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Introduction/context
★ DM general properties:


✴ ~25% of all the energy/matter; ~85% of all the matter


✴ Non-baryonic and electrically neutral → so far, only gravitational effects observed 


✴ Cold → seed of structures, we know where it accumulates


✴ Stable (on cosmological scales) → we know how much there is


★ WIMPs:


✴ Thermal relic → interacts (weakly) with regular matter


✴ Mass ~TeV → SM particles in the GeV-TeV regime expected from DM annihilation/decay 


✴ Annihilation cross section <σv> ~ 3×10-26 cm3/s → relic density → reference for expected SM signal intensities


★ ~20 years of observations by current generation of high-energy gamma-ray instruments: 

✴ All try to measure/constrain the same fundamental quantities (DM mass, interaction cross section…)


✴ Published results cannot be trivially combined
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Indirect dark matter detection

★ Spectral features:


✴ Separation from background


✴ Mass, cross-section / lifetime


★ Spatial features 

✴ Coarse and energy-dependent for charged final 
states 

✴ Gamma-rays or neutrinos do not suffer from 
propagation effects:


✦ Exploit spatial features known from N-body 
simulations and measurements


✦ Can determine DM abundance and distribution in 
the Universe   

3

WHY VHE GAMMA-RAYS ?


!  Can reveal the abundance and distribution of DM

!  Do not suffer from propagation effects, 

!  Characteristic features may be present 

    in the  spectrum at these energies


!  Identification of DM is possible : 

→ DM gamma-ray spectrum tells 

    the DM mass and reaction process
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★ Search the extra-terrestrial fluxes of SM particles 
for spectral and spatial signatures of dark matter

★ HE Messengers 

✴ Gamma-rays


✴ Neutrinos


✴ Electron/positrons


✴ Anti-matter
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A dN/dE spectra

We show in this appendix the di!erential photon yield per DM annihilation in Fig. 4, as
computed by Cirelli et al. [51]. The computation of the photon yield includes electroweak
corrections of the final state products.
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Figure 4. Di!erential photon yield per DM annihilation into SM pairs bb̄ (blue), e+e→ (indigo),
µ+µ→ (light green), ω+ω→ (dark green), ZZ (orange), W+W→ (magenta), and tt̄ (red) for DM
masses of 10 GeV (dotted), 1 TeV (dashed), and 100 TeV (solid). The approximate energy ranges
of the gamma-ray instruments using in this work (see Section 2) are depicted at the top of the
figure.

B J -factor distributions

We show in this appendix a comparison between the J-factors computed by Geringer-
Sameth et al. [53] (the GS set) and the ones computed by Bonnivard et al. [52, 54] (the
B set).

The GS J-factors are computed through a Jeans analysis of the kinematic stellar
data of the selected dSphs, assuming a dynamic equilibrium and a spherical symmetry
for the dSphs. In [53] the authors adopted the generalized DM density distribution,
known as Zhao-Hernquist and introduced in [77], which carries three additional index
parameters to describe the inner and outer slopes, and the break of the density pro-
file. Such a profile parametrization allows the reduction of the theoretical bias from the
choice of a specific radial dependency on the kinematic data. In addition, a constant
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16 B. Moore and J. Diemand

Fig. 2.1. Density profile of the million-particle dark matter halo simulation of
Dubinski and Carlberg [721] (crosses). The solid line shows the best fit NFW profile
to the original data. This figure was adapted from [1090] by John Dubinski and is
reproduced here with his permission.

Algorithmic and hardware development have increased the mass and spa-
tial resolution by orders of magnitude (parallel computing, special purpose
hardware, graphics pipelines etc.). The first simulations used just a few hun-
dred particles with length resolution that was a large fraction of the final
structure. Today we can simulate individual collapsed structures, in a full
cosmological context with up to 109 particles and spatial resolution that is
better than 0.1% of the virialized region, and ∼105 substructure haloes can
be resolved (see Figures 2.2 and 2.3, and refs. [660; 1790; 1794]).

The final virialized structures can be described by various universal empir-
ical relations, including the density profiles, the phase-space density pro-
file [1846], the velocity anisotropy and distribution functions [1071; 1072].
Understanding the origin of these relations is a challenging and fascinat-
ing problem for dynamicists. Most aspects of CDM halo structure resulting
from gravitational collapse are well resolved, and different numerical tech-
niques and published studies all agree, although some confusion still exists
in the literature because of different interpretation, different cosmologies
and claimed resolution limits. Our detailed understanding and predictive
power is now limited by the complex interplay between the dark matter and
baryonic components, which is an area of intense current activity.

Moore et al. Particle Dark Matter, 2010
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Dubinski and Carlberg [721] (crosses). The solid line shows the best fit NFW profile
to the original data. This figure was adapted from [1090] by John Dubinski and is
reproduced here with his permission.

Algorithmic and hardware development have increased the mass and spa-
tial resolution by orders of magnitude (parallel computing, special purpose
hardware, graphics pipelines etc.). The first simulations used just a few hun-
dred particles with length resolution that was a large fraction of the final
structure. Today we can simulate individual collapsed structures, in a full
cosmological context with up to 109 particles and spatial resolution that is
better than 0.1% of the virialized region, and ∼105 substructure haloes can
be resolved (see Figures 2.2 and 2.3, and refs. [660; 1790; 1794]).

The final virialized structures can be described by various universal empir-
ical relations, including the density profiles, the phase-space density pro-
file [1846], the velocity anisotropy and distribution functions [1071; 1072].
Understanding the origin of these relations is a challenging and fascinat-
ing problem for dynamicists. Most aspects of CDM halo structure resulting
from gravitational collapse are well resolved, and different numerical tech-
niques and published studies all agree, although some confusion still exists
in the literature because of different interpretation, different cosmologies
and claimed resolution limits. Our detailed understanding and predictive
power is now limited by the complex interplay between the dark matter and
baryonic components, which is an area of intense current activity.

Moore et al. Particle Dark Matter, 2010 Work-flow: 
d𝛷𝛾/dE measurement/limit


+ 
measured J


+ 
assumed mDM and ann. channel


= 
<σv> measurement/limit
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Observational targets

5

Dwarf spheroidal galaxies 
Gravitationally bound ~ spherical group of stars


Low luminosity ~ 102 – 106 L⊙

Mass ~107 M⊙


Very low gas/dust content → “primordial”

Stellar kinematics allow to derive ρDM → J 

No astrophysical background

Figure 6. Continuation of Fig. 5.

– 32 –

Figure 5. Comparisons between the J-factors used for this study versus the angular radius.
Computed J-factors from [53] (GS set in Table 2) are extended up to the outermost visible star
and are in blue. The J-factors computed from [52, 54] (B set in Table 2) are extended up to the
tidal radius of the dwarfs and are in orange. The solid lines represent the most probable value
of the J-factors while the shaded regions correspond to the 1ω standard deviation.
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Gamma-ray detection

6

Incoming gamma ray

Conversion to e+e- pair

SATELLITE 
TRACKER + CALORIMETER

Key features 
Duty cycle


Field of view

Background intensity


Angular resolution

Energy resolution
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Instruments

★ 5 Collaborations

★ ~600 authors

★ 120 research institutions

7

Fermi-LAT
HESS

MAGIC

VERITAS

HAWC
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Wide energy coverage

8

4 of 27

Figure 1. Expected gamma-ray spectral energy distribution for WIMPs of masses mc = 0.01, 0.1, 1, 10 and
100 TeV annihilating with hsvi = 3 ⇥ 10�26 cm3 s�1 into bb̄ (left) and t+t� (right) pairs in a dSph with
associated J-factor Jann = 5 ⇥ 1021 GeV2 cm�5; also shown are the sensitivity curves for the instruments
considered in this paper. Fermi-LAT sensitivity curve [10] corresponds to observations of a point-like source
at Galactic coordinates (l, b) = (120�, 45�) for 10 years, analyzed using the latest (Pass8) data reconstruction
tools; HESS [11], MAGIC [12] and VERITAS [13] curves correspond to 50 h of observations of a point-like
source at low (Zd . 30�) zenith distance; HAWC curve [14] is for five years of observations of a point-like
source at a declination of +22�N. The flux sensitivity for 50 h observations with the future Cherenkov
Telescope Array [15] is shown for comparison.

where we have defined the annihilation differential J-factor as:

dJann
dW

(p̂) =
Z

los(p̂)
dlr2(p̂, l) . (3)

• For decay, the rate is given simply by the inverse of the dark matter decay lifetime, i.e., Gc = t�1
c ,

since each WIMP particle decays independently of each other. Including this into Equation (1), we
get:

d2Fdec
dW dE

(E, p̂) =
1

4p

1
tcmc

dJdec
dW

(p̂)
dNg

dE
(E) , (4)

where we have defined the decay differential J-factor as:

dJdec
dW

(p̂) =
Z

los(p̂)
dlr(p̂, l) . (5)

The J-factor in a region of the sky DW is given by:

J(DW) =
Z

DW
dW

dJ
dW

, (6)

both for Jann and Jdec. It is convenient to define the total J-factor for a given dSph as:

J ⌘ J(DWtot) , (7)

with DWtot a region of the sky containing the whole dSph dark matter halo. The differential J-factor can be
written as:

dJ
dW

(p̂) = J · dJ
dW

(p̂) , (8)

bƃ τ+τ-

-1 -1

Rico, Galaxies 8 (2020) 25
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Observations

9

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, |!ω| is the absolute di!erence 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 |!ω|. For IACTs, we show the zenith angle range, the
total exposure, the energy of the lowest and highest energy ON event considered for unbinned analysis and the lowest and highest energy bin edges considered
for binned analysis, the angular radius εsig of the signal or ON region, the ratio ϑ of exposures between the background-control (OFF) and signal (ON) regions,
and the significance of gamma-ray excess, S(ϖ), in standard deviations.

Fermi-LAT HAWC H.E.S.S., MAGIC, VERITAS
Source name Exposure (1011 s cm2) |!ω| (°) IACTs Zenith (°) Time exposure (h) Energy range (TeV) εsig (°) ϑ S (ϖ)

Boötes I 2.6 4.5 VERITAS 15 → 30 14.0 0.10 → 41 0.17 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 0.8

Draco 3.8 38.1
MAGIC 29 → 45 52.1 0.07 → 10 0.22 1.0 →0.7

VERITAS 25 → 40 49.8 0.12 → 70 0.17 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 1 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 0.17 7.6 0.7
Segue 2 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 0.17 8.4 →0.1

–
7

–

10 years 1038 days
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Likelihood analysis
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DM 𝜸 flux vs E

Fix <σv>, mDM and

annihilation channel
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Likelihood analysis
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DM 𝜸 flux vs E ⊗ Instrument response DM 𝜸 rate vs Ê × Obs time; binning DM 𝜸 events vs Ê

Fix <σv>, mDM and

annihilation channel
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Likelihood analysis

10

DM 𝜸 flux vs E

Expected background

⊗ Instrument response DM 𝜸 rate vs Ê × Obs time; binning DM 𝜸 events vs Ê

Fix <σv>, mDM and

annihilation channel
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Likelihood analysis
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⊗ Instrument response DM 𝜸 rate vs Ê × Obs time; binning DM 𝜸 events vs Ê

Expected signal+background+ 𝜸 DM

Fix <σv>, mDM and

annihilation channel
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Likelihood analysis
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DM 𝜸 flux vs E

Expected background

⊗ Instrument response DM 𝜸 rate vs Ê × Obs time; binning DM 𝜸 events vs Ê
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Likelihood analysis

10

DM 𝜸 flux vs E

Expected background

⊗ Instrument response DM 𝜸 rate vs Ê × Obs time; binning DM 𝜸 events vs Ê

Expected signal+background+ 𝜸 DM

ℒ(⟨σv⟩; b |𝒟) =
N ̂E

∏
i=1

N ̂p

∏
j=1

P(sij(⟨σv⟩) + bij |Nij)

Fix <σv>, mDM and

annihilation channel

Comparison with data
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Combined likelihood

11

ℒSegue1,LAT(⟨σv⟩ JS; bSL |𝒟SL)
× ℒSegue1,MAGIC(⟨σv⟩ JS; bSM |𝒟SM)
× ℒSegue1,HAWC(⟨σv⟩ JS; bSHa |𝒟SHa)

Profile background uncertainties
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Combined likelihood

11

ℒSegue1,LAT(⟨σv⟩ JS; bSL |𝒟SL)
× ℒSegue1,MAGIC(⟨σv⟩ JS; bSM |𝒟SM)
× ℒSegue1,HAWC(⟨σv⟩ JS; bSHa |𝒟SHa)

ℒUMaII,LAT(⟨σv⟩ JU; bUL |𝒟UL)
× ℒUMaII,HAWC(⟨σv⟩ JU; bUHa |𝒟UHa)
× ℒUMaII,VERITAS(⟨σv⟩ JU; bUV |𝒟UV)

× ℒSegue1(JS)

× ℒUmaII(JU)

Profile background uncertainties Profile J uncertainties
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Combined likelihood

11 Figure 1. Illustration of a real data combination showing a comparison between TS provided
by four instruments (non-solid colored lines) from the observation of the same dSph without any
J-factor nuisance parameter included and their sum, i.e. the resulting combined likelihood (thin
black line), for a DM particle mass of 20 TeV. The intersection of the likelihood profiles with
the line TS = 2.71 indicates the 95% C.L. upper limit on h�vi (see text for more details). 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 how the uncertainty on the J-factor affects the
combined likelihood and degrades 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 suffer from non-optimal conditions such as a large zenith angle of observation
or a short exposure time.

approach described in detail at the end of this section. For the four experiments using a
binned likelihood, for each observation Dlk of a given dSph l carried out using a given
gamma-ray detector k, the binned likelihood function is:

Llk (h�vi; Jl,⌫lk | Dlk) =
NE’Y

i=1

NP’Y

j=1

h
P(slk,ij(h�vi, Jl,⌫lk) + blk,ij(⌫lk) | Nlk,ij)

i

⇥Llk,⌫ (⌫lk | D⌫lk) ,

(4.8)

– 13 –

ℒSegue1,LAT(⟨σv⟩ JS; bSL |𝒟SL)
× ℒSegue1,MAGIC(⟨σv⟩ JS; bSM |𝒟SM)
× ℒSegue1,HAWC(⟨σv⟩ JS; bSHa |𝒟SHa)

Information shared among collaborations

ℒUMaII,LAT(⟨σv⟩ JU; bUL |𝒟UL)
× ℒUMaII,HAWC(⟨σv⟩ JU; bUHa |𝒟UHa)
× ℒUMaII,VERITAS(⟨σv⟩ JU; bUV |𝒟UV)

ℒFornax,LAT(⟨σv⟩ JF; bFL |𝒟FL)
× ℒFornax,HESS(⟨σv⟩ JF; bFHe |𝒟FHe)

× ℒSegue1(JS)

× ℒUmaII(JU)

× ℒFornax(JF)

= ℒ(⟨σv⟩)
×

×

×

Power of combination:
Profile background uncertainties Profile J uncertainties
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gLike
★ ROOT-based code for generic maximum likelihood analysis


★ Basic features:

✴ One free parameter + arbitrary number of nuisance parameters

✴ Two main classes: 


✦ Lkl (abstract): Likelihood computation, maximization and profiling of nuisance parameters

✦ JointLkl: Joint likelihood computation (multiplies Lkl terms + inherits from Lkl → recursive); 

conversion of common free parameter to particular observables


This enables full modularity, allowing:

✦ Arbitrarily complex likelihood computation method (from LUT to full data analysis) 

✦ Arbitrarily complex likelihood nesting schemes (including of nuisance parameters)


★ Publicly available and documented at gitHub (developers) and Zenodo (stable releases)

12
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Results (1/2)

★ Scanned WIMP mass between 5 GeV and 100 TeV

★ Annihilation channels: bb, tt, W+W-, ZZ, e+e-, 𝜇+𝜇-, 𝜏+𝜏-


★ Two different J-factor parameterizations

★ Median, 68% and 95% containment expected values/regions from simulations/measurements of no-signal regions

★ No positive signal for any dSph individually or altogether → upper limits to cross-section
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Figure 2. Upper limits at 95% confidence level on →ωv↑ as a function of the DM mass for seven
annihilation channels, using the set of J-factors from [53] (GS set in Table 2). The black solid
line represents the observed combined limits obtained for the 20 dSphs included in this work,
the blue dashed line is the median of the null hypothesis (H0) corresponding to the expected
limits with no DM signal (→ωv↑ = 0), while the green and yellow bands show the 68% and 95%
containment bands. Upper limits for each individual instrument are also indicated. The value of
the thermal relic cross section as a function of the DM mass is given as the gray dotted-dashed
line [9]. – 17 –
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Figure 2. Upper limits at 95% confidence level on →ωv↑ as a function of the DM mass for seven
annihilation channels, using the set of J-factors from [53] (GS set in Table 2). The black solid
line represents the observed combined limits obtained for the 20 dSphs included in this work,
the blue dashed line is the median of the null hypothesis (H0) corresponding to the expected
limits with no DM signal (→ωv↑ = 0), while the green and yellow bands show the 68% and 95%
containment bands. Upper limits for each individual instrument are also indicated. The value of
the thermal relic cross section as a function of the DM mass is given as the gray dotted-dashed
line [9]. – 17 –
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Figure 3. Same as Fig. 2, using the set of J-factors from [52, 54] (B set in Table 2).
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Figure 3. Same as Fig. 2, using the set of J-factors from [52, 54] (B set in Table 2).
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Results (2/2)

★ Scanned WIMP mass between 5 GeV and 100 TeV

★ Annihilation channels: bb, tt, W+W-, ZZ, e+e-, 𝜇+𝜇-, 𝜏+𝜏-


★ Two different J-factor parameterizations

★ Median, 68% and 95% containment expected values/regions from simulations/measurements of no-signal regions

★ No positive signal for any dSph individually or altogether → upper limits to cross-section
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Concluding remarks
★ Publication finally out [Abdollahi et al. JCAP 03 (2026) 035] after 8 years of work! 
★ Relevance of the results: 

✴ Search spans a wide WIMP mass range

✴ More constraining limits: factor 2-3 improvement wrt best limits in the overlapping region

✴ More robust limits: independent uncertainties tend to balance

✴ Uncertainty from J-factor determination dominates: effect gauged using two independent computations

✴ Legacy result from the current generation of gamma-ray instrument


★ Relevance of developed methodology: 
✴ Can be used to extend the DM search to multi-messenger context adding neutrino observations (relatively 

trivial)

✴ Broader potential in gamma-ray astronomy (e.g. axion searches,  Lorentz Invariance tests, …), and beyond

✴ Byproduct: gLike public software ready to be used in these scenarios


★ Remaining bottle-neck: overhead of coordinating five international collaborations
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