellite in the bb̄ channel [35] are also
shown (violet line). The Einasto profile is used for GC observations.
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FIG. 2: Constraints on the flux � (left panel) and on the velocity-weighted annihilation cross section h�vi (right panel) for
the prompt annihilation into two photons derived from H.E.S.S. observations taken over ten years (254 h of live time) of the
inner 300 pc of the GC region. The constraints are expressed in terms of 95% C. L. upper limits as a function of the DM mass
mDM for the Einasto profile. The observed limits are shown as red dots. Expected limits are computed from 1000 Poisson
realizations of the expected background derived from blank-field observations at high Galactic latitudes. The mean expected
limit (black solid line) together with the 68% (green band) and 95% (yellow band) C. L. containment bands are shown. The
bands include the statistical and the systematic uncertainties. The observed limits derived in the analysis of four years (112
h of live time) of GC observations by H.E.S.S. [13] are shown as blue squares, together with the mean expected limit (blue
solid line) and the 68% containment band (blue shaded area) in the left panel. The natural scale for monochromatic �-ray line
signal is highlighted as a grey-shaded area in the right panel.

over the strongest constraints so far from 112 hours of
H.E.S.S. observations towards the GC region in the TeV
mass range [13]. The new constraints cover a DM mass
range from 300 GeV up to 70 TeV. They provide a signifi-
cant mass range overlap with the Fermi-LAT constraints.
They surpass the Fermi-LAT limits by a factor of about
four for a DM mass of 300 GeV [35].

Despite the gain in sensitivity, our upper limits are
still larger than the typical cross sections for thermal
WIMPs at h�vi ⇠ 10�29cm3s�1 expected for supersym-
metric neutralinos [8]. However, there are several WIMP
models which predict larger cross sections. While being
not thermally produced, they still produce the right relic
DM density. Among the wide class of heavy WIMP mod-
els, those with enhanced �-ray lines (see, for instance,
Ref. [38]) are in general strongly constrained by the re-
sults presented here. The present results can be applied
to models with wider lines while dedicated analyses tak-
ing into account the intrinsic line shapes are required.
They include models with �-ray boxes [39], scalar [40]
and Dirac [41] DM models, as well as the canonical Ma-
jorana DM triplet fermion known as the Wino in Super-
symmetry [42].

The limits obtained by H.E.S.S. in this work are com-
plementary to the ones obtained from direct detection
and collider production (i.e., LHC) searches. While the

latter ones are powerful techniques to look for DM of
masses of up to about hundred GeV, the indirect de-
tection with �-rays carried out with Fermi-LAT satellite
and ground-based Cherenkov telescopes is the most pow-
erful approach to probe DM in the higher mass regime,
as shown from several studies developed in the frame-
work of e↵ective field theory [43] and, more recently, us-
ing the simplified-model approaches (see, for instance,
Ref. [44]). Observations with ground-based Cherenkov
telescopes such as H.E.S.S. are unique to probe multi-
TeV DM through the detection of �-ray lines.

The upcoming searches with H.E.S.S. towards the in-
ner Galactic halo will exploit additional observations in-
cluding the fifth telescope at the center of the array. Since
2014, a survey of the inner galaxy is carried out with the
H.E.S.S. instrument focusing in the inner 5� of the GC.
This survey will allow us to probe a larger source region
of DM annihilations and alleviate the impact of the un-
certainty of the DM distribution in the inner kpc of the
Milky Way on the sensitivity to DM annihilations. A
limited dataset (⇠15 hours) of this survey using 2014 ob-
servations with the fifth telescope only was used to con-
strain the presence of a 130 GeV DM line in the vicinity
of the GC [45]. Observations including the fifth telescope
will allow us to probe DM lines down to 100 GeV. In ad-
dition, a higher fraction of stereo events in the energy
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FIG. 3: Comparison of constraints for prompt annihilation
into two photons obtained by H.E.S.S. for the Einasto (red
dots) and NFW (cyan dots) profiles, respectively, with the
limits from the observations of the Milky Way halo by Fermi-
LAT [35] (black triangles) as well as the limits from 157 hours
of MAGIC observations of the dwarf galaxy Segue 1 [36]
(green triangles). The grey-shaded area shows the natural
scale for a monochromatic �-ray line signal.

range from hundred to several hundred GeV is expected
from the increased number of stereo triggers between the
fifth telescope and one of the recently-upgraded smaller
telescopes. Beyond the sensitivity improvement expected
from increased photon statistics, the inner galaxy survey
will provide a larger fraction of photons in regions of de-
void of known standard astrophysical emissions, therefore
of prime interest for DM searches. Within the next few
years DM searches with H.E.S.S. will enable an even more
in-depth exploration of the WIMP paradigm for DM par-
ticles in the hundred GeV to ten TeV mass range.
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FIG. 2. 95% CL upper limits to �-ray spectral lines from
DM annihilation for the Einasto (red solid line) and cored
Zhao (yellow dashed line, [55]) profiles, in comparison to pre-
vious works by MAGIC (long gray dashed line, [70]), Fermi-
LAT (black and gray dash-dotted lines, [28]), H.E.S.S. (black
dotted line, [32]), HAWC (gray dash-dotted-dotted line, [69]),
and DAMPE (short gray dashed line, [72]). dSphs: dwarf
spheroidal galaxies.

on h�vi of annihilations into two �-rays for DM parti-
cle masses between 0.9 TeV and 100 TeV (black dots in
Fig. 1, for a cuspy Einasto density profile). We confirmed
the consistency of our results with the null hypothesis by
performing 300 simulations of the expected background
and computing for each tested DM mass the median, the
68%, and the 95% containment bands of the obtained
distribution of limits on h�vi (dotted black curve, green
and yellow bands in Fig. 1).

We tested the dependence of our limits on a system-
atic uncertainty on the energy resolution and a possible
bias: we mimicked a detector response with energy res-
olution of �E/E = 25%, and found our limits to worsen
by about 30%. Correspondingly, a misestimation of the
energy scale of 15% due to unaccounted miscalibration
of the telescopes affects our limits by 30%.

Fig. 2 compares our limits on h�vi with previous re-
sults by other instruments. The result by the H.E.S.S.
telescopes from 2018 [32] relies on the same Einasto DM
halo as in our analysis. Also, the results by Fermi -LAT
for 5.8 years of data [28] and recently by DAMPE for 5
years of data [72] are given for an almost identical Einasto
halo as in our work. Our result using the Einasto profile
is competitive with the current best limits in the mass
range of a few TeV and improve the best limits above
20 TeV by a factor of 1.5 to 2. This improvement in
sensitivity is due to increased statistics at TeV energies
by LZA observations. Fig. 2 also shows how the uncer-
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FIG. 3. Upper limits for the four DM density profiles consid-
ered in this work: the cuspy Einasto Galactic density profile
(red solid line), the NFW profile (cyan dashed line), a DM
core according to [55] (yellow dashed line) and the Burkert
fit from [52] (green dotted line), compared against the total
h�vi corresponding to annihilation of two SUSY winos (i.e.,
SU(2)L triplets) into a �� pair according to [11, 13–15] (gray
solid line, see text for details). The vertical blue hatched
region indicates wino masses from 2.7 to 3.0 TeV which are
consistent with the observed DM relic density [14].

tain knowledge about the DM distribution in the inner
Galaxy [52, 55] impacts our limits. In case of an ex-
tended DM core around the GC, our constraints on h�vi
worsen by about two orders of magnitude. This degra-
dation is caused by the shallower profile shape resulting
in a lower J-factor in the ROI. We emphasize that our
analysis allows to derive limits for such cored profiles,
which is challenging for spatial background subtraction
methods, as applied by e.g. [30, 32]. Our conservative
limits on h�vi, corresponding to the lowest DM density
in the inner Galaxy compatible with observational data,
are comparable to the current most stringent limits from
observation of dwarf galaxies, as shown for MAGIC [70]
by the gray dashed curve in Fig. 2.

Our upper limits are able to constrain heavy SUSY
models for both cuspy and cored profiles. In Fig. 3, we
show our limits for the two cuspy and two cored pro-
files introduced in Sec. II compared to the total cross
section of the two annihilation processes2 into �� and
Z� pairs for the wino model from [11, 13–15]. The res-

2
The factor 1/2 for the Z� channel expresses that in the calcula-

tion of our limits we have assumed the production of two �-rays

per annihilation process (Eq. 2), whereas for this channel only

one is produced.

Similar limits from 
MAGIC with 223 hours 

of observation
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Figure 5: 95% CL ULs on the WIMP velocity-averaged cross-sections for the bb̄ (left) and ⌧
+
⌧
� (right) channels, from

this work (solid black line) and the combined analysis of dSphs from Fermi-LAT [28] (blue dashed line), VERITAS [37]
(green dashed line), HAWC [38] (yellow dashed line), and H.E.S.S. [39] (red dashed line). Note that the three latter
results did not include the uncertainties on the J-factor in the limits reported here.

namely by the poorly constrained DM content, not accounted for when producing such limits.
On the contrary, the combined limits from dSphs are affected by much smaller uncertainties, thus
providing a complementary set of reliable limits.

9. Summary and conclusions

In this paper, we have presented new results on DM searches obtained by MAGIC from 52.1 h
of observation of the Draco dSph and from 49.5 h of observation of the Coma Berenices dSph.
For both targets we have reported the h�annvi ULs at the 95 % CL for WIMP annihilation in the
channels bb̄, ⌧+⌧�, µ+

µ
� and W

+
W

�. In order to combine these new results with previous ones
in a uniform analysis, we have revised the Segue 1 analysis, taking into account the extension of
the source, thanks to the use of the Donut MC technique, and considering an updated J-factor
value: the results previously obtained were not significantly affected. We have then performed a
combined analysis of the observations of 4 dSphs for a total of 354.3 h and have obtained results for
the channels e

+
e
�, µ+

µ
�, ⌧+⌧�, W+

W
�, ZZ, HH, bb̄, tt̄ and ��. The achieved combined limits

from this work are the most stringent in the range from a few TeV to a few tens of TeV among
the ones obtained from dSphs observations with IACTs. DM searches combining observations of
different targets is now a well established technique in gamma-ray astronomy. It improves the
results and strengthens their robustness by averaging out possible systematic uncertainties. The
results presented in this paper will be used in a joint analysis of dSphs targets involving different
experiments [49] that will further maximize the sensitivity of indirect gamma-ray search for DM.
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Figure 5: 95% CL ULs on the WIMP velocity-averaged cross-sections for the bb̄ (left) and ⌧
+
⌧
� (right) channels, from

this work (solid black line) and the combined analysis of dSphs from Fermi-LAT [28] (blue dashed line), VERITAS [37]
(green dashed line), HAWC [38] (yellow dashed line), and H.E.S.S. [39] (red dashed line). Note that the three latter
results did not include the uncertainties on the J-factor in the limits reported here.

namely by the poorly constrained DM content, not accounted for when producing such limits.
On the contrary, the combined limits from dSphs are affected by much smaller uncertainties, thus
providing a complementary set of reliable limits.

9. Summary and conclusions

In this paper, we have presented new results on DM searches obtained by MAGIC from 52.1 h
of observation of the Draco dSph and from 49.5 h of observation of the Coma Berenices dSph.
For both targets we have reported the h�annvi ULs at the 95 % CL for WIMP annihilation in the
channels bb̄, ⌧+⌧�, µ+

µ
� and W

+
W

�. In order to combine these new results with previous ones
in a uniform analysis, we have revised the Segue 1 analysis, taking into account the extension of
the source, thanks to the use of the Donut MC technique, and considering an updated J-factor
value: the results previously obtained were not significantly affected. We have then performed a
combined analysis of the observations of 4 dSphs for a total of 354.3 h and have obtained results for
the channels e

+
e
�, µ+

µ
�, ⌧+⌧�, W+

W
�, ZZ, HH, bb̄, tt̄ and ��. The achieved combined limits

from this work are the most stringent in the range from a few TeV to a few tens of TeV among
the ones obtained from dSphs observations with IACTs. DM searches combining observations of
different targets is now a well established technique in gamma-ray astronomy. It improves the
results and strengthens their robustness by averaging out possible systematic uncertainties. The
results presented in this paper will be used in a joint analysis of dSphs targets involving different
experiments [49] that will further maximize the sensitivity of indirect gamma-ray search for DM.
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Joint Dark Matter Limits from Gamma Rays
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into

bb̄ (upper-left), W+W�
(upper-right), ⌧+⌧�

(bottom-left) and µ+µ�
(bottom-right) pairs. Thick solid lines

show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of

Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)

limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted

line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%

containment bands for the distribution of limits under the null hypothesis (see main text for more details).

The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W

+
W

�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ
+
µ
�),

– 9 –

• Combine gamma-ray results  
• Improve statistical power 
• Present consistent picture 

• Groundwork: MAGIC + Fermi-LAT 
combined likelihood analysis 
(arXiv:1601.06590) 

• Combine Fermi-LAT, H.E.S.S., 
MAGIC, VERITAS, HAWC datasets

A PREPRINT - MAY 5, 2022

Figure 1: Illustration of a real data combination showing a comparison between TS provided by four instruments
(colored lines) from the observation of the same dSph without any J nuisance and their sum, i.e. the resulting combined
likelihood (thin black line), for a dark matter particle mass of 20 TeV. According to the test statistics of Eq. (4), the
intersection of the likelihood profiles with the line TS = 2.71 indicates the 95% C.L. upper limit on h�vi. The combined
likelihood (thin black line) shows a smaller value of upper limit on h�vi than those derived by individual instruments.
We also show the uncertainties on the J-factor affect the combined likelihood and degrade the upper limit on h�vi

(thick black line). All likelihood profiles are normalized so that the global minimum dh�vi is 0 to facilitate data handling.
We note that each profile depends on the observational conditions under which a target object was observed. The
sensitivity of a given instrument can be degraded and the upper limits less constraining if the observations are performed
in non-optimal conditions such as a large zenith angle or a short exposure time.

each detector are also indicated in the figures, where limits for all dSphs observed by the specific instrument have been312

combined.313

Below ~300 GeV, the limits obtained by Fermi-LAT dominate for all annihilation channels. From ~300 GeV to314

~2 TeV, Fermi-LAT’s results continue to dominate for the hadronic (bb̄ and tt̄) and bosonic (W+W� and Z+Z�)315

DM channels, yet the IACTs (H.E.S.S., MAGIC, and VERITAS) and Fermi-LAT all contribute to the limit for316

leptonic (e+e�, µ+µ�, and ⌧+⌧�) DM channels. For DM masses between ~2 TeV to ~10 TeV, the IACTs dominate317

leptonic DM annihilation channels, whereas both the Fermi-LAT and the IACTs dominate bosonic and hadronic DM318

annihilation channels. From ~10 TeV to ~100 TeV, both the IACTs and HAWC contribute significantly to the leptonic319

DM limit. For hadronic and bosonic DM, the IACTs and Fermi-LAT both contribute strongly.320

We notice that the limits computed using the B set of J-factors are always better compared to the ones calculated with321

the GS set. For the W+W�, Z+Z�, bb̄, and tt̄ channels, the ratio between the limits computed with the two sets of322

J-factors is varying between a factor of ~3 and ~5 depending on the energy, with the largest ratio around 10 TeV. For323

the channels e+e�, µ+µ�, and ⌧+⌧�, the ratio lies between ~2 and ~6, peaking around 1 TeV. Examining Figs. 4324

and 5 in App. A, these differences are explained by the fact that the B set provides higher J-factors for the majority of325

the studied dSphs, with the notable exception of Segue I [55]. The variation on the ratio of the limits for the two sets is326

due to different dSphs dominating the limits depending on the energy. This comparison demonstrates the magnitude of327

systematic uncertainties associated with the choice of the J-factor calculation.328

6 Discussion and Conclusions329

In this multi-instrument analysis, we have used observations of 20 dSphs from the gamma-ray telescopes Fermi-LAT,330

H.E.S.S., MAGIC, VERITAS, and HAWC to perform a collective search for DM annihilation signals. The data were331

10

• Each instrument performs likelihood 
analysis with internal software 

• Common statistical format 
• Share high-level data 

• Common expected signal inputs 
• Expected photon spectrum from 

Cirelli et al. 2011 (arXiv:1012.4515) 
• Identical J-factors
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Joint Gamma-ray Limits: Observation Summary

• 20 dwarf spheroidal galaxies observed, including classical and ultrafaint objects 
• ~625 hours IACT, 10 years Fermi-LAT, ~1000 days HAWC observations

Dwarf Spheroidal Galaxy IACT IACT Exposure 
(hours)

HAWC

Böotes I VERITAS 14.0 ✓
Canes Venatici I ✓
Canes Venatici II ✓
Carina H.E.S.S. 23.7
Coma Berenices H.E.S.S., MAGIC 11.4, 49.5 ✓
Draco MAGIC, VERITAS 52.1, 49.8 ✓
Fornax H.E.S.S. 6.8
Hercules ✓
Leo I ✓
Leo II ✓
Leo IV ✓
Leo V
Leo T
Sculptor H.E.S.S. 11.8
Segue 1 MAGIC, VERITAS 158.0, 92.0 ✓
Segue 2
Sextans ✓
Ursa Major I ✓
Ursa Major II MAGIC 94.8 ✓
Ursa Minor VERITAS 60.4

Fermi-LAT exposure 
on all objects
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Joint Gamma-ray Limits: Results

 [GeV]DMm
10 210 310 410 510

/s
]

3
 [

cm
U

L
 v

>
σ

9
5

%
 <

30−10

29−10

28−10

27−10

26−10

25−10

24−10

23−10

22−10

21−10

20−10

Combined limit (!") Fermi-LAT limit
 median0H HAWC limit
 68% containment0H H.E.S.S. limit
 95% containment0H MAGIC limit

Thermal relic cross section VERITAS limit

-τ+τ

Factor 2-3 improvement in limits 
Consistency between observed and expected limits

 [GeV]DMm
10 210 310 410 510

/s
]

3
 [

cm
U

L
 v

>
σ

9
5

%
 <

30−10

29−10

28−10

27−10

26−10

25−10

24−10

23−10

22−10

21−10

20−10

Combined limit (!") Fermi-LAT limit
 median0H HAWC limit
 68% containment0H H.E.S.S. limit
 95% containment0H MAGIC limit

Thermal relic cross section VERITAS limit

-
W

+
W

No signal observed; extract 95% confidence level limits on dark matter annihilation cross section



19

Beyond WIMPs: Ultra-heavy Dark Matter

Mass scale of dark matter
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black holes 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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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FIG. 1. A non-exhaustive representation of cosmological production mechanisms of ultraheavy dark matter
and corresponding models.

Freeze-out: In this classic mechanism, DM particles begin in thermal equilibrium with the
SM bath, with equal rates of DM production and annihilation. When DM particles become non-
relativistic, their production is Boltzmann-suppressed, and they fall out of equilibrium as cosmic
expansion becomes faster than annihilation.

Partial-wave unitarity sets an upper limit on perturbative DM annihilation cross sections. When
DM is produced via freeze-out in a radiation-dominated universe, an upper limit on s-wave 2 ! 2
annihilation cross sections leads to a lower limit on the DM abundance, in turn translating to an
upper limit of about 100 TeV on the DM mass [3]. However, if an EMD occurred after freeze-out,
smaller annihilation cross sections would be needed to overcome the dilution and lead to the correct
amount of DM. In this case, frozen-out DM with masses beyond O(100 TeV) become allowed [4–6].
In models in which DM is much heavier than mediators, Sommerfeld enhancement of cross sections
and the formation of bound states alters unitarity bounds [7–11]. DM might also be part of a
hidden thermal bath, with a temperature di↵erent from the SM [12]. The lightest particles of the
hidden sector can dominate the cosmic expansion after freeze-out, leading to an EMD era. In this
case, diluted DM particles as heavy as 1010 GeV become viable [13–16].

Freeze-in: In the freeze-in mechanism, the DM population is initially negligible, and is pro-
duced via out-of-equilibrium decays and/or annihilation of species in the SM bath [17–19]. The
production rates are always slower than the cosmic expansion and become negligible before back-
reaction becomes important. The end of the freeze-in production depends on DM-SM interactions.
Typically, renormalizable couplings lead to an infrared freeze-in, in which DM production stops
when it becomes too heavy to be produced and the final relic density depends only on the DM
coupling strengths and mass 1. On the other hand, non-renormalizable couplings typically lead to
production rates with a high temperature-dependence. In this case, freeze-in can terminate during
the post-inflationary reheating and is said to be ultraviolet, with a final relic density depending on

1
One can engineer complicated models of IR freeze-in with significantly heavy DM candidates, viz., the clockwork

scenarios [20].

Carney et al. 2022 arXiv:2203.06508

• Searches with IACTs motivated by TeV-scale weakly interacting massive 
particles (Mχ ~ 0.1 - 1 TeV) 
• More phase space to explore 

• Current & future instruments detect gamma rays that access > 100 
TeV dark matter annihilation

Lin 2019 arXiv:1904.07915
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FIG. 1. A non-exhaustive representation of cosmological production mechanisms of ultraheavy dark matter
and corresponding models.

Freeze-out: In this classic mechanism, DM particles begin in thermal equilibrium with the
SM bath, with equal rates of DM production and annihilation. When DM particles become non-
relativistic, their production is Boltzmann-suppressed, and they fall out of equilibrium as cosmic
expansion becomes faster than annihilation.

Partial-wave unitarity sets an upper limit on perturbative DM annihilation cross sections. When
DM is produced via freeze-out in a radiation-dominated universe, an upper limit on s-wave 2 ! 2
annihilation cross sections leads to a lower limit on the DM abundance, in turn translating to an
upper limit of about 100 TeV on the DM mass [3]. However, if an EMD occurred after freeze-out,
smaller annihilation cross sections would be needed to overcome the dilution and lead to the correct
amount of DM. In this case, frozen-out DM with masses beyond O(100 TeV) become allowed [4–6].
In models in which DM is much heavier than mediators, Sommerfeld enhancement of cross sections
and the formation of bound states alters unitarity bounds [7–11]. DM might also be part of a
hidden thermal bath, with a temperature di↵erent from the SM [12]. The lightest particles of the
hidden sector can dominate the cosmic expansion after freeze-out, leading to an EMD era. In this
case, diluted DM particles as heavy as 1010 GeV become viable [13–16].

Freeze-in: In the freeze-in mechanism, the DM population is initially negligible, and is pro-
duced via out-of-equilibrium decays and/or annihilation of species in the SM bath [17–19]. The
production rates are always slower than the cosmic expansion and become negligible before back-
reaction becomes important. The end of the freeze-in production depends on DM-SM interactions.
Typically, renormalizable couplings lead to an infrared freeze-in, in which DM production stops
when it becomes too heavy to be produced and the final relic density depends only on the DM
coupling strengths and mass 1. On the other hand, non-renormalizable couplings typically lead to
production rates with a high temperature-dependence. In this case, freeze-in can terminate during
the post-inflationary reheating and is said to be ultraviolet, with a final relic density depending on

1
One can engineer complicated models of IR freeze-in with significantly heavy DM candidates, viz., the clockwork

scenarios [20].

Carney et al. 2022 arXiv:2203.06508

Simple thermal-relic scenario with point-like DM particle        
→ heavy DM (>~100-200 TeV) overproduced  

                                 (unitarity limit)  

and                          (thermal relic)

• Unitarity bound can be evaded with various extensions 
• Dark sector: Berlin et al. 2016 (arXiv:1602.08490),… 
• Composite DM (with/without geometrical cross section): Baldes et al. 2022 

(arXiv:2110.13926), Harigaya et al. 2019 (arXiv:1606.00159), Contino et al. 2019 
(arXiv:1811.06975),… 

• Capture to bound states: Geller et al. 2018 (arXiv:1802.07720),…
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From TeV Gamma Rays to PeV Dark matter
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Finally, for each annihilation channel, we find a set of values of
Mχ and 〈σv〉 for which  = 5σ.

4.3. Expected UL Curves

To estimate the UL on the UHDM annihilation cross section
for a given Mχ, we perform a maximum likelihood estimation
(MLE). Since we cannot access the energy distribution of
background events for the VERITAS-like instrument, we use a
simple likelihood analysis using the total Non and Noff counts,
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where the nuisance parameter b represents the expected
background rate. This likelihood function is expected to be
less sensitive compared to a full likelihood function incorpor-
ating event-wise energy information, especially at high masses,
as it does not utilize any features present in the DM spectrum;
see Aleksić et al. (2012) for a full discussion of this hindrance.
For CTA and the HAWC-like instrument, we perform a binned
likelihood analysis
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We calculate the expected UL with the assumption that the
ON region does not contain any signal from UHDM self-
annihilation but only Poisson fluctuations around
α× Noff; i.e., we can randomly sample Non from the Poisson

distribution of αNoff. For the binned likelihood analysis, we can
apply the Poisson fluctuations to each background bin to get
the binned ON-region data. With the synthesized ON-region
data, we perform an MLE analysis and calculate the UL on the
DM cross section for a given Mχ. Throughout this paper, UL
refers to the one-sided 95% confidence interval, which is
obtained from the profile likelihood ( ln 1.35D = ). We
repeat the process of calculating the expected limit to get the
median or the containment band for the 95% UL.

5. Results

Here, we present two sets of analysis results: sensitivity
curves and expected ULs, as functions of the UHDM particle
mass. Since above a few tens of petaelectronvolts the energy
flux ratio for all annihilation channels is less than 10%
(Figure 2), we perform the analyses for UHDM masses from 30
TeV up to 30 PeV. Note that all of the following results are
based on assumed exposure times of 50 hr for the VERITAS-
like instrument and CTA-North, and 507 days for the HAWC-
like instrument.
Figure 3 shows the sensitivity curves for the nine UHDM

annihilation channels (e+e−, μ+μ−, ¯tt , ¯bb, W+W−, ZZ, γγ,14

and ¯e en n ) for the VERITAS-like (50 hr; left panel), CTA-North
(50 hr; middle panel), and HAWC-like (507 days; right panel)
instruments. Considering the annihilation of an UHDM particle
with an Mχ of 1 PeV via the τ+τ− channel, the HAWC-like
instrument is likely to reach an  of 5σ with the smallest cross
section; specifically, the VERITAS-like instrument is expected
to detect UHDM for a cross section of∼ 5× 10−19 cm3 s−1,
CTA-North for∼ 4× 10−19 cm3 s−1, and the HAWC-like
instrument for∼ 1× 10−19 cm3 s−1. However, this sensitivity
depends on the annihilation channel and the UHDM mass, not
to mention the exposure time. For example, for an Mχ of 100
TeV, CTA-North shows, in general, better sensitivity compared

Figure 2. The number of expected γ-ray events (left) and relative ratio between the observable and total γ-ray energy flux (right). The expected counts are computed
assuming an effective area of 1010 cm2, 50 hr of exposure time, a J-factor of 1018 GeV2 cm-5 sr-1, and 〈σv〉 = 10−23 cm3 s−1. The observable energy flux is defined as
the integrated γ-ray energy flux up to 100 TeV, and for reference in the black dashed curve we show a value of 10%. The portion of the observable UHDM signal from
Mχ > 100 TeV decreases progressively as Mχ increases. The various line styles refer to the classes of annihilation channel: charged leptons (solid), quarks (dashed),
gauge bosons (dotted), and ¯e en n (dashed–dotted).

14 Note that for the γγ channel, we use a different mass binning so that the
lower bounds of the sensitivity and UL curves are different for those from the
other channels. This choice is based on the fact that the delta component in the
γγ annihilation can be fully addressed only when the mass binning matches the
binning of the energy bias matrix (Mχ = Eγ).

6

The Astrophysical Journal Letters, 938:L4 (10pp), 2022 October 10 Tak et al.

>10% flux deposited in <100 TeV gamma rays for DM particles up to PeV masses

• All instruments considered detect gamma rays up to ~100 TeV 
• Corresponds to a much heavier initial dark matter particle

50 hr exposure,  
⟨σv⟩ = 10-23 cm3s-1

Tak et al. 2022 
arXiv:2208.11740

VERITAS-like instrument HAWC-like instrument Cherenkov Telescope Array

Study sensitivity to UHDM annihilation for three instruments
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Finally, for each annihilation channel, we find a set of values of
Mχ and 〈σv〉 for which  = 5σ.

4.3. Expected UL Curves

To estimate the UL on the UHDM annihilation cross section
for a given Mχ, we perform a maximum likelihood estimation
(MLE). Since we cannot access the energy distribution of
background events for the VERITAS-like instrument, we use a
simple likelihood analysis using the total Non and Noff counts,
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where the nuisance parameter b represents the expected
background rate. This likelihood function is expected to be
less sensitive compared to a full likelihood function incorpor-
ating event-wise energy information, especially at high masses,
as it does not utilize any features present in the DM spectrum;
see Aleksić et al. (2012) for a full discussion of this hindrance.
For CTA and the HAWC-like instrument, we perform a binned
likelihood analysis
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We calculate the expected UL with the assumption that the
ON region does not contain any signal from UHDM self-
annihilation but only Poisson fluctuations around
α× Noff; i.e., we can randomly sample Non from the Poisson

distribution of αNoff. For the binned likelihood analysis, we can
apply the Poisson fluctuations to each background bin to get
the binned ON-region data. With the synthesized ON-region
data, we perform an MLE analysis and calculate the UL on the
DM cross section for a given Mχ. Throughout this paper, UL
refers to the one-sided 95% confidence interval, which is
obtained from the profile likelihood ( ln 1.35D = ). We
repeat the process of calculating the expected limit to get the
median or the containment band for the 95% UL.

5. Results

Here, we present two sets of analysis results: sensitivity
curves and expected ULs, as functions of the UHDM particle
mass. Since above a few tens of petaelectronvolts the energy
flux ratio for all annihilation channels is less than 10%
(Figure 2), we perform the analyses for UHDM masses from 30
TeV up to 30 PeV. Note that all of the following results are
based on assumed exposure times of 50 hr for the VERITAS-
like instrument and CTA-North, and 507 days for the HAWC-
like instrument.
Figure 3 shows the sensitivity curves for the nine UHDM

annihilation channels (e+e−, μ+μ−, ¯tt , ¯bb, W+W−, ZZ, γγ,14

and ¯e en n ) for the VERITAS-like (50 hr; left panel), CTA-North
(50 hr; middle panel), and HAWC-like (507 days; right panel)
instruments. Considering the annihilation of an UHDM particle
with an Mχ of 1 PeV via the τ+τ− channel, the HAWC-like
instrument is likely to reach an  of 5σ with the smallest cross
section; specifically, the VERITAS-like instrument is expected
to detect UHDM for a cross section of∼ 5× 10−19 cm3 s−1,
CTA-North for∼ 4× 10−19 cm3 s−1, and the HAWC-like
instrument for∼ 1× 10−19 cm3 s−1. However, this sensitivity
depends on the annihilation channel and the UHDM mass, not
to mention the exposure time. For example, for an Mχ of 100
TeV, CTA-North shows, in general, better sensitivity compared

Figure 2. The number of expected γ-ray events (left) and relative ratio between the observable and total γ-ray energy flux (right). The expected counts are computed
assuming an effective area of 1010 cm2, 50 hr of exposure time, a J-factor of 1018 GeV2 cm-5 sr-1, and 〈σv〉 = 10−23 cm3 s−1. The observable energy flux is defined as
the integrated γ-ray energy flux up to 100 TeV, and for reference in the black dashed curve we show a value of 10%. The portion of the observable UHDM signal from
Mχ > 100 TeV decreases progressively as Mχ increases. The various line styles refer to the classes of annihilation channel: charged leptons (solid), quarks (dashed),
gauge bosons (dotted), and ¯e en n (dashed–dotted).

14 Note that for the γγ channel, we use a different mass binning so that the
lower bounds of the sensitivity and UL curves are different for those from the
other channels. This choice is based on the fact that the delta component in the
γγ annihilation can be fully addressed only when the mass binning matches the
binning of the energy bias matrix (Mχ = Eγ).
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>10% flux deposited in <100 TeV gamma rays for DM particles up to PeV masses

• All instruments considered detect gamma rays up to ~100 TeV 
• Corresponds to a much heavier initial dark matter particle

50 hr exposure,  
⟨σv⟩ = 10-23 cm3s-1

Tak et al. 2022 
arXiv:2208.11740

VERITAS-like instrument HAWC-like instrument Cherenkov Telescope Array

Study sensitivity to UHDM annihilation for three instruments

Enabled by new calculation of 
gamma-ray spectrum for DM 

annihilation with DM masses to 
Planck scale  

(Bauer et al. 2019 arXiv:2007.15001)
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Expected Limits in Theoretical Context

2. Theoretical Motivation

Theoretical arguments for DM have often downplayed the
UH mass regime. The prejudice against heavier masses arises
from the so-called unitarity limit of Griest & Kamionkowski
(1990), which is based on the following “bottom-up” argument.
The naive expectation is that DM annihilation rates for point-
like particles will scale as v C M2sá ñ ~ c , where Mχ is the
particle mass and C is a dimensionless parameter. For a thermal
relic, this cross section is what depletes the DM abundance
away from its equilibrium value once the temperature of the
universe drops below Mχ, and so we expect Ωχ∝ 1/〈σv〉.
Accordingly, for too-large Mχ, DM cannot destroy itself with
enough vigor, and the universe overcloses. One can boost the
size of C, but only up to an amount allowed by unitarity. DM as
a simple self-annihilating thermal relic is only possible for
masses up to ∼194 TeV (Smirnov & Beacom 2019). We show
this UL in Figure 1; 194 TeV is an updated value of the
conservative bound from Griest & Kamionkowski (1990)
(those authors used Ωχh

2= 1, as opposed to the current
measurement of Ωχh

2= 0.12 given by Aghanim et al. 2020).
To derive Mχ 194 TeV, one assumes that the annihilation

rate saturates the unitarity limit (〈σv〉∝ 1/v; see Equation (2)
with J= 0) for the entire relevant history of the DM. A rate that
scales inversely with velocity is typically found only at low
velocities and in the presence of a long-range force, as in the
celebrated case of Sommerfeld enhancement. As discussed
below, it is difficult to model-build a scenario where the cross
section is maximally large, but where the DM continues to
behave as a simple elementary particle. Typically, bound-state
and compositeness effects will enter in this limit. For such
reasons, in Griest & Kamionkowski (1990), the authors felt the
above cross-section scaling was overly conservative. Instead,
they assumed that the cross section was dominantly S-wave
(〈σv〉∝ v0) but with a maximum value still set by unitarity (as

given in Equation (2)). Using this, and assuming Ωχh
2= 1,

they derived the well-known UL of 340 TeV. Repeating their
calculation for Ωχh

2= 0.12, the bound is reduced to
Mχ 116 TeV. Nevertheless, we will adopt the more con-
servative value of 194 TeV in our results. It involves the fewest
assumptions about the early universe, but amounts to assuming
that DM finds a way to annihilate at the limiting cross-section
value throughout the era that set its relic abundance.
The presence of additional structure in either the DM

particles themselves or the final states they capture into can
weaken even this conservative limit, though. For example, if
capture into bound states is possible, then selection rules can
open up annihilation channels into higher partial waves. The
total relic abundance of DM is necessarily set by the sum over
all channels, but each partial wave respects the limit from
unitarity unitarity:

( ) ( )J

M v

4 2 1
. 2J 2

rel
2

s
p +

c


As discussed by Bottaro et al. (2022), even for the straightfor-
ward scenario of thermal relics that are just multiplets of the
electroweak group SU(2)L, this allows DM consistent with
unitarity up to ∼325 TeV. It would seem uncontroversial to
analyse the full regime that allows this simple scenario.
To relax the bound farther, as mentioned above, the unitarity

limit of roughly 100 TeV assumes a point-like particle. This
was explicitly recognized in the classic 1990 reference on the
matter. If, however, DM is a composite particle, then the
relevant dimensionful scale that sets the annihilation rate can be
its geometric size, R, which may be much larger than its
Compton wavelength, ∼1/Mχ. It is thus possible to realize a
thermal-relic scenario for masses ?100 TeV (e.g., the example
of Harigaya et al. (2016) discussed above).7 For pointing
telescopes like VERITAS, H.E.S.S., or CTA to have a
discovery advantage, one needs a scenario, like compositeness,
with non-negligible DM annihilation, since the resulting flux
will scale like ρ2. Bound-state particles with a heavy
constituent, whether obtained as thermal relics or by a more
complicated cosmology, provide a means to get annihilation
rates of v C Munitary

2sá ñ c , where Cunitary is the largest factor
consistent with quantum mechanics in a single partial wave.
One may therefore consider this as a generalization of the “sum
over partial waves” loophole we first mentioned in the bound-
state capture scenario. As we see in Figure 1, there is a large
region of parameter space beyond the point-like unitarity limit.
Furthermore, we project that the limits from CTA exceed those
from HAWC out to several PeV, and are primed for testing
these models.
The generic possibility of a geometric cross section for

composite particles can be seen with atomic (anti)hydrogen, as
pointed out by Geller et al. (2018), whose arguments we briefly
recap. In a hydrogen–antihydrogen collision, an interaction
with a geometric cross section is the “rearrangement” reaction,
which produces a protonium ( ¯pp) + positronium (e+e−) final

Figure 1. A comparison of our estimated limits for annihilation to ¯tt against
various theoretical benchmarks. The black solid curve refers to the standard
thermal-relic cross section (2.4 × 10−26 cm3 s−1; Steigman et al. 2012), and the
region shaded in gray is the conventional parameter space associated with a
point-like thermal relic. For Segue 1, the J = 0 partial-wave unitarity limit on a
point-like annihilation cross section is shown in orange—irrespective of the
early universe cosmology, point-like particles can only annihilate at a rate
below this. Composite states are not so restrictive, however, and can annihilate
up to the various composite unitarity bounds. For a detailed discussion, see
Section 2.

7 Alternatively, to get to very high masses, one can decouple the DM
abundance from its annihilation rate. In this approach, one forfeits the WIMP-
miracle in favor of an alternate cosmological history. As an example, some
other particle could populate the universe, which ultimately decays to the
correct quantity of DM (see Carney et al. 2022 for a discussion and references).
If DM is nonthermal, then additional structure is needed for detection. One
straightforward possibility is to construct DM that is cosmologically stable, but
decays with an observable rate (e.g., Kolb et al. 1999).
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• Expected limits (95% confidence level) on annihilation cross section based on 
(shallow) observations of Segue 1  

• Constrain benchmark scenario set by partial-wave unitarity below 100 TeV 
• Constrain benchmark scenarios set by composite unitarity for particle radius > (100 

MeV)-1
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Expected Observed UHDM Limits from VERITAS

6

Figure 3. A comparison of VERITAS upper limits for two annihilation channels against UHDM theoretical benchmarks
(Tak et al. 2022). The blue solid lines are the 95% confidence upper limits obtained from the combined analysis and the red
solid curve is the thermal-relic cross section (2.4 ⇥ 10�26 cm3/s). The purple line refers to the unitarity limit on a point-like
annihilation cross section for a particle that respects partial-wave unitarity but is not necessarily a thermal relic. Above the
unitarity limits, various composite states can be possible; three possible states, the purple dashed lines, are plotted as examples.

Figure 4. VERITAS upper limits on the radius of a composite dark matter particle as a function of mass,
for the nine annihilation channels considered. The left plot visualizes the constraints on the inverse radius, in
terms of energy, while the right plot considers the radius in femtometers. The shaded areas denote exclusion
regions.

scaling by the ratio of the areas of the ON and OFF regions), Non,sim = Pois(↵No↵,obs).‡ For each channel,120

we repeat this process 300 times and obtain a null-hypothesis band. If there is any signal, we expect the observed121

upper limits to deviate from the null-hypothesis upper limit bands.122

Figure 2 shows the comparison of the observed upper limits with the null-hypothesis bands. Each solid line (blue) is123

an upper limit curve from the parameter set listed in Table 1, and the null-hypothesis band is depicted in orange with124

68% (solid) and 95% (dotted-line) containment. For all annihilation channels, the observed upper limits are consistent125

with the expected upper limits within the 95% confidence level. This result supports the non-detection of the UHDM126

annihilation signal, as well as quantifying the impact of statistical uncertainty on the derived limits.127

5. DISCUSSION AND CONCLUSIONS128

‡
Note that the number of simulated ON-region events can di↵er from that of observed ON-region events by (roughly)

the detection significance listed in Table 1.

6

Figure 3. A comparison of VERITAS upper limits for two annihilation channels against UHDM theoretical benchmarks
(Tak et al. 2022). The blue solid lines are the 95% confidence upper limits obtained from the combined analysis and the red
solid curve is the thermal-relic cross section (2.4 ⇥ 10�26 cm3/s). The purple line refers to the unitarity limit on a point-like
annihilation cross section for a particle that respects partial-wave unitarity but is not necessarily a thermal relic. Above the
unitarity limits, various composite states can be possible; three possible states, the purple dashed lines, are plotted as examples.

Figure 4. VERITAS upper limits on the radius of a composite dark matter particle as a function of mass,
for the nine annihilation channels considered. The left plot visualizes the constraints on the inverse radius, in
terms of energy, while the right plot considers the radius in femtometers. The shaded areas denote exclusion
regions.

scaling by the ratio of the areas of the ON and OFF regions), Non,sim = Pois(↵No↵,obs).‡ For each channel,120

we repeat this process 300 times and obtain a null-hypothesis band. If there is any signal, we expect the observed121

upper limits to deviate from the null-hypothesis upper limit bands.122

Figure 2 shows the comparison of the observed upper limits with the null-hypothesis bands. Each solid line (blue) is123

an upper limit curve from the parameter set listed in Table 1, and the null-hypothesis band is depicted in orange with124

68% (solid) and 95% (dotted-line) containment. For all annihilation channels, the observed upper limits are consistent125

with the expected upper limits within the 95% confidence level. This result supports the non-detection of the UHDM126

annihilation signal, as well as quantifying the impact of statistical uncertainty on the derived limits.127
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• Repurpose published VERITAS dwarf spheroidal observations for UHDM search 
• Constraining limits <200 TeV for benchmark scenario considering partial-wave 

unitarity bound 
• Set limits on radius of a composite particle with a geometric cross section

95% confidence level 95% confidence level

VERITAS collaboration 2023 
arXiv:2302.08784
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Prospectives: Cherenkov Telescope Array

• Two arrays for observations of northern and southern sky (La Palma & Paranal) 
• Three telescope sizes for broad energy coverage 

• LSTs (23 m diameter dish), MSTs (12 m), SSTs (4 m)
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Cherenkov Telescope Array: Alpha Array

• Two arrays for observations of northern and southern sky (La Palma & Paranal) 
• Three telescope sizes for broad energy coverage 

• LSTs (23 m diameter dish), MSTs (12 m), SSTs (4 m)

Telescope 
type

Northern 
site

Southern 
site

LST 4

MST 9 14

SST 37
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LST prototype on La Palma 
Inauguration Oct 10 2018

pSCT in Arizona 
Inauguration Jan 17 

2019

• Prototypes well-advanced for all telescope 
types 

• First LST finishing commissioning, further LSTs 
in production 

• MST/SST production and start of further 
construction upcoming

LST “first light” 
Dec 14 2018

Prototyping & Construction

Operations with full camera 
in coming months
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CTA Flux Sensitivity

• Factor of 5-20 improvement in sensitivity 
• Factor of ~5 improvement angular & energy resolution 
• Better performance for all dark matter targets: Galactic Center, dwarf 

spheroidal galaxies, galaxy clusters, dark matter subhalos…
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Dark Matter in the Galactic Center with CTA
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Figure 4: Differential counts (per bin) expected from the GC survey, multiplied by the
bin energy E, for the emission components considered in this work – including the total CR
background (from electrons and hadrons, solid red line), three alternative IE models, localised
source components (both bright individual sources and unresolved sources), Fermi bubbles
and the DM spectrum (assuming m� = 2TeV, h�vi = 3 ⇥ 10�26 cm3s�1 and dominant
annihilation to W

+
W

�). For a very rough translation of these counts to fluxes, one needs
to divide by the CTA effective area (9 · 105 m2 at 1 TeV [53]), the angular size of our analysis
ROI (0.037 sr, not including direction cuts) and the total observation time of 525 h.

artificially strong limits. Note that a separate study of sub-threshold sources for CTA is
still ongoing and we hence only use the specific realisation of such a population shown
in Fig. 3c; the eventual analysis of real data, beyond the scope of this work, will have
to be based on an average over many sub-threshold source realisations. We return to
these issues in Section 6.

We conclude this section by mentioning another aspect of astrophysical modelling that
may appear as a relevant issue once the analysis chain is confronted with real data, but which
would be premature to include in the present modelling of emission components given the
current lack of knowledge and robust data. The IC component of the interstellar emission, in
particular, is more difficult to model since it does not, unlike hadronic emission, correlate with
gas maps. Besides, the IEMs used here (and more generally in the majority of the relevant
literature) assume steady-state solutions for CR propagation, based on smoothly distributed
source populations. That assumption is expected to fail at energies & 100GeV because of
the small energy loss time of electrons, implying that the morphology of the IC emission
changes significantly and becomes sensitive to the CR electron injection history [164]. In
particular, electrons are contained closer to the sources, which in turn introduces a significant
granularity in the IC templates and lowers the strength of large-scale IC emission by up to
about 30% [164]. While the latter effect would facilitate the detection of a DM signal, the
former (i.e. the difficulty to model overlapping ‘point-like’ emission sources) could present a
non-negligible challenge for future DM searches at these energies. We leave a more detailed
study of these aspects for future works, but note that the difference between Base and Gamma

models should capture (in part) the impact of the latter effect on the DM sensitivity.
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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, 174]. 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 –

CTA consortium 2021 arXiv:2007.16129

• Galactic Center survey: 525 hours 
• Extended survey: 300 hours 
• Background templates derived 

mainly from Fermi-LAT & H.E.S.S. 
measurements

IEM = intersteller 
emission

* Cored DM profile decreases sensitivity by factor of a few

Note impact of systematic uncertaintiesProbe below thermal relic cross 
section for a broad mass range
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CTA Dark Matter Limits in Context
12

FIG. 9. Lower limits on EFT scale M? (red shaded regions) and comparison to LHC (purple shaded regions) and DD limits
(green lines) for each tested EFT operator. Values of M? and m� within the gray band result in the DM relic abundance as
measured with Planck and the adopted range of values for xF and g⇤. The EFT approximation is valid above the black dotted
lines.

in Fig. 9). EFT constraints at the LHC must be treated
with caution, as the energy scale of the interaction may
be large enough that the mediator is resolved, calling
into question the validity of the EFT treatment. For
recent reviews, see Refs. [32, 33, 105]. For the opera-
tors in question, the constraints are generally valid for
e↵ective coupling strengths of order unity or greater.
Counterintuitively, the region of validity remains simi-
lar when moving from energy scales of 8 to 13 or 14TeV,
since the baseline constraint on M? is strengthened at
the same time as larger mediator masses become accessi-
ble [106]. We use the Collider Reach tool [107] to rescale
the constraints from Ref. [104] and provide an approxi-
mate estimate of prospective reach at center-of-mass en-
ergy 13TeV (14TeV) and luminosity 100 fb�1(300 fb�1)
as light-purple shaded regions in Fig. 9. These prospec-
tive limits should only be used as an indication, since
the Collider Reach tool assumes that the details of the
analysis are unchanged for the di↵erent center-of-mass
energies and luminosities.

Regardless of the assumed DM density profile, it is
clear that CTA will play a complementary role in the
search for dark matter. Moreover, it will be possible to
probe higher DM masses compared to the LHC, even
considering prospects at 14TeV and 300 fb�1.

Above m� ⇠ 1TeV the lower limits from CTA are
always more constraining than the limits from the LHC.
Especially for the vector and pseudoscalar operators CTA
will be sensitive to DM annihilation signals out of reach of
the LHC. The LHC should have a comparable sensitivity
in the pseudoscalar case as in the scalar operator case
[108].

2. Direct Detection

DD limits are traditionally presented in terms of zero-
momentum WIMP-nucleon cross sections. These are
computed fromWIMP-nucleon e↵ective theories in which
the WIMP interacts with nucleons via either a scalar op-
erator �̄�N̄N (“spin independent”) or an axial-vector op-
erator �̄�µ�5�N̄�µ�5N (“spin dependent”), though re-
cently some experiments have begun to adopt more gen-
eral EFT schemes [109]. In order to compare these limits
to those we compute for WIMP-quark e↵ective operators,
we need to relate the couplings of the WIMP-quark oper-
ators to those of WIMP-nucleon operators. We perform
this translation using a common leading order prescrip-
tion, recently reviewed in Ref. [110]. The four WIMP-
nucleon operators that arise from the WIMP-quark op-
erators we consider are then

cNS O
N
S = cNS �̄�N̄N (47)

cNP O
N
P = cNP �̄i�5�N̄i�5N (48)

cNV O
N
V = cNV �̄�µ�N̄�µN (49)

cNAO
N
A = cNA �̄�µ�5�N̄�µ�5N (50)

where the coe�cients of these operators can be expressed
in terms of the coe�cients of our WIMP-quark EFT op-
erators as

cNS =
mN
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FIG. 10. Examples for excluded annihilation cross sections for the di↵erent simplified models. Limits are shown for both
considered DM density profiles (blue and orange lines) and for di↵erent mediator masses Mmed = 0.1, 0.3, 1, and 3.2TeV.
Theoretical cross sections are also shown in black and are upscaled by a factor of 106 and 10 for the scalar and axial-vector DM,
respectively. The NLO approximation of PPPC4DMID breaks down for m� > 10TeV, indicated by the gray shaded region.

FIG. 11. Projected limits and excluded values of m� vs Mmed for the di↵erent DM models. CTA observations will exclude
combinations of m� and Mmed indicated by the orange (NFW and Einasto DM profiles) and blue (NFW only) squares. Only
the parameter space to the right of the green and purple solid lines is allowed from current DD and dijet limits, respectively
(dashed lines show projections of future searches). Purple regions show LHC monojet limits and projections. The gray lines
show the parameter values that yield the correct relic abundance. No points are excluded in the scalar Dirac DM case for
gq = g� = 1 and none of the excluded parameters of the axial-vector model obey perturbative unitarity, thus these cases are
not shown.

on the quark masses. Therefore, in the former case anni-
hilation into heavy quarks plays a crucial role, whereas in
the latter the ratio Mmed/m� is the key quantity. With
these features in mind one can understand the behavior of
the curves for the relic density as shown in Fig. 11. One
can see that when the DM mass becomes larger than
the mediator mass, then the annihilation cross section
in Eq. (35) simply depends on the ratio Mmed/m�, ex-
plaining the behavior of the relic density curves. Using
the same logic, when m� � Mmed the annihilation cross
section in Eq. (35) becomes constant, explaining the hor-

izontal lines for Mmed < 1TeV. The kinks exhibited by
the relic density curves are a result of the top quark kine-
matic threshold. In other words, when annihilation into
the top quarks is kinematically accessible, a sharp boost
in the cross section takes place as a direct consequence
of the m2

q/mf
2 enhancement.

In the vector mediator case, the DM annihilation cross
section into SM fermions is very e�cient, converse to the
pseudoscalar case where there is a suppression propor-
tional to the vacuum expectation value, since the vec-
tor mediator interaction with SM fermions is dictated by

Balázs et al. 2017 arXiv:1706.01505

• Galactic Center survey: 100 hr 
• Projected limits on  

• Effective field theory 
operators with Dirac 
fermion DM 

• Mediator mass for 
simplified models with 
Dirac fermion DM 

• Compare with direct detection 
& collider prospects

Scalar Pseudoscalar

Vector Axial-vector
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FIG. 9. Lower limits on EFT scale M? (red shaded regions) and comparison to LHC (purple shaded regions) and DD limits
(green lines) for each tested EFT operator. Values of M? and m� within the gray band result in the DM relic abundance as
measured with Planck and the adopted range of values for xF and g⇤. The EFT approximation is valid above the black dotted
lines.

in Fig. 9). EFT constraints at the LHC must be treated
with caution, as the energy scale of the interaction may
be large enough that the mediator is resolved, calling
into question the validity of the EFT treatment. For
recent reviews, see Refs. [32, 33, 105]. For the opera-
tors in question, the constraints are generally valid for
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cNV O
N
V = cNV �̄�µ�N̄�µN (49)

cNAO
N
A = cNA �̄�µ�5�N̄�µ�5N (50)

where the coe�cients of these operators can be expressed
in terms of the coe�cients of our WIMP-quark EFT op-
erators as

cNS =
mN
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FIG. 10. Examples for excluded annihilation cross sections for the di↵erent simplified models. Limits are shown for both
considered DM density profiles (blue and orange lines) and for di↵erent mediator masses Mmed = 0.1, 0.3, 1, and 3.2TeV.
Theoretical cross sections are also shown in black and are upscaled by a factor of 106 and 10 for the scalar and axial-vector DM,
respectively. The NLO approximation of PPPC4DMID breaks down for m� > 10TeV, indicated by the gray shaded region.

FIG. 11. Projected limits and excluded values of m� vs Mmed for the di↵erent DM models. CTA observations will exclude
combinations of m� and Mmed indicated by the orange (NFW and Einasto DM profiles) and blue (NFW only) squares. Only
the parameter space to the right of the green and purple solid lines is allowed from current DD and dijet limits, respectively
(dashed lines show projections of future searches). Purple regions show LHC monojet limits and projections. The gray lines
show the parameter values that yield the correct relic abundance. No points are excluded in the scalar Dirac DM case for
gq = g� = 1 and none of the excluded parameters of the axial-vector model obey perturbative unitarity, thus these cases are
not shown.

on the quark masses. Therefore, in the former case anni-
hilation into heavy quarks plays a crucial role, whereas in
the latter the ratio Mmed/m� is the key quantity. With
these features in mind one can understand the behavior of
the curves for the relic density as shown in Fig. 11. One
can see that when the DM mass becomes larger than
the mediator mass, then the annihilation cross section
in Eq. (35) simply depends on the ratio Mmed/m�, ex-
plaining the behavior of the relic density curves. Using
the same logic, when m� � Mmed the annihilation cross
section in Eq. (35) becomes constant, explaining the hor-

izontal lines for Mmed < 1TeV. The kinks exhibited by
the relic density curves are a result of the top quark kine-
matic threshold. In other words, when annihilation into
the top quarks is kinematically accessible, a sharp boost
in the cross section takes place as a direct consequence
of the m2

q/mf
2 enhancement.

In the vector mediator case, the DM annihilation cross
section into SM fermions is very e�cient, converse to the
pseudoscalar case where there is a suppression propor-
tional to the vacuum expectation value, since the vec-
tor mediator interaction with SM fermions is dictated by

Balázs et al. 2017 arXiv:1706.01505
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Conclusions

• Indirect dark matter searches with imaging atmospheric Cherenkov 
telescopes necessary part of search strategy 
• Complement direct detection and collider searches 

• Subject to substantial uncertainties (J-factor estimation, halo models) 
• Effort to quantify impact on limits 

• Limits begin to probe expected cross-sections for weak-scale 
interaction  
• Fermi-LAT provides most sensitive limits below few hundred GeV 
• IACTs provide most sensitive limits above few hundred GeV
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Table 2: Summary of the relevant properties of the dSphs used in the present work. Column 1 lists the dSphs. Columns 2 and 3
present their heliocentric distance and Galactic coordinates, respectively. Columns 4 and 5 report the J-factors of each source given
from the GS and B independent studies and their estimated ±1� uncertainties. The values log10 J (GS set) correspond to the mean
J-factor values for a source extension truncated at the outermost observed star. The values log10 J (B set) are provided for a source
extension at the tidal radius of each dSph.

Name Distance l, b log10 J (GS set) log10 J (B set)
(kpc) (�) log

10
(GeV

2
cm

�5
sr) log

10
(GeV

2
cm

�5
sr)

Boötes I 66 358.08, 69.62 18.24+0.40
�0.37 18.85+1.10

�0.61

Canes Venatici I 218 74.31, 79.82 17.44+0.37
�0.28 17.63+0.50

�0.20

Canes Venatici II 160 113.58, 82.70 17.65+0.45
�0.43 18.67+1.54

�0.97

Carina 105 260.11, �22.22 17.92+0.19
�0.11 18.02+0.36

�0.15

Coma Berenices 44 241.89, 83.61 19.02+0.37
�0.41 20.13+1.56

�1.08

Draco 76 86.37, 34.72 19.05+0.22
�0.21 19.42+0.92

�0.47

Fornax 147 237.10, �65.65 17.84+0.11
�0.06 17.85+0.11

�0.08

Hercules 132 28.73, 36.87 16.86+0.74
�0.68 17.70+1.08

�0.73

Leo I 254 225.99, 49.11 17.84+0.20
�0.16 17.93+0.65

�0.25

Leo II 233 220.17, 67.23 17.97+0.20
�0.18 18.11+0.71

�0.25

Leo IV 154 265.44, 56.51 16.32+1.06
�1.70 16.36+1.44

�1.65

Leo V 178 261.86, 58.54 16.37+0.94
�0.87 16.30+1.33

�1.16

Leo T 417 214.85, 43.66 17.11+0.44
�0.39 17.67+1.01

�0.56

Sculptor 86 287.53, �83.16 18.57+0.07
�0.05 18.63+0.14

�0.08

Segue I 23 220.48, 50.43 19.36+0.32
�0.35 17.52+2.54

�2.65

Segue II 35 149.43, �38.14 16.21+1.06
�0.98 19.50+1.82

�1.48

Sextans 86 243.50, 42.27 17.92+0.35
�0.29 18.04+0.50

�0.28

Ursa Major I 97 159.43, 54.41 17.87+0.56
�0.33 18.84+0.97

�0.43

Ursa Major II 32 152.46, 37.44 19.42+0.44
�0.42 20.60+1.46

�0.95

Ursa Minor 76 104.97, 44.80 18.95+0.26
�0.18 19.08+0.21

�0.13

log10 Jl,obs and �log Jl , whose value can be found in Tab. 2, are obtained from fitting a log-normal function of Jl,obs to208

the posterior distribution of Jl [15]. The likelihood term Jl constraining the value of Jl can thus be written as:209

Jl (Jl | Jl,obs,�log Jl) =
1

ln (10)Jl,obs
p
2⇡�log Jl

exp

 
�
(log10 Jl � log10 Jl,obs)

2

2�2

log Jl

!
. (7)

Note that, according to the frequentist statistical framework, the right-hand side of Eq. (7) is normalized such that it can210

be interpreted both as the likelihood function for Jl and as the probability density function (PDF) for the associated211

random variable Jl,obs. Furthermore, the quantities h�vi and Jl are degenerate in the computation of LdSph,l, which212

depends on d�
dE (see Eq. 1). Therefore, as noted in [12], it is sufficient to compute LdSph,l versus h�vi for a fixed value213

of Jl. We used Jl,obs(GS) reported in Tab. 2, in order to perform the profile of L with respect to Jl. The degeneracy214

implies that for any J 0
l 6= Jl,obs (in practice in our case we used J 0

l = Jl,obs(B) to compute results from a different set215

of J-factors as explained in Sec. 3):216

LdSph,l (h�vi; J
0
l ,⌫l | Dl) = LdSph,l

✓
J 0
l

Jl,obs
h�vi; Jl,obs,⌫l | Dl

◆
, (8)

which is a straightforward rescaling operation that reduces the computational needs of the profiling operation since:217

L (h�vi; ⌫̂ | DdSphs) =

NdSphsY

l=1

maxJl


LdSph,l (h�vi; Jl, ⌫̂l | Dl)⇥ Jl

⇣
Jl | Jl,obs,�logJl

⌘�
. (9)

In addition, Eq. 8 enables the combination of data from different gamma-ray instruments and observed dSphs via218

tabulated values of LdSph,l, or equivalently of � from Eq. 5 as was done in this work, versus h�vi. LdSph,l is computed219

7
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�6

�4

�2

0

2

4

6

G
al

ac
ti

c
L
at

it
ud

e
[�

] (a) Source masks (b) Cosmic rays (c) (Sub-)threshold sources

�6

�4

�2

0

2

4

6

G
al

ac
ti

c
L
at

it
ud

e
[�

] (d) IEM (Gamma) (e) IEM (Base + Galactic ridge) (f) FB

6 4 2 0 -2 -4 -6
Galactic Longitude [�]

�6

�4

�2

0

2

4

6

G
al

ac
ti

c
L
at

it
ud

e
[�

] (g) DM (Einasto)

6 4 2 0 -2 -4 -6
Galactic Longitude [�]

(h) DM (cored Einasto,
rc = 0.5 kpc)

6 4 2 0 -2 -4 -6
Galactic Longitude [�]

(i) DM (cored Einasto,
rc = 1.0 kpc)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

ph
ot

on
co

un
ts

lo
g 1

0
N

Figure 3: Background and signal templates computed by ctools for the GC survey obser-
vation, showing the expected photon counts in the energy range from 100 to 500 GeV. The
(logarithmic) colour code indicates the number of expected counts N per 0.1� ⇥ 0.1� pixel.
See text for a description of each of the individual templates shown here.

2. The Gamma and Base IEMs are based on the same target gas and ISRF maps, but on
different assumptions concerning CR diffusion. This results both in different spectra
and in different morphologies, with the Gamma model being significantly brighter in
the central regions. For comparison, Pass 8 Fermi IEM (only shown in Fig. 4, not in
Fig. 3) features a flux very similar in spectrum and normalisation to that of the Gamma

model, however it is based on different target gas and ISRF maps, as well as on different
assumptions about CR diffusion (the morphologies of templates based on different IEMs
are compared in more detail in Appendix B.2).

3. Unresolved sources and FB are among the most uncertain emission components, and a
mis-modelling of their morphology could potentially mimic, at least partially, the DM
template. This is aggravated by the fact that the fluxes of these components are at least
comparable to that from the annihilation of thermally produced DM. Potentially, this
could thus have a significant impact on DM searches, causing fake signal detections or

– 15 –
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Table 2: Summary of the relevant properties of the dSphs used in the present work. Column 1 lists the dSphs. Columns 2 and 3
present their heliocentric distance and Galactic coordinates, respectively. Columns 4 and 5 report the J-factors of each source given
from the GS and B independent studies and their estimated ±1� uncertainties. The values log10 J (GS set) correspond to the mean
J-factor values for a source extension truncated at the outermost observed star. The values log10 J (B set) are provided for a source
extension at the tidal radius of each dSph.

Name Distance l, b log10 J (GS set) log10 J (B set)
(kpc) (�) log

10
(GeV

2
cm

�5
sr) log

10
(GeV

2
cm

�5
sr)

Boötes I 66 358.08, 69.62 18.24+0.40
�0.37 18.85+1.10

�0.61

Canes Venatici I 218 74.31, 79.82 17.44+0.37
�0.28 17.63+0.50

�0.20

Canes Venatici II 160 113.58, 82.70 17.65+0.45
�0.43 18.67+1.54

�0.97

Carina 105 260.11, �22.22 17.92+0.19
�0.11 18.02+0.36

�0.15

Coma Berenices 44 241.89, 83.61 19.02+0.37
�0.41 20.13+1.56

�1.08

Draco 76 86.37, 34.72 19.05+0.22
�0.21 19.42+0.92

�0.47

Fornax 147 237.10, �65.65 17.84+0.11
�0.06 17.85+0.11

�0.08

Hercules 132 28.73, 36.87 16.86+0.74
�0.68 17.70+1.08

�0.73

Leo I 254 225.99, 49.11 17.84+0.20
�0.16 17.93+0.65

�0.25

Leo II 233 220.17, 67.23 17.97+0.20
�0.18 18.11+0.71

�0.25

Leo IV 154 265.44, 56.51 16.32+1.06
�1.70 16.36+1.44

�1.65

Leo V 178 261.86, 58.54 16.37+0.94
�0.87 16.30+1.33

�1.16

Leo T 417 214.85, 43.66 17.11+0.44
�0.39 17.67+1.01

�0.56

Sculptor 86 287.53, �83.16 18.57+0.07
�0.05 18.63+0.14

�0.08

Segue I 23 220.48, 50.43 19.36+0.32
�0.35 17.52+2.54

�2.65

Segue II 35 149.43, �38.14 16.21+1.06
�0.98 19.50+1.82

�1.48

Sextans 86 243.50, 42.27 17.92+0.35
�0.29 18.04+0.50

�0.28

Ursa Major I 97 159.43, 54.41 17.87+0.56
�0.33 18.84+0.97

�0.43

Ursa Major II 32 152.46, 37.44 19.42+0.44
�0.42 20.60+1.46

�0.95

Ursa Minor 76 104.97, 44.80 18.95+0.26
�0.18 19.08+0.21

�0.13

log10 Jl,obs and �log Jl , whose value can be found in Tab. 2, are obtained from fitting a log-normal function of Jl,obs to208

the posterior distribution of Jl [15]. The likelihood term Jl constraining the value of Jl can thus be written as:209

Jl (Jl | Jl,obs,�log Jl) =
1

ln (10)Jl,obs
p
2⇡�log Jl

exp

 
�
(log10 Jl � log10 Jl,obs)

2

2�2

log Jl

!
. (7)

Note that, according to the frequentist statistical framework, the right-hand side of Eq. (7) is normalized such that it can210

be interpreted both as the likelihood function for Jl and as the probability density function (PDF) for the associated211

random variable Jl,obs. Furthermore, the quantities h�vi and Jl are degenerate in the computation of LdSph,l, which212

depends on d�
dE (see Eq. 1). Therefore, as noted in [12], it is sufficient to compute LdSph,l versus h�vi for a fixed value213

of Jl. We used Jl,obs(GS) reported in Tab. 2, in order to perform the profile of L with respect to Jl. The degeneracy214

implies that for any J 0
l 6= Jl,obs (in practice in our case we used J 0

l = Jl,obs(B) to compute results from a different set215

of J-factors as explained in Sec. 3):216

LdSph,l (h�vi; J
0
l ,⌫l | Dl) = LdSph,l

✓
J 0
l

Jl,obs
h�vi; Jl,obs,⌫l | Dl

◆
, (8)

which is a straightforward rescaling operation that reduces the computational needs of the profiling operation since:217

L (h�vi; ⌫̂ | DdSphs) =

NdSphsY

l=1

maxJl


LdSph,l (h�vi; Jl, ⌫̂l | Dl)⇥ Jl

⇣
Jl | Jl,obs,�logJl

⌘�
. (9)

In addition, Eq. 8 enables the combination of data from different gamma-ray instruments and observed dSphs via218

tabulated values of LdSph,l, or equivalently of � from Eq. 5 as was done in this work, versus h�vi. LdSph,l is computed219
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