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Indirect Searches for Dark Matter Annihilation

…or whatever…

Appealing to consider GeV-TeV 
mass, weakly-interacting particle

Astrophysical signal from annihilation or decay to standard model particles 

We are focused on final-state gamma rays

“WIMP Miracle” 
<σv> ~3x10-26 cm3s-1 
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The Gamma-ray Searchers MAGIC

H.E.S.S.

VERITAS

Imaging atmospheric Cherenkov 
telescope arrays (IACTs) 

Energy range: ~30 GeV to ~100 TeV 
Field of view: several degrees

Energy range: 100 MeV to ~1 TeV
Large field of view

Fermi-LAT

HAWC

Energy range: ~1 TeV - 100 TeV
Large field of view
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Predicted Gamma-ray Signal

http://tevcat.uchicago.edu

Astrophysics 
“J factor”: DM distribution, distance 

to source, instrument response

Particle physics 
Spectral information: lines or cut-offs 

Cirelli et al. 2011 arXiv:1012.4515
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⌫e.
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https://arxiv.org/abs/1012.4515
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Why Dwarf Spheroidal Galaxies? X. FIGURES & TABLES
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FIG. 1. Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aito↵
projection of a 4-year LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the
combined analysis are shown as filled circles, while additional dwarf galaxies are shown as open
circles.

32

Fermi-LAT 2014 
arXiv:1310.0828

• Milky Way satellites: nearby (~20-200 kpc) 
• Classic (thousands of bright stars) and Ultrafaint (tens of bright stars) 

• Multiple objects = less sensitivity to mis-modeling of single object 
• Large mass to light ratios: ~O(1000) M⊙/L⊙ 

• Low astrophysical background (no known gamma-ray emitters)  
• Ideal target for IACTs due to modest angular extension
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Dwarf Spheroidal Galaxies: Still Challenging

• J-factor estimation major source of uncertainty 
• Differences of approach in literature 
• Quantify uncertainty considering two independent calculations 

• Geringer-Sameth et al. 2015 (arXiv:1408.0002) 
• Bonnivard et al. 2015 (arXiv:1407.7822, arXiv:1504.02048) 
• Different choices for DM density profile, velocity anisotropy, light profile, 

consideration of systematics

Good agreement for some objects, significant differences for others

https://arxiv.org/abs/1408.0002
https://arxiv.org/abs/1407.7822
https://arxiv.org/abs/1504.02048
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Former State of the Art
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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.

Acknowledgments

We would like to thank the Instituto de Astrofísica de Canarias for the excellent working con-
ditions at the Observatorio del Roque de los Muchachos in La Palma. The financial support of the
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MAGIC 2021 
arXiv:2111.15009

HAWC 2017 
arXiv:1706.01277

Each instrument stacks 
observations to produce 

combined limits… 

…but then we have five upper limit curves from the gamma-ray community…
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How to Improve Without Building a New Instrument
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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 –

• Cherenkov Telescope Array will 
supersede current measurements 

• x10 improvement in sensitivity 
• Still some years from full array

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

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

A
PR

E
PR

IN
T

-M
A

Y
5,2022

Table 1: Summary of dSph observations by each experiment used in this work. A ‘�’ indicates the experiment did not observe this dSph or did not include its data on
it for this study. For Fermi-LAT, the exposure at 1 GeV is given. For HAWC, |��| is the absolute difference between the source declination and HAWC latitude, i.e.

the zenith angle of the source at culmination. HAWC is more sensitive to sources with smaller |��|. For IACTs, we show the zenith angle range, the total exposure,
the energy range, the angular radius ✓sig of the signal or ON region, the ratio ⌧ of exposures between the background-control (OFF) and signal (ON) regions, and the
significance � of gamma-ray excess in standard deviations.

Fermi-LAT HAWC H.E.S.S, MAGIC, VERITAS
Source name Exposure (1011 s m2) |��| (�) IACT Zenith (�) Time exposure (h) Energy range (TeV) ✓sig (�) ⌧ S (�)

Boötes I 2.6 4.5 VERITAS 15� 30 14.0 0.10� 41 0.10 8.6 �1.0
Canes Venatici I 2.9 14.6 � � � � � � �

Canes Venatici II 2.9 15.3 � � � � � � �

Carina 3.1 � H.E.S.S. 27� 46 23.7 0.31� 70 0.10 18.0 �0.3

Coma Berenices 2.7 4.9
H.E.S.S. 47� 49 11.4 0.55� 70 0.10 14.4 �0.4
MAGIC 5� 37 49.5 0.06� 10 0.17 1.0 �

Draco 3.8 38.1
MAGIC 29� 45 52.1 0.07� 10 0.22 1.0 �

VERITAS 25� 40 49.8 0.12� 70 0.10 9.0 �1.0
Fornax 2.7 � H.E.S.S. 11� 25 6.8 0.23� 70 0.10 45.5 �1.5

Hercules 2.8 6.3 � � � � � � �

Leo I 2.5 6.7 � � � � � � �

Leo II 2.6 3.1 � � � � � � �

Leo IV 2.4 19.5 � � � � � � �

Leo V 2.4 � � � � � � � �

Leo T 2.6 � � � � � � � �

Sculptor 2.7 � H.E.S.S. 10� 46 11.8 0.20� 70 0.10 19.8 �2.2

Segue I 2.5 2.9
MAGIC 13� 37 158.0 0.06� 10 0.12 1.0 �0.5

VERITAS 15� 35 92.0 0.08� 50 0.10 7.6 0.7
Segue II 2.7 � � � � � � � �

Sextans 2.4 20.6 � � � � � � �

Ursa Major I 3.4 32.9 � � � � � � �

Ursa Major II 4.0 44.1 MAGIC 35� 45 94.8 0.12� 10 0.30 1.0 �2.1
Ursa Minor 4.1 � VERITAS 35� 45 60.4 0.16� 93 0.10 8.4 �0.1

5

• 20 dwarf spheroidal galaxies observed, including classical and ultrafaint objects 
• ~625 hours IACT, 10 years Fermi-LAT, ~1000 days HAWC observations 
• Inexact mapping to previous publications: some reanalysis, modified target selection
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(More) Common Approach
• Each instrument performs likelihood analysis with internal software 

• VERITAS: unbinned maximum likelihood 

• Other instruments: binned maximum likelihood 

• Analysis choices vary between instruments (e.g. treatment of point spread 

function, size of signal region…) 

• Common statistical format 
• Share high-level data: test statistic versus DM annihilation cross section, 

calculated at common set of masses 

• Common expected signal inputs 

• Expected photon spectrum from Cirelli et al. 2011 (arXiv:1012.4515) 

• DM annihilation to 

• Marginalize over two sets of J-factors 

• Geringer-Sameth et al. 2015 

• Bonnivard et al. 2015

W+W�, Z+Z�, tt̄, bb̄, ⌧+⌧�, µ+µ�, e+e�
<latexit sha1_base64="4gnZs5K1s7iBzRkr3+4PrXjBJ+Q="></latexit>
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Joint Likelihood Analysis

Test statistic shared per instrument, per dwarf and per annihilation channel 
ν = nuisance parameters 

D = gamma-ray observations

global minimum

constrained minimum 
scan in <σν>

Partial joint likelihood - product of all dwarves per instrument 

Total joint likelihood - product of partial joint likelihoods from all instruments 

Separate term in likelihood constraining J-factor
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Joint Likelihood Analysis

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

• Two independent combination codes 
developed 
• gLike: https://doi.org/10.5281/

zenodo.4028908 
• LklCombiner: https://doi.org/10.5281/

zenodo.4450884 

• No signal observed; extract 95% confidence 
level limits on DM annihilation cross section

https://doi.org/10.5281/zenodo.4450884
https://doi.org/10.5281/zenodo.4450884
https://doi.org/10.5281/zenodo.4450884
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Results
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Factor 2-3 improvement in limits 
Consistency between observed and expected limits

Example bosonic, hadronic and leptonic channels (from 7 channels total)
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Interpretation of Results
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• Fermi-LAT dominates below 300 
GeV 

• Above 300 GeV balance of 
contributions depends on channel 
and DM particle mass 

• IACTs take an increasing role in 
leptonic channels with increasing DM 
particle mass 

• Contribute to hadronic channels 
above ~2 TeV 

• HAWC contributes to leptonic 
channels above ~10 TeV
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Impact of J-factor Uncertainty
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• Bonnivard et al. J-factors consistently produce more constraining limits  
• Larger J-factors for majority of objects 
• Factor 3-5 difference for bosonic and hadronic channels 
• Factor 2-6 difference for leptonic channels 
• Peak differences for ~TeV DM masses



16

Where to Next?
• New data 

• Instruments have taken/analyzed more data beyond datasets here 
• New channels 

• Annihilation to gamma rays or neutrinos 
• Latter case - combine with IceCube, ANTARES 

• Decaying dark matter 
• New instruments 

• Combination with LHAASO (higher energy gamma rays), CTA, SWGO… 
• New interpretations!

4 Results

We present the first observational 95% confidence level (CL) upper limits on the thermally-
averaged cross-section h�vi (see Fig. 2), in the context of brane-world extra-dimensional
theories, obtained with 157.9 hours of good quality stereoscopic data from the Segue 1 obser-
vation with the MAGIC telescopes. These limits were computed by following the prescription
from [17, 29], with h�vi restricted to the physical region (h�vi > 0). Different from previous
works [14, 16, 17, 29, 32], we performed a model dependent search for branon DM parti-
cles of masses between 100GeV and 100TeV. The final results were computed assuming no
additional boosts from the presence of substructures [33] or quantum effects [34].

We used a binned likelihood analysis, including systematic uncertainties in the residual
background intensity and statistical uncertainties in the J -factor, to set these first constraints
on the branon DM model from gamma-ray observations. The two-sided 68% and 95% con-
tainment bands as well as the median were estimated from the distribution of the upper
limits obtained when performing the same analysis of 300 fast simulations of the source and
background regions assuming no DM signal (h�vi = 0).

Figure 2: The 95% CL upper limits on h�vi for branon DM annihilation. The solid black
line shows our branon limits, while the dotted black line, green and yellow bands show the
median and the two-sided 68% and 95% containment bands, respectively. The thermal relic
cross-section from [4] is indicated by the red-dashed line. The tightest constraints to branons
model by colliders are obtained from CMS data and represented by the blue exclusion re-
gion [35]. The analysis of AMS-02 e+e� data excludes the orange region [36]. Both exclusion
regions were translated to the h�vi parameter space from [37]. The purple dashed-dotted line
represents the estimated branon sensitivity for 500 h observation on the dSph Draco with
the future CTA [38]. The estimated sensitivity for 1000 h observation on the classical dSph
Draco with the planned SKA, assuming the W+W� annihilation mode, are represented by
the yellow dotted line [37].
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Imagining Atmospheric Cherenkov Telescopes

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

MAGIC

H.E.S.S.

VERITAS

Energy range: ~30 GeV - 50 TeV 
Angular resolution: <0.1° @ 1 TeV  

Field of view: several degrees 
Limited duty cycle 

>10 years of observations
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J-Factor Comparison

A PREPRINT - MAY 5, 2022

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


