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Gamma-ray indirect DM searches

★ Characteristic spectral features: 
✦ Separation from background 

✦ Measure basic physical properties: 
mass, cross-section / lifetime 

★ Gamma rays or neutrinos do not 
suffer from propagation effects: 
✦ Can determine DM abundance and 

distribution in the Universe   

★ Gamma rays easier to detect 
compared to neutrinos 
✦ Different sensitive to different 

channels

2

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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Identification of DM 
is possible : 

→ DM gamma-ray 
spectrum tells the 
DM mass and 
reaction process


Continuum emission

(“Secondary photons”)

→ from fragmentation of

quarks/massive gauge

bosons (via π0 decay)


Virtual Internal Bremsstrahlung (VIB)

→ radiative correction to processes with charged final states

→ generically suppressed by O(α)


Gamma-ray lines

→ from two-body annihilation

into photons

→ forbidden at tree-level,

generically suppressed by O(α2)
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Gamma-ray fluxes
★ Expected differential gamma-ray 

flux: 

★ The astrophysical or J-factor 
depends on the DM distribution:
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be modeled independently. Therefore, for MAGIC, we consider 8 independent samples, each
consisting on the gamma-ray candidate events plus the corresponding IRFs and residual
background models.

2.2 The Fermi-LAT

The Fermi-LAT is a pair-conversion telescope that is sensitive to gamma rays in the energy
range from 20 MeV to more than 300 GeV [30]. With its large field of view (2.4 sr), the
LAT is able to e�ciently survey the entire sky. Since its launch in August 2008, the LAT
has primarily operated in a survey observation mode that scans the entire sky every 3 hours.
The survey-mode exposure coverage is fairly uniform over the sky with variations of at most
30% with respect to the average exposure. The LAT source sensitivity which is limited
by the intensity of di↵use backgrounds shows larger variations but is relatively constant at
high galactic latitudes (b > 10�). More details on the on-orbit performance of the LAT are
provided in X.

Fermi-LAT data sample corresponds to 6 years of observations of 15 dwarf galaxies
(see Table 1), processed with the latest (Pass 8) data analysis [31]. Events in a 10� ⇥ 10�

square region around the di↵erent targets and in the energy range between 500 MeV and 500
GeV were selected. The data were binned in energy and space and the ROI for each dSph
was fit with a binned Poisson likelihood analysis using the Fermi Science Tools and the
P8R2 SOURCE V6 IRFs. After performing the broadband fit, a set of likelihoods were
extracted for each energy bin by scanning the flux normalization of a putative DM source at
the location of the dSph. Tables with likelihood values versus energy flux for each energy bin
are produced for all considered targets and are publicly available in the online materials of
[31]8. These tables allow the computation of joint-likelihood values for any given gamma-ray
spectrum, and are used as input to our analysis (see section 3.2 for more details).

3 Analysis

3.1 Dark Matter annihilation flux

The gamma-ray (or neutrino) flux produced by dark matter annihilation in a given target
and observed at Earth by an instrument observing a field of view �⌦ is given by:

d�

dE
(�⌦) =

1

4⇡

h�vi J(�⌦)

2m2

DM

dN

dE
(3.1)

where mDM is the mass of the dark matter particle, h�vi the thermally-averaged annihilation
cross section, dN/dE the average gamma-ray spectrum per annihilation reaction (for neutrino
this term includes the oscillation probability between target and Earth), and

J(�⌦) =

Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2(l,⌦) (3.2)

is the so-called astrophysical factor (or simply J-factor), with ⇢ the dark matter density, and
the integrals running over �⌦ and the line of sight (l.o.s.), respectively.

Using PYTHIA simulation package version 8.205 [40], we have computed the average
gamma-ray spectra per annihilation process (dN/dE) for a set of dark matter particles of

8
Bin-by-bin likelihoods from the Fermi-LAT analysis are available in machine-readable format at: http:

//www-glast.stanford.edu/pub_data/XXX/.

– 3 –

be modeled independently. Therefore, for MAGIC, we consider 8 independent samples, each
consisting on the gamma-ray candidate events plus the corresponding IRFs and residual
background models.

2.2 The Fermi-LAT

The Fermi-LAT is a pair-conversion telescope that is sensitive to gamma rays in the energy
range from 20 MeV to more than 300 GeV [30]. With its large field of view (2.4 sr), the
LAT is able to e�ciently survey the entire sky. Since its launch in August 2008, the LAT
has primarily operated in a survey observation mode that scans the entire sky every 3 hours.
The survey-mode exposure coverage is fairly uniform over the sky with variations of at most
30% with respect to the average exposure. The LAT source sensitivity which is limited
by the intensity of di↵use backgrounds shows larger variations but is relatively constant at
high galactic latitudes (b > 10�). More details on the on-orbit performance of the LAT are
provided in X.

Fermi-LAT data sample corresponds to 6 years of observations of 15 dwarf galaxies
(see Table 1), processed with the latest (Pass 8) data analysis [31]. Events in a 10� ⇥ 10�

square region around the di↵erent targets and in the energy range between 500 MeV and 500
GeV were selected. The data were binned in energy and space and the ROI for each dSph
was fit with a binned Poisson likelihood analysis using the Fermi Science Tools and the
P8R2 SOURCE V6 IRFs. After performing the broadband fit, a set of likelihoods were
extracted for each energy bin by scanning the flux normalization of a putative DM source at
the location of the dSph. Tables with likelihood values versus energy flux for each energy bin
are produced for all considered targets and are publicly available in the online materials of
[31]8. These tables allow the computation of joint-likelihood values for any given gamma-ray
spectrum, and are used as input to our analysis (see section 3.2 for more details).

3 Analysis

3.1 Dark Matter annihilation flux

The gamma-ray (or neutrino) flux produced by dark matter annihilation in a given target
and observed at Earth by an instrument observing a field of view �⌦ is given by:

d�

dE
(�⌦) =

1

4⇡

h�vi J(�⌦)

2m2

DM

dN

dE
(3.1)

where mDM is the mass of the dark matter particle, h�vi the thermally-averaged annihilation
cross section, dN/dE the average gamma-ray spectrum per annihilation reaction (for neutrino
this term includes the oscillation probability between target and Earth), and

J(�⌦) =

Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2(l,⌦) (3.2)

is the so-called astrophysical factor (or simply J-factor), with ⇢ the dark matter density, and
the integrals running over �⌦ and the line of sight (l.o.s.), respectively.

Using PYTHIA simulation package version 8.205 [40], we have computed the average
gamma-ray spectra per annihilation process (dN/dE) for a set of dark matter particles of

8
Bin-by-bin likelihoods from the Fermi-LAT analysis are available in machine-readable format at: http:

//www-glast.stanford.edu/pub_data/XXX/.

– 3 –

E [GeV]
0.6 0.8 1 1.2 1.4 1.6

dN
/d

E 
[G

eV
-1

]

4−10

3−10

2−10

1−10

Phytia

Cirelli

Cirelli NoEW

dN/dE for bb, m = 50 GeV

E [GeV]
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

dN
/d

E 
[G

eV
-1

]

5−10

4−10

3−10

2−10

1−10

1 Phytia

Cirelli

Cirelli NoEW

dN/dE for bb, m = 500 GeV

E [GeV]
0.5 1 1.5 2 2.5 3 3.5

dN
/d

E 
[G

eV
-1

]

6−10

5−10

4−10

3−10

2−10

1−10

1 Phytia

Cirelli

Cirelli NoEW

dN/dE for bb, m = 5000 GeV

E [GeV]
0.5 1 1.5 2 2.5 3 3.5 4 4.5

dN
/d

E 
[G

eV
-1

]

6−10

5−10

4−10

3−10

2−10

1−10

1

10

Phytia

Cirelli

Cirelli NoEW

dN/dE for bb, m = 50000 GeV

DWARF GALAXY PROFILES FOR DARK MATTER EXPERIMENTS 13

21

22

23

24

25

d
J

d
e
c
a
y
/d

�
,
d
J
/d

�

Segue 1
Annihilation

Decay

10�2 10�1

� [deg]

15

16

17

18

19

20

J
d
e
c
a
y
,
J

Figure 6. Expected emission profiles for annihilation (purple) and decay
(green) for Draco and Segue 1. At each angle the solid and dashed lines show
the median profiles and the shaded band corresponds to the ±1� distribution
as derived in the kinematic analysis. The top panels show log10 dJ(✓)/d⌦
(purple), and log10 Jdecay(✓)/d⌦ (green) (see Eqs. (5) and (6)) in units of
GeV2 cm-5 and GeVcm-2 respectively. The lower panels show these quan-
tities integrated over a solid angle of radius ✓ (Eq. (28)). These envelopes
should be thought of as giving the uncertainty in the J-profile and integrated
J-profile at each value of ✓. (Integrated J vs. ✓ and Jdecay vs. ✓ constraints
for all the dwarfs are available in machine-readable form as described in Ap-
pendix A.)

gle out to an angular separation ✓ (Eq. (28)). For Draco we
see a familiar result: there is a particular radius at which the
differential flux profile is most tightly constrained, and an-
other (slightly larger) angle within which the total annihila-
tion flux is best constrained (Walker et al. 2011; Charbonnier
et al. 2011; Bonnivard et al. 2015). The uncertainty in the flux
within 0.01� is about a factor of 5 and decreases to about 20%
when integrating within about 0.3�, an angle corresponding
to twice the projected half-light radius. For Segue 1, how-
ever, the situation is somewhat different. While the integrated
J value within 0.01� can be inferred to within a factor of 6,
similar to the case of Draco, and the minimum uncertainty
again occurs when integrating within about twice the half-
light radius (✓ ⇡ 0.15�), even there J can only be determined
to within a factor of 3.5. We do not see the drastic decrease
in the uncertainty of Segue 1’s expected emission that we see
with most of the classical dwarfs. The larger uncertainty for
Segue 1 is a direct consequence of the relatively small size of

its available kinematic sample.
We can quantify the extent to which halos can be spatially

resolved in gamma-ray telescopes by comparing the derived
emission profiles for either annihilation or decay with the
point spread function (PSF) of specific instruments.

Figures 7 and 8 show the angular distribution of dark mat-
ter annihilation and decay. The bands show constraints on
the “containment fraction” curves for the different dwarfs.
The containment fraction, at angle ✓, is defined simply as
J(✓)/J(✓max), where J(✓) is given by Eq. (28). Each halo pro-
file gives rise to a containment fraction curve and the dotted
line corresponds to the median value of the containment frac-
tion among all the allowed halos, computed at each ✓. The
shaded band corresponds to the 16th and 84th percentiles. For
example, the constraint on the “half-light radius” of the dark
matter emission profile is the intersection of the horizontal
line y = 0.5 with the shaded band. We use ✓0.5 and ✓0.5 decay to
denote the half-light radii for J- and Jdecay-profiles and tabu-
late them in Table 2.

The curves in Figs. 7 and 8 illustrate the point spread func-
tions (PSFs) of two gamma-ray experiments. The contain-
ment fraction of a PSF is simply the probability that a gamma-
ray will be reconstructed within an angle ✓ of its true origin.
The solid blue, magenta, red, and green lines correspond to
the PSF of the Fermi-LAT at photon energies of 0.5, 1, 2,
and 10 GeV (computed using gtpsf — see software and
documentation at the Fermi Science Support Center7). The
dashed orange line corresponds to a 2-dimensional Gaussian
PSF with a 68% containment angle of 0.1� (e.g. a Rayleigh
distribution with a mean of 0.083�). This corresponds to the
benchmark PSF of current-generation Atmospheric Čerenkov
Telescopes (ACTs). Figure 8 is identical to Fig. 7 but shows
the containment fractions for Jdecay.

We find that for many of the classical dwarfs (Carina,
Draco, Fornax, Leo I, Sculptor, Sextans) ACTs should be able
to detect extended emission from dark matter annihilation (if
the emission can be detected at all) and similarly for some
of the ultra-faint dwarfs (Boötes I, Coma Berenices, and Ursa
Major II). Regarding Fermi-LAT, at the highest energies (> 10
GeV) only Draco and, perhaps, Ursa Major II appear to be ex-
tended enough to be detected, and therefore any limits derived
using Fermi-LAT data will not be affected significantly by the
assumption of point sources when it comes to dwarf galaxies
(in agreement with Ackermann et al. (2014)).

8. COMPARISON WITH OTHER WORK

In order to compare the expected signals derived in this pa-
per with the predictions from other work, Figure 9 shows the
distributions of the J-profile integrated within a cone of ra-
dius 0.5� for all the dwarf galaxies in the sample. In this fig-
ure, the green diamonds are the median values of J from the
sampled halos in this work with ±1� error bars. The red and
blue points show the J values integrated within 0.5� reported
by Ackermann et al. (2011) and Ackermann et al. (2014, NFW
profiles) respectively. The J values in the latter study come
from Martinez (2013). The error bars on these points corre-
spond to the 1� errors quoted in those studies.

We find that to within an order of magnitude the constraints
on J values are consistent with those derived by Ackermann

7 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
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Targets for gamma-ray DM searches

★ Relevant parameters: 
✦ DM quantity, concentration 

and distance 
✦ Uncertainties  
✦ Astrophysical background

4

TARGETS AND CHALLENGES


Dwarf Galaxies


Galactic Centre
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Robust Constraints


Likelihood of 

Strong signal


Large 

Uncertainties


Galaxy clusters


!  DM density matters … 

!  Astrophysical background 

    matters as well
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TARGETS AND CHALLENGES


Dwarf Galaxies
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Sensitivity to gamma-ray DM searches

★ Gamma-ray continuum spectra peak at energies ~m𝜒/30-m𝜒/3 

★ For m𝜒 ~ [10 GeV, 100 TeV], the most relevant instruments are: 

✦ Fermi-LAT  

✦ Cherenkov telescopes: MAGIC, VERITAS, HESS, CTA (future) 

✦ Water Cherenkov detectors: HAWC, LAAHSO, SWGO (future)

5
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Fermi Large Area Telescope
★ Space-borne telescope:  

✦ Operating since August 2008  

✦ Anti-coincidence shield + tracker + 
calorimeter 

★ Almost background free 
★ Energy range 100 MeV - 300 GeV 
★ Energy resolution: 10-15% 
★ Angular resolution:               

~1º(0.1º) @ 1 (100) GeV 
★ Field of view: 2.4 sr (1/5 of sky) 
★ Full sky survey every 2 orbits       

(~3 hours) 
★ ~100% duty cycle

6
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o  Detection of extended air showers using the 
atmosphere as a calorimeter 

o  Huge γ–ray collection area  (~105 m2) 

o  Large background from charged CR  
• Partly irreducible (e-/e+ , single-EM, with current 

methods) 

o  Energy window: tens GeV - tens TeV 

o  Event reconstruction from image: 
•  Type of primary event 
•  Primary energy estimation 
•  Primary arrival direction

6B;m`2, AK�;BM; �iKQbT?2`B+ *?2`2MFQp i2H2b+QT2 i2+?MB[m2X
efk9hX JB2M2` 2i �HX

Cherenkov telescopes
★ Gamma-ray flux drops exponentially with 

energy                                                               
→ for E>100 GeV large collection areas needed                                                            
→ Cherenkov telescopes (MAGIC, VERITAS, 
HESS since 2000’s + CTA in the [near] future) 

★ Intense CR background                                  
→ Imaging technique      

★ Energy range ~100 GeV - ~100 TeV 

★ Energy resolution 10-15% 

★ Angular resolution ~0.1º at 1 TeV 

★ Field of view 3-5º  

★ Duty cycle: ~10% 

★ Pointed observations, systematic scans of 
limited regions 

★ Several telescopes for better performance

7

MAGIC - Canary Islands
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HAWC
★ Altitude: 4100m (Sierra Negra, Mexico) 

★ Since: 2013 (partial) / 2015 (full detector) 

★ 300 water Cherenkov detectors                  
covering 22000 m2 

★ Highest energy range: 300 GeV - 100 TeV 

★ Wide field of view: 
✦ 15% sky field of view 

✦ 2/3 or sky scanned every day 

★ Duty cycle: ~100% 

★ Angular resolution:                                           
1°    @     1 TeV                                                
0.2° @ >30 TeV    

★ Relatively poor CR/gamma-ray separation, 
much better by LHAASO thanks to muon 
detectors

8
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Likelihood analysis

★ Different instruments basically differ in the relevant nuisance parameters µ and their pdf

9
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In such a case, for instance, 1-sided 95% confidence level upper limits to a are taken as aUL95 = a2.71,
with a2.71 found by solving the equation �2 ln lP(a2.71) = 2.71.

The data D can refer to NdSph different dSphs, in which case it is convenient to write the joint
likelihood function as:

L(a; n|D) =
NdSph

’
l=1

Lg(aJl ; µl |Dgl ) · LJ(Jl |D Jl ) , (13)

where we have factorized the joint likelihood into the partial likelihood functions corresponding to
each dwarf, and those subsequently into the parts corresponding to the gamma-ray observations
(Lg) and J-factor measurement (LJ), respectively; Jl is the total J-factor (see Equation (7)) of the l-th
considered dSph, which, as we have made explicit, is a nuisance parameter degenerated with a in Lg;
µl represents the additional nuisance parameters different from Jl affecting the analysis of the l-th dSph;
Dgl represents the gamma-ray data of the l-th dSph, whereas D Jl refers to the data constraining Jl .

For each dSph, we may have Nmeas independent measurements, each performed under different
experimental conditions, by the same or different instruments. That is, we can factorize the Lg term as:

Lg(aJ; µ|Dg) =
Nmeas

’
k=1

Lg,k(aJ; µk|Dg,k) , (14)

where we have omitted the index l referring to the dSph for the sake of clarity, and with µk and Dg,k
representing the nuisance parameters and data, respectively, referred to the k-th measurement.

For each observation of a given dSph under certain experimental conditions, Lg,k often consists
of the product of NE0 ⇥ Np̂0 Poissonian terms (P) for the observed number of gamma-ray candidate
events (Nij) in the i-th bin of reconstructed energy and j-th bin of reconstructed arrival direction, times
the likelihood term for the µ nuisance parameters (Lµ), with NE0 the number of bins of reconstructed
energy and Np̂0 the number of bins of reconstructed arrival direction, i.e.:

Lg,k(aJ; µ|Dg) =
NE0

’
i=1

Np̂0

’
j=1

P
�
sij(aJ; µ) + bij(µ)|Nij

�
· Lµ(µ|Dµ) , (15)

where the indexes l and k referring to the dSph and the measurement have been removed for the
sake of a clear notation. The parameter of the Poissonian term is sij + bij, where sij is the expected
number of signal events in the i-th bin in energy and the j-th bin in arrival direction, computable
using aJ as we will see below; and bij the corresponding contribution from background processes. Dµ

represents the data used to constrain the values of the nuisance parameters µ. We have made explicit
that the uncertainties associated to µ can in principle affect both the computation of the signal and
background contributions. For instance, uncertainties in the overall energy scale affect the computation
of sij, whereas uncertainties in the background modeling affect the computation of bij. However,
uncertainties affecting sij are usually considered to be largely dominated by the uncertainty in the
J-factor and the dependence of sij on µ therefore ignored. Thus, sij, is given by:

sij(aJ) =
Z

DE0
i

dE0
Z

Dp̂0
j

dW0
Z •

0
dE

Z

DWtot
dW

Z Tobs

0
dt

d2F(aJ)
dE dW

IRF(E0, p̂0|E, p̂, t) , (16)

where E0, p̂0, E and p̂ are the estimated and true energies and arrival directions, respectively; dW0 and
dW infinitesimal solid angles containing p̂0 and p̂, respectively; Tobs the total observation time; t the
time along the observations; and IRF the instrument response function, i.e. IRF(E0, p̂0|E, p̂, t) dE0 dW0 is
the effective collection area of the detector times the probability for a gamma ray with true energy E
and direction p̂ to be assigned an estimated energy in the interval [E0, E0 + dE0] and p̂0 in the solid angle
dW0 (see more details below), at the time t during the observations. The integrals over E and p̂ perform
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In such a case, for instance, 1-sided 95% confidence level upper limits to a are taken as aUL95 = a2.71,
with a2.71 found by solving the equation �2 ln lP(a2.71) = 2.71.

The data D can refer to NdSph different dSphs, in which case it is convenient to write the joint
likelihood function as:

L(a; n|D) =
NdSph

’
l=1

Lg(aJl ; µl |Dgl ) · LJ(Jl |D Jl ) , (13)

where we have factorized the joint likelihood into the partial likelihood functions corresponding to
each dwarf, and those subsequently into the parts corresponding to the gamma-ray observations
(Lg) and J-factor measurement (LJ), respectively; Jl is the total J-factor (see Equation (7)) of the l-th
considered dSph, which, as we have made explicit, is a nuisance parameter degenerated with a in Lg;
µl represents the additional nuisance parameters different from Jl affecting the analysis of the l-th dSph;
Dgl represents the gamma-ray data of the l-th dSph, whereas D Jl refers to the data constraining Jl .

For each dSph, we may have Nmeas independent measurements, each performed under different
experimental conditions, by the same or different instruments. That is, we can factorize the Lg term as:

Lg(aJ; µ|Dg) =
Nmeas

’
k=1

Lg,k(aJ; µk|Dg,k) , (14)

where we have omitted the index l referring to the dSph for the sake of clarity, and with µk and Dg,k
representing the nuisance parameters and data, respectively, referred to the k-th measurement.

For each observation of a given dSph under certain experimental conditions, Lg,k often consists
of the product of NE0 ⇥ Np̂0 Poissonian terms (P) for the observed number of gamma-ray candidate
events (Nij) in the i-th bin of reconstructed energy and j-th bin of reconstructed arrival direction, times
the likelihood term for the µ nuisance parameters (Lµ), with NE0 the number of bins of reconstructed
energy and Np̂0 the number of bins of reconstructed arrival direction, i.e.:

Lg,k(aJ; µ|Dg) =
NE0

’
i=1

Np̂0

’
j=1

P
�
sij(aJ; µ) + bij(µ)|Nij

�
· Lµ(µ|Dµ) , (15)

where the indexes l and k referring to the dSph and the measurement have been removed for the
sake of a clear notation. The parameter of the Poissonian term is sij + bij, where sij is the expected
number of signal events in the i-th bin in energy and the j-th bin in arrival direction, computable
using aJ as we will see below; and bij the corresponding contribution from background processes. Dµ

represents the data used to constrain the values of the nuisance parameters µ. We have made explicit
that the uncertainties associated to µ can in principle affect both the computation of the signal and
background contributions. For instance, uncertainties in the overall energy scale affect the computation
of sij, whereas uncertainties in the background modeling affect the computation of bij. However,
uncertainties affecting sij are usually considered to be largely dominated by the uncertainty in the
J-factor and the dependence of sij on µ therefore ignored. Thus, sij, is given by:

sij(aJ) =
Z

DE0
i

dE0
Z

Dp̂0
j

dW0
Z •

0
dE

Z

DWtot
dW

Z Tobs

0
dt

d2F(aJ)
dE dW

IRF(E0, p̂0|E, p̂, t) , (16)

where E0, p̂0, E and p̂ are the estimated and true energies and arrival directions, respectively; dW0 and
dW infinitesimal solid angles containing p̂0 and p̂, respectively; Tobs the total observation time; t the
time along the observations; and IRF the instrument response function, i.e. IRF(E0, p̂0|E, p̂, t) dE0 dW0 is
the effective collection area of the detector times the probability for a gamma ray with true energy E
and direction p̂ to be assigned an estimated energy in the interval [E0, E0 + dE0] and p̂0 in the solid angle
dW0 (see more details below), at the time t during the observations. The integrals over E and p̂ perform

Total likelihood:

Likelihood per target:

Likelihood per observations:
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Supplemental Material: Search for dark matter annihilations towards the inner

Galactic halo from 10 years of observations with H.E.S.S.

BACKGROUND MEASUREMENT TECHNIQUE

The background is measured for each pointing position of the GC observations with the H.E.S.S. instrument in
the same camera field of view as for the signal. The GC dataset is composed of about 600 observational runs with
pointing positions taken between Galactic longitudes and latitudes of -1.1� and +1.1�, respectively. For a given
pointing position of the H.E.S.S. array, the background is measured in an OFF region taken symmetrically to the ON
region from the pointing position as in Ref. [10] This enables a determination of the expected background in the ON
region from a measurement in the OFF region taken under the same observational and instrumental conditions as for
the signal measurement in the ON region. All regions of the sky with �-ray sources (yellow-filled regions in Fig. 1)
are excluded for ON and OFF measurements. By construction, the ON and OFF regions have the same angular size.
Fig. 1 shows a schematic of the background measurement technique for a pointing position at (-0.7�,+0.7�) in Galactic
coordinates and for the region of interest of inner and outer radii of 0.5� and 0.6�, respectively. For a pointing position
inside the ON region, the region which intersects the ON and the OFF regions is excluded.

Excluded	regions	

OFF	region	

ON	region	

Poin3ng	posi3on	

Reflected	posi3on	

Sgr	A*	
G0.9+0.1	

HESS	J1745-303	

FIG. 1: Schematic of the background measurement technique for a pointing position at (-0.7�,+0.7�) in Galactic coordinates.
The OFF region (red-filled open ring) is taken symmetrically to the ON region (blue-filled open ring) from the observational
pointing position (black cross). By construction, ON and OFF regions have the same angular size. The positions of Sgr A*
(black star), G0.9+0.1 (black dot) and HESS J1745-303 (black triangle) are shown. The yellow-filled box with Galactic latitudes
from -0.3� to +0.3� and the yellow-filled disc are excluded for signal and background measurements.

ON AND OFF EVENT DISTRIBUTION IN THE REGIONS OF INTEREST

The analysis of ground-based Cherenkov telescope data utilizes the ON-OFF method to search for a �-ray excess
above the background in the signal region. As mentioned above, the background events in the OFF region are
measured at the same time as the events in the ON region within the camera field of view. This background
measurement technique on a run-by-run basis provides an accurate determination of the �-ray background in the ON
region. The signal region, defined as a circle of 1� radius centered in the GC with Galactic latitudes between ±0.3�
excluded, is divided into seven open annuli of 0.1� width. No �-ray excess is found between the ON and OFF regions
in any of the RoIs. The numbers of ON and OFF events summed over all the energy bins, are compatible within

from 0.3° to 0.9° in radial distance from the GC, hereafter
referred to as the ON regions. In order to minimize
contamination from the above-mentioned astrophysical
emission, a band of !0.3° in Galactic latitude is excluded
along the Galactic plane. (Interestingly, this enables
us to derive constraints that do not strongly depend on
the central DM density distribution, which is poorly known
in the innermost few tens of parsecs of the GC.) The
background events are selected in OFF regions defined for
each observation as annuli symmetric to the ON regions
with respect to the pointing position (see Fig. 1 in the
Supplemental Material [16]). The OFF regions are expected
to contain signal events as well, which decreases any
potential excess in the ON regions. The OFF regions are
always taken sufficiently far from the ON regions to obtain
a significant contrast in the DM annihilation signal between
the ON and OFF regions. [This analysis method is unable
to probe cored profiles (such as isothermal or Burkert
profiles). A dedicated observation strategy is required as
shown in Ref. [12]]. We considered here the above-
mentioned DM profiles for which the OFF regions contain
always fewer DM events than the ON regions. A Galactic
diffuse emission has been detected by the Fermi satellite
[19,20] and H.E.S.S. [21]. Any potential γ-ray contribution
from the Galactic diffuse emission is considered as part
of the signal, which makes the analysis conservative as
long as no signal is detected.
We perform a 2D binned Poisson maximum likelihood

analysis, which takes full advantage of the spatial and

spectral characteristics of the DM signal with respect to the
background. We use 70 logarithmically spaced energy bins
from 160 GeV to 70 TeV, and seven spatial bins corre-
sponding to ROIs defined as the above-mentioned annuli of
0.1° width. For a given DM mass mDM and annihilation
channel, the joint likelihood is obtained by the product of
the individual Poisson likelihoods over the spatial bins i
and the energy bins j. It reads

LðmDM; hσviÞ ¼
Y

i;j

Lij;

with LijðNS;NBjNON;NOFF;αÞ

¼
ðNS;ij þ NB;ijÞNON;ij

NON;ij!
e−ðNS;ijþNB;ijÞ: ð3Þ

NS;ij þ NB;ij is the expected total number of events in
the spatial bin i and spectral bin j of the ON regions.
The expected number of signal events NS;ij is obtained
by folding the theoretical number of DM events by the
instrument response function of H.E.S.S. for this data set.
NB;ij is the number of background events expected in
the spatial bin i and spectral bin j. NON;ij and NOFF;ij

are the number of observed events in the ON and OFF
regions, respectively.NB;ij is extracted from theOFF regions
and given by NB;ij ¼ αiNOFF;ij. The parameter αi ¼
ΔΩi=ΔΩOFF refers to the ratio between the angular size
of the ON region i and the OFF region. In our case, this ratio
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FIG. 1. Constraints on the velocity-weighted annihilation cross section hσvi for theWþW− (left panel) and τþτ− (right panel) channels
derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints for the bb̄, tt̄, and
μþμ− channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95% C.L. upper limits as a function of
the DM mass mDM. The observed limit is shown as a black solid line. The expectations are obtained from 1000 Poisson realizations of
the background measured in blank-field observations at high Galactic latitudes. The mean expected limit (black dotted line) together
with the 68% (green band) and 95% (yellow band) C.L. containment bands are shown. The blue solid line corresponds to the limits
derived in a previous analysis of 4 years (112 h of live time) of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line
corresponds to the thermal relic velocity-weighted annihilation cross section (natural scale).

PRL 117, 111301 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

9 SEPTEMBER 2016

111301-4

A
bd

al
la

h 
et

 a
l. 

PR
L1

17
(2

01
6)

11
13

01



3rd GNN Workshop on Indirect Dark Matter searches with neutrino telescopes J. Rico - IFAE Granada, April 1st, 2022 

Drawbacks of GC analysis
★ Sensitive to the choice of DM 

density profile  
★ For very deep observations, both 

statistical and systematic 
uncertainties on background 
estimation become important (more 
complex analysis needed)
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is equal to 1 since eachOFF region is taken symmetrically to
the ON region from the pointing position (including cor-
rections for the camera acceptance). Consequently, they
have the same angular size and exposure. NS, NB, NON,
NOFF, and α are the vectors corresponding to the quantities
previously defined. Constraints on hσvi are obtained
from the likelihood ratio test statistic given by TS ¼
−2 ln½LðmDM; hσviÞ=LmaxðmDM; hσviÞ%, which, in the high
statistics limit, follows a χ2 distribution with 1 degree of
freedom [22]. Values of hσvi for which TS is higher than
2.71 are excluded at the 95% confidence level (C.L.).
Results.—We find no significant γ-ray excess in any of

the ON regions (ROIs) with respect to the OFF regions
[16]. We derive upper limits on hσvi at a 95% C.L. for
WIMPs with masses from 160 GeV to 70 TeV, annihilating
into quark (bb̄, tt̄), gauge boson (WþW−), and lepton
(μþμ−, τþτ−) channels. The γ-ray spectrum from DM
annihilation in the channel f is computed by using the
tools available from Ref. [15]. The left panel of Fig. 1
shows the observed 95% C.L. upper limits for the WþW−

channel and the Einasto profile. The expected limits
are obtained from 1000 Poisson realizations of the
background obtained through observations of blank fields
at high latitudes where no signal is expected (see the
Supplemental Material [16]). The mean expected upper
limit together with the 68% and 95% containment bands
are plotted. The limits reach 6 × 10−26 cm3 s−1 for a DM
particle of mass 1.5 TeV. We obtain a factor of 5 improve-
ment compared with the results of Ref. [10]. The larger data
set and the improved data analysis method contribute to the

increase of the sensitivity of the analysis presented here.
In the right panel of Fig. 1, the observed 95% C.L. upper
limit is shown for the τþτ− channel together with the
expected limits. The limits reach hσvi values expected for
dark matter annihilating at the thermal-relic cross section.
The observed upper limits together with the expectations
are given for the bb̄, tt̄, and μþμ− channels, respectively,
in Fig. 4 in the Supplemental Material [16]. The limits
obtained in the leptonic channels (μþμ−, τþτ−) are
comparatively strong with respect to those in the quark
channels (bb̄, tt̄). This mainly comes from the relatively
soft measured γ-ray spectra compared to the hard ones
stemming from the leptonic annihilation channels. In the
left panel of Fig. 2, the impact of the DM distribution
hypothesis on the observed upper limit is shown for the
NFW profile and an alternative parametrization of the
Einasto profile extracted from Ref. [15].
The right panel of Fig. 2 shows a comparison with the

current constraints obtained from the observations of the
Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
ground-based Cherenkov telescope instrument towards the
Segue 1 dwarf galaxy [24] (the J factor of Segue 1 used in
Ref. [24] could be overestimated by a factor of 100 as
shown in Ref. [26]), the combined analysis of four dwarf
galaxies observed by H.E.S.S. [25], and the observations
of 15 dwarf galaxy satellites of the Milky Way by the
Fermi satellite [23].
Summary.—We present a new analysis of the inner halo

of the Milky Way using 10 years of observation of the GC
(254 h of live time) by phase 1 of H.E.S.S. and a novel
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FIG. 2. Left: impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section hσvi. The
constraints expressed in terms of 95% C.L. upper limits are shown as a function of the DM mass mDM in the WþW− channels for the
Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the NFW profile (long dashed-
dotted black line), respectively. Right: comparison of the constraints on theWþW− channels with the previous published H.E.S.S. limits
from 112 h of observations of the GC [10] (blue line), the limits from the observations of 15 dwarf galaxy satellites of the Milky Way by
the Fermi satellite [23] (green line), the limits from 157 h of observations of the dwarf galaxy Segue 1 [24] (red line), and the combined
analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown line).
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energy threshold to a maximum energy Ê is derived. For the
calculation of the upper limit, the likelihood function that
is given by Eq. (1) is analyzed with the method described
in [15]. The upper limit on the energy integrated signal
translates (see, e.g., [18]) into an upper limit on the velocity
averaged dark matter self annihilation cross section,
hσviðMÞ, for a dark matter particle with mass M ¼ Ê.
The variation of the instrumental response with the zenith
and azimuth angles of the array pointing and within the
field of view is accounted for in the analysis. The consid-
eration of the 2% relative systematic error on the exposure
ratio increases the upper limit on hσvi by a factor of ∼3.
Upper limits on hσvi are presented in Fig. 4 for Einasto and
NFW dark matter density profiles with a 500 pc radius core
of constant dark matter density around the Galactic center.
The parameters for the NFW and Einasto density profiles
are taken from [10]. The derived upper limits on hσvi hold
for the γ-ray energy spectrum that is expected from the self
annihilation of dark matter particles into light quarks (see
[2], the same spectrum is assumed in [9]). For an Einasto
dark matter profile that is cored in the inner 500 pc around
the Galactic center, values of hσvi ∼ 3 × 10−24 cm3=s or
larger are excluded for dark matter particle masses in
between ∼1 to ∼4 TeV at 95% C.L. The upper limits on

hσvi that are derived for an Einasto dark matter density
distribution with a core radius of 500 pc are the most
constraining exclusions that are derived for TeV mass dark
matter without the assumption of a centrally cusped dark
matter density distribution in the search region. However,
these limits are one order of magnitude less constraining
than the current best limits for cusped dark matter density
distributions (see Fig. 4) and 2 orders of magnitudes weaker
than the expectation for thermal relic dark matter (see,
e.g., [1]).
For core radii different from 500 pc, the upper limit on

the velocity averaged dark matter self annihilation cross
section scales like hσviR ¼ ðΔJ500 pc=ΔJRÞhσvi500 pc where
ΔJ denotes the difference between the field of view
averaged astrophysical factors in the signal and background
region and the subscript is equal to the core radius. The
field of view averaged astrophysical factors in the signal
and background region of the considered on-off analysis for
different core radii are listed in Table I. The upper limits on
hσvi increase by a factor of 2 (5) if the radius of the central
core of constant dark matter density is 750 pc (1 kpc) when
compared to a core radius of 500 pc.
Summary.—A search for a signal from annihilating

dark matter around the Galactic center was performed.
For this purpose, data that were acquired in dedicated
on-off observations of the Galactic center region with
H.E.S.S. were analyzed. No significant signal was found.
The employed observation technique enabled the deriva-
tion of upper limits on hσvi that are significantly more
conservative in respect to the distribution of dark matter in
the Galactic center region than previous constraints. In
particular, the constraints apply also under the assumption
of a core of constant dark matter density around the
Galactic center. If the dark matter density in the central
500 pc around the Galactic center is constant and follows
outside of the core radius an Einasto profile, values of
hσvi that are larger than 3 × 10−24 cm3=s were excluded
for dark matter particle masses between ∼1 and ∼4 TeV at
95% C.L. This is currently the best constraint on hσvi that
has been derived without the assumption of a centrally
cusped dark matter density distribution in the search
region.
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FIG. 4. Upper limits on the velocity averaged dark matter self
annihilation cross section as a function of the dark matter particle
mass. The upper limits for the cored Einasto and NFW density
profiles hold for a core radius of 500 pc and the annihilation of
dark matter particles into light quarks ([2]). The filled area around
the upper limit curve for the cored Einasto dark matter profile
shows the $1σ variations around the upper limit that is expected
for this dark matter density profile when no annihilation signal is
detected. The derived upper limit is stronger than the expected
upper limit due to the negative significance of the measured
excess. For comparison, the velocity averaged annihilation cross
section of a thermal relic dark matter particle is shown. Addi-
tionally shown are the upper limits that are derived in [9] for
cusped Einasto and NFW profiles as well as the upper limit that is
derived in [19] for a cored dark matter density distribution around
the Sculptor dwarf galaxy.

TABLE I. Field of view averaged astrophysical factors for the
signal (subscript on) and for the live time weighted average of the
two background regions (subscript off). The values are in units of
GeV2 cm−6 kpc and are tabled for Einasto and NFW profiles as a
function of the radius (R) of the central dark matter core.

R (kpc) JEinastoon JEinastooff JNFWon JNFWoff

0 2167 268 559 78
0.5 1036 268 256 78
0.75 636 268 165 78
1 426 255 117 75
2 138 126 46 43
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CUSP CORE

right ascension (i.e., large time differences). Two back-
ground regions are observed, to better control residual
imbalances in the acceptance for background events
between the observations. Figure 3 shows the J factor
for a given line of sight as a function of the angular
distance, θ, between the directions of the line of sight and
the Galactic center. The J factor is proportional to the
expected number of dark matter annihilation events in the
respective direction. The θ angle ranges that are covered by
the signal and background regions in the off1-on-off2
observations are indicated in Fig. 3. It is concluded from
this figure that the expected number of dark matter
annihilation events is larger in the signal than in the
background regions when the radius of the core of constant
dark matter density around the Galactic center is 500 pc or
less. This is a clear advantage of the on-off method when
compared to the background subtraction technique that is
applied in [9] which relies on the simultaneous observation
of the Galactic center region and a background region in the
same finite H.E.S.S. field of view with ∼2∘ radius.
The application of standard quality criteria for H.E.S.S.

data [11] and the additional requirement for compatible
instrumental and atmospheric conditions within an off1-on-
off2 observation result in a total of six off1-on-off2 data
sets. All data sets were taken within one week in 2010 with
the H.E.S.S. I array of four identical IACTs. The total dead
time corrected observation time for each of the three
observed regions is 3.05 h. The mean zenith angle of
the array pointing for the data sets is 12°.
Data analysis.—The image cleaning (see [11]) low and

high pixel intensity thresholds for the data are chosen to be
7 pe (photo electrons) and 10 pe. Using the observed

distribution of pixel intensities in cosmic ray events, it was
checked that these image cleaning cut criteria eliminate
effects due to differences in sky brightness between
the observed regions. Standard Hillas criteria [11] for the
selection of γ-ray events are applied to the data. The
thresholds used for image cleaning lead to an energy
threshold of 290 GeV. Only events with reconstructed
directions within the central 2° angular distance around the
pointing position of each observation are considered to
account for the truncation of γ-ray images near the edges of
the H.E.S.S. field of view. The Galactic plane (jbj < 0.3°) is
excluded from the analysis to avoid the detection of γ rays
from astrophysical sources (e.g., the Galactic center source
HESSJ1745-290, [14]) without relation to dark matter
annihilation. The exclusion region is shifted by the respec-
tive pointing position offset in right ascension into the two
background regions to equalize the acceptance in the signal
and background regions (see Fig. 2). To rule out the
detection of γ rays from astrophysical sources, the consid-
ered data with the chosen exclusion regions are analyzed
with the ring background [12] method and a correlation
radius of 0.1 deg prior to the on-off analysis. The resulting
skymaps of the three observed regions show no indication
for a significant excess. It is concluded from the analysis
with the ring background method that the chosen exclusion
regions are sufficient to exclude astrophysical sources of
gamma rays for the on-off analysis.
The mean exposure ratio, α ¼ 0.5, for the on-off data

analysis is the ratio of the live times for the observation of the
signal and background regions [12]. However, imbalances in
the acceptance for background events between the signal
region and the two background regions lead to a systematic
error, σα, on the exposure ratio. A conservative estimate
for the relative systematic error on the exposure ratio,
σα=α ¼ 2%, is derived. This estimate results from a com-
parison of the number of events which pass γ-ray event
selection criteria in the two background regions.
Results.—A total of Non ¼ 24268 signal and Noff ¼

49028 background events are measured that pass standard
Hillas criteria [11] for the selection of γ-ray events.
The total γ-ray signal s has a statistical significance of
−0.5σ. The statistical significance is calculated with the
log-likelihood ratio test statistic as described in [15] with
the likelihood function (see also [16])

L ¼ PðNon; α̂bþ sÞPðNoff ; bÞGðα̂; α; σαÞ: ð1Þ

Here, P and G represent the Poisson and Gaussian
distributions. The parameters b (mean number of back-
ground events) and α̂ (exposure ratio with mean α) are
treated as nuisance parameters. For comparison, the sig-
nificance of the γ-ray event excess as calculated with
Eq. (17) in [17] without consideration of the systematic
error on the exposure ratio is −1.3σ. Since no significant
γ-ray signal is measured, an upper limit on the integrated
γ-ray signal for energies ranging from the instrumental
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FIG. 3. Line of sight integral over the squared dark matter
density as a function of the angular distance between the direction
of the line of sight and the direction of the Galactic center. A
500 pc core radius is assumed for the cored dark matter density
profiles. Overlaid is the range of angular distances to the Galactic
center covered by the signal and background regions of the
off1-on-off2 data sets.
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The GC observation by MAGIC 
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Vertical observations  Large Zenith angle observations 
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・Increase the γ-ray detectable area  

　・Get larger staVsVcs in higher energies 
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・Increase the energy threshold

Large Zenith angle observaVons boost the sensiVvity for line signals from TeV DM!! 

l l′ l′ ≃ l/cos(Zd)
Aeff ∝ 1/cos2θZd

PoS(ICRC2021)520
Dark Matter Line Search in the Galactic Centre with MAGIC Tomohiro Inada

the shallow gradient of the signal between the ON and OFF regions. Thanks to the sliding window
technique, our analysis for a core profile su�ers from less sensitivity degradation. Even with a
conservative core profile [6], our limits are competitive with one of the most stringent limits derived
from observations of dwarf spheroidal galaxies [11]. Assuming a cuspy Einasto profile, as also used
in [5], our preliminary analysis on 204 hours of observation time provides limits on line-like DM
annihilation in the DM mass range between 10 TeV and 43 TeV compatible with previous results
based on 254 hours of observation time by H.E.S.S.[5].

Figure 3: (Left) : 95% C.L. upper limits on the annihilation cross section hfEi assuming the Einasto profile.
Observed limits (red dots with arrows) and the median of expected limits (black line) with the 68% and 95%
containment bands with the null hypothesis are plotted together. (Right) : Comparison with results from
other experiments. Observed limits on the annihilation cross section �fE� (red solid line.) Also, limits by
MAGIC for dwarf galaxy (orange dashed line, [11]), Fermi-LAT (green dashed line, [15]), H.E.S.S in 2018
(blue dashed line, [5]), and HAWC in 2019 (purple dashed line, [16]) are shown.

5. Summary

In this contribution, we have reported the upper limits on the DM annihilation cross section
hfEi obtained with 204 hours of data taken with the MAGIC telescopes observing the Galactic
Centre. In particular, we have shown the potential for searches for a line-like gamma-ray signal
with large zenith angle observations, which boost the sensitivity at high energies beyond several
TeV. Also, thanks to the sliding window technique, we could perform simultaneously the analysis
with cuspy and core profiles with a competitive sensitivity. This clearly shows that large zenith
angle observations will moreover provide an essential tool for the search of heavy DM signatures
with the future Cherenkov Telescope Array.

7
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Galaxy clusters
★ Contain substructure                                 
→ boost to DM annihilation signal (by factors 
10-100)                                                        
→ big uncertainties due to extrapolation 
from simulations 

★ DM decay signal intensity depends only on 
total mass (huge) and therefore can set 
strong and robust limits from galaxy clusters 

★ Extended sources for IACTs                        
→ more difficult analysis 

★ Results from Perseus cluster: 
✦ Very deep MAGIC observations (200 h),  

✦ Gamma-ray source (NGC1275) coinciding with 
center of DM halo 

✦ Signal “contamination” of background 

✦ DM lifetime > 1025 (1026) s for 1 (10) TeV 
WIMPS
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Perseus cluster of galaxies
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Figure 3: 95% CL lower limit on the DM decay lifetime (solid line) in the bb̄ (top-left), W+W� (top-right), ⌧+⌧� (bottom-left) and
µ+µ� (bottom-right) channels using 202 h of Perseus CG data. The expected limit (dashed line) and the two sided 68% and 95%
containment bands are also shown.

that, in some cases these limits depend on the model-dependent secondary components. In the TeV energy
range, where searches for di↵use emission are hindered because of the limited FoV of ground based IACTs,
the decaying DM case was discussed by Cirelli et al. (2012) showing lower limits on the DM decay lifetime
with H.E.S.S. data for the Fornax CG, but again an independent validation from the H.E.S.S. collaboration
has not yet been published. At higher energies, the most stringent constraints on certain channels can be
obtained with neutrinos with IceCube (Cohen et al., 2017) or ultra-high-energy cosmic rays with the Pierre
Auger Observatory, KASKADE, and CASA-MIA (Aab et al., 2015; Kang et al., 2015; Chantell et al.,
1997). In the VHE gamma-ray range, our results are compared with previous limits obtained with MAGIC
using 158 h of the dSph Segue 1 (Aleksić et al., 2014c). We also show limits from 48 h observation of
Segue 1 with VERITAS (Aliu et al., 2012) and with Fermi-LAT data on the Galactic Center (Ackermann
et al., 2012b). The comparison of these results may su↵er from the fact that nuisance parameters are treated

11

Figure 1: Schematic view of the Perseus CG FoV. The location of the galaxies NCG 1275, IC 310, and NCG 1265 are marked
with stars (the location of NCG 1275 is coincident with the center of the Perseus CG). The large blurred red region represents the
expected DM decay signal morphology (based on Sánchez-Conde et al., 2011). The di↵erent pointing positions of the telescopes
labelled W0.40+XXX (W0.26+YYY) for the two di↵erent pointing modes A (B) are shown as red wide dots. See text for details.
ON/OFF regions from opposing pointings (e.g. ON from W0.40+157 and OFF from W0.40+337, as shown in the figure as blue
regions) are analyzed in pairs. R2 rings are defined by two angular cuts, ✓min = 0.1� and ✓max = 0.33� (shown with dashed black
arrows only for OFF). The region R1 around NCG 1275 (defined by ✓ < ✓min with respect to NGC 1275’s direction, which is
coincident with the center of the cluster), is used to evaluate its gamma-ray emission activity for each given dataset.

NGC 1265 is clearly visible in X-rays (Sun et al., 2005) and, albeit never detected above E > 1 GeV, is
treated as a potential gamma-ray emitter in the analysis.

During the observation campaign, the MAGIC telescopes underwent several hardware upgrades (Aleksić
et al., 2016a,b), leading to six di↵erent hardware stable periods (from P1 to P6 in Table 1). Appropriate
Monte Carlo (MC) simulations for each period are generated to determine the corresponding instrument
response function (IRF) (i.e., the e↵ective area for signal, the angular resolution and bias of the energy
reconstruction).

For each data sample, the standard MAGIC event reconstruction (Aleksić et al., 2012b) is applied. Data se-
lection is performed in two di↵erent steps, first based on quality cuts and secondly on specific cuts (see Ta-
ble 1 for details on the amount of data surviving each data selection criteria). Quality cuts are used to select
data runs of ⇠20 minutes duration with the zenith angle ranging between 5� and 50�. Only a minor fraction
of the data recorded was taken with zenith angles above 50�. A second quality cut was based on the intensity
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Dwarf spheroidal galaxies

14

at the distribution of the test statistic under the background-
only hypothesis. That is, without using the events in the ON
region, we take Tobs to be a given quantile of PðTjhσvi¼0Þ
and find the upper limit that would be obtained if this value
had actually been measured. By taking the 0;$1σ;$2σ
quantiles we find ranges where the observed limit is likely
to lie. These are plotted in Figs. 6 and 7. Specifically, due to
random fluctuations of the background in the ON region,

there is a 68% chance that the observed limit lies in the green
band and a 95% chance that it lies in the yellow band. The
dashed line is the median expected limit: there is a 50%
chance that the observed limit is stronger than this. The solid
black curve is the observed limit using the data from the
ON region. This plot contains similar information to Figs. 3
and 4. It shows how consistent the observations are with the
background-only hypothesis. These plots were made using a
particular set of J-profiles for the dwarfs, chosen to align
well with Figs. 5 and 7, and are meant to illustrate the
experimental sensitivity of VERITAS and show the effect of
background fluctuations on the cross section limits. The
median limits for all channels are shown in Fig. 8.

VI. CONCLUSIONS AND DISCUSSION

The VERITAS limits in comparison with other con-
current gamma-ray instruments as well as older VERITAS
results are shown in Fig. 9. For the first time in an IACT
DM search, this work uses the individual direction in
addition to energy information of each event in the
construction of the test statistic. The VERITAS results
shown in this work are a substantial improvement over the
entire WIMP mass range over the previous result with
48 hours on Segue 1 [46]. VERITAS has a diverse dark
matter program: observing time is divided between both the
classical and ultrafaint dSphs since we still have an
imperfect knowledge of dwarf spheroidals and their
J-profiles and their systematic uncertainties. This is espe-
cially important in light of the considerable uncertainty in
the reconstruction of dwarf dark matter density profiles (see
Sec. III and Fig. 5). The strategy taken here of combining
multiple targets in a single dark matter search mitigates
sensitivity to future findings about particular galaxies.
Pointed telescopes that rely heavily on a single target
(e.g. Segue 1) may find their results susceptible to large,

FIG. 8. The median annihilation cross section limit from all
dwarf galaxies and for all channels (the solid curves of Figs. 5
and 7). The strongest continuum constraints are from a heavy
lepton final state. The thin dashed horizontal line corresponds to
the benchmark value of the required relic abundance cross section
(3 × 10−26 cm3=s), while the solid horizontal line corresponds to
the detailed calculation of this quantity [45].

Mass [GeV]

310 410 510

]
-1 s3

 [c
m

〉νσ〈

27−10

26−10

25−10

24−10

23−10

22−10

21−10
b b→χχ

VERITAS - 48 hrs Segue 1

VERITAS - 216 hrs Combined DSphs

MAGIC - 160 hrs Segue 1

HESS - 90 hrs Sagittarius DSph

Fermi-LAT - 6yrs Combined DSphs

Fermi-LAT + MAGIC Segue 1

Mass [GeV]

310 410 510

]
-1 s3

 [c
m

〉νσ〈

27−10

26−10

25−10

24−10

23−10

22−10

21−10

-τ+τ→χχ

VERITAS - 48 hrs Segue 1

VERITAS - 216 hrs Combined DSphs

MAGIC - 160 hrs Segue 1

HESS - 141 hrs Combined DSphs

Fermi-LAT - 6yrs Combined DSphs

Fermi-LAT + MAGIC Segue 1

FIG. 9. Annihilation cross section limits for dwarf spheriodial galaxies from this work, HESS [47], MAGIC [48], Fermi-LAT [49], a
combined result of MAGIC and Fermi-LAT [50] as well as previous VERITAS results [46] for the bb̄ (left) and τþτ− (right) channels.
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★ Most robust astrophysical 
probe into nature of dark 
matter 

★ Limits below thermal relic 
cross section by Fermi-
LAT below ~100 GeV
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No significant gamma-ray signal from dSphs was found in the Fermi-LAT data, either individually
in each dSph (the largest deviation from the null hypothesis is found for Sculptor, with �2 ln lP = 4.3),
or in the combined analysis (�2 ln lP = 1.3). Some of the obtained exclusion limits are shown in
Figure 2. This work represents the most constraining search for WIMP annihilation signals for the dark
matter particle mass range below ⇠1 TeV. As shown in the figure, the limits exclude the thermal relic
cross section for mc < 100 GeV in the case of annihilation into bb̄ or t+t� pairs.

the bb̄ and τþτ− channels with expectation bands derived
from the analysis of 300 randomly selected sets of blank
fields. Sets of blank fields are generated by choosing
random sky positions with jbj > 30° that are centered at
least 0.5° from 3FGL catalog sources. We additionally
require fields within each set to be separated by at least
7°. Our expected limit bands are evaluated with the 3FGL

source catalog based on four years of PASS7 REPROCESSED

data and account for the influence of new sources present in
the six-year PASS8 data set.
Comparing with the results of Ackermann et al. [13], we

find a factor of 3–5 improvement in the limits for all
channels using six years of PASS8 data and the same sample
of 15 dSphs. The larger data set as well as the gains in the

LAT instrument performance enabled by PASS8 both
contribute to the increased sensitivity of the present
analysis. An additional 30%–40% improvement in the
limit can be attributed to the modified functional form
chosen for the J factor likelihood (3). Statistical fluctua-
tions in the PASS8 data set also play a substantial role.
Because the PASS8 six-year and PASS7 REPROCESSED

four-year event samples have a shared fraction of only
20%–40%, the two analyses are nearly statistically inde-
pendent. For masses below 100 GeV, the upper limits of
Ackermann et al. [13] were near the 95% upper bound of
the expected sensitivity band while the limits in the present
analysis are within 1 standard deviation of the median
expectation value.

FIG. 1 (color). Constraints on the DM annihilation cross section at the 95% CL for the bb̄ (left) and τþτ− (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly
selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity while the
bands represent the 68% and 95% quantiles. For each set of random locations, nominal J factors are randomized in accord with their
measurement uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of PASS7 REPROCESSED

data and the same sample of 15 dSphs [13]. The dashed gray curve in this and subsequent figures corresponds to the thermal relic cross
section from Steigman et al. [5].

FIG. 2 (color). Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τþτ− (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3σ limit) [57], 112 hours of observations of the
Galactic center with H.E.S.S. [58], and 157.9 hours of observations of Segue 1 with MAGIC [59]. Pure annihilation channel limits for
the Galactic center H.E.S.S. observations are taken from Abazajian and Harding [60] and assume an Einasto Milky Way density profile
with ρ⊙ ¼ 0.389 GeV cm−3. Closed contours and the marker with error bars show the best-fit cross section and mass from several
interpretations of the Galactic center excess [16–19].

PRL 115, 231301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

4 DECEMBER 2015

231301-6

Figure 2. The 95% confidence-level upper limits to hsvi for the cc ! bb̄ (left) and cc ! t+t� (right)
annihilation channels derived from 6-year observations of 15 dSphs with Fermi-LAT. The dashed black
line shows the median of the distribution of limits obtained from 300 simulated realizations of the
null hypothesis using LAT observations of high-Galactic-latitude empty fields, whereas green and
yellow bands represent the symmetric 68% and 95% quantiles, respectively. The dashed gray curve
corresponds to the thermal relic cross-section [54]. Reprinted figure with permission from reference [37];
copyright (2014) by the American Physical Society.

These results were combined with MAGIC observations of Segue 1, into the first coherent search
for dark matter using several gamma-ray instruments [22]. Details about this work are provided below.

In a later work, the Fermi-LAT and the Dark Energy Survey (DES) collaborations also used the
data from 6 years of observations to look for dark matter signals over a sample of 45 stellar systems
consistent with being dSphs [55]. The search was performed shortly after the discovery of 17 of the
considered dSph candidates, for which no reliable estimate of the dark matter content was available at
the time. Because of this, all considered candidates were assumed to be point-like sources, and the
J-factors for the non-confirmed dSphs estimated from a purely empirical scaling relation based on
their heliocentric distance. For four of the examined dSphs, a 2s discrepancy with the null hypothesis
was found, which does not contradict significantly such hypothesis, particularly once the number
of investigated sources, channels and masses is considered. Overall, the strategy of observing a set
of not fully confirmed dSphs candidates, for which no reliable estimate of the J-factor exists yet is
justified since a solid positive gamma-ray signal from any of the observed targets would have been
considered a strong experimental evidence of dark matter annihilation or decay. In absence of such
signal, however, the obtained limits are less robust than those from the 15 confirmed dSphs described
above, which remain the reference in the field for the sub-TeV mass range.

5.2. Cherenkov Telescopes

Dark matter searches with Cherenkov telescopes have evolved from simple event-counting
analyses to more complex maximum-likelihood analyses of optimized sensitivity thanks to the
inclusion of the expected spectral and morphological features of the dark matter signals [56].

In the most basic version of the likelihood function, the nuisance parameters µ (see Equation (15))
are the bij factors themselves. They are constrained by measurements in signal-free, background-control
(or Off) regions with t times the exposure of the signal (or On) region. A more complete analysis
also includes the treatment of t as a nuisance parameter, given that the latter is normally affected by
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channels, respectively. For decay, lower limits to the decay lifetime were set to tLL95
c ⇠ 3 ⇥ 1026 s

for the 100 TeV mass dark matter particle decaying into bb̄ pairs or tLL95
c ⇠ 1027 s for decaying into

t+t� pairs.

larger than θmax, where the DM halo is assumed to end. We
impose this physically motivated constraint on the J- and
D-factor uncertainty calculations, resulting in a one-side
uncertainty. For the combined limit uncertainties, we use the
uncertainties corresponding to Segue 1 (42% for annihilation

cross-section limits and 38% for decay lifetime limits) since it
is one of the strongest sources that is driving the limits.
Though it would have been better to calculate and use these
uncertainties for Triangulum II, the required information is
not yet available.

Figure 4. 95% confidence level upper limits on the DM annihilation cross-section for the five DM annihilation channels considered in this analysis and their
comparison of the DM annihilation cross-section limits of HAWC to other experimental results for the ¯bb, ¯tt , U U� �, N N� � and � �W W annihilation channels. The
HAWC 507 day limits from data are shown by the black solid line. The dashed black line shows the combined limit using 14 dSphs, excluding Triangulum II. Fermi-
LAT combined dSph limits (Ackermann et al. 2014), VERITAS Segue 1 limits (Archambault et al. 2017), HESS combined dSph limits (Abramowski et al. 2014), and
MAGIC Segue 1 limits (Ahnen et al. 2016) are shown for comparison. The same color scheme is used for all the experiment comparison plots.
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Figure 6. The 95% confidence level upper limits to the annihilation cross-section of dark matter particles
annihilating into bb̄ (left) and t+t� (right) pairs, from HAWC observations of dSphs (black solid
line). Results from other gamma-ray instruments are also shown (see legend for details), as well as the
median and 65% and 95% symmetric quantiles of the distribution of limits obtained under the null
hypothesis. Figure reproduced with permission from reference [49], ©AAS.

5.4. Multi-Instrument Searches

Following Equations (13) and (14), MAGIC and Fermi-LAT have computed a multi-target,
multi-instrument, joint likelihood, producing the first coherent joint search for gamma-ray signals from
annihilation of dark matter particles in the mass range between 10 GeV and 100 TeV [22]. The data
used in this work correspond to the Fermi-LAT 6-years [21] and the MAGIC Segue 1 [45] observations
discussed earlier in Sections 5.1 and 5.2.2, respectively. MAGIC analysis was slightly adapted to match
LAT conventions, in the following aspects: (i) The determination of the J-factor; (ii) the treatment of
the statistical uncertainty of J through the LJ term in Equation (13); and (iii) the treatment of the cases
in which the limits lie outside the physical (a � 0) region.

The MAGIC/Fermi-LAT combined search for dark matter did not produced a positive signal,
but it allowed setting global limits to the dark matter annihilation cross section and, for the first
time, a meaningful comparison of the individual results obtained with the two instruments. Figure 7
shows the 95% confidence level limits to the cross-section of dark matter particles of mass in the range
between 10 GeV and 100 TeV annihilating into bb̄ and t+t� pairs. The obtained limits are the currently
most constraining results from dSphs, and span the widest interval of masses, covering the whole
WIMP range. In the regions of mass where Fermi-LAT and MAGIC achieve comparable sensitivities,
the improvement of the combined result with respect to those from individual instruments reaches a
factor ⇠2.

HAWC
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Figure 3. Upper limits at 90% C.L. on the thermally averaged cross-section for WIMP annihilation
as a function of the WIMP candidate mass. top Limits from IceCube [38] for several channels;
credit: IceCube collaboration; bottom Limits from ANTARES [39] and sensitivity for KM3NeT-ARCA
(one year) [40], compared to other results (IceCube 2017 [41], HESS [42], VERITAS [43] and Fermi-
LAT+MAGIC [44]) for the t+t� channel and using the NFW halo profile [36] unless indicated
otherwise. Figure reproduced from [40]; credit: ANTARES and KM3NeT collaborations.

It is also worth mentioning the analysis carried out jointly by the IceCube and
ANTARES collaborations, combining data from both experiments [45]. This allows us
to improve by a factor of two the limits in the region where the sensitivities from both
experiments are comparable. Moreover, it also represented an opportunity to harmonize
analysis tools from both collaborations.

Finally, we would like to mention that sensitivities for secluded dark matter scenarios
in the Galactic Center also exist [23].

3.4. Other Sources

Among other possible sources to look for dark matter with neutrino telescopes, we
can mention the following: the Galactic Halo, nearby dwarf galaxies and galaxy clusters.
Particularly interesting results from these sources come from the searches for dark matter
decay. As mentioned earlier, the decay lifetimes should be large enough compared to the
age of the Universe so that dark matter has survived in the amounts observed nowadays.
Figure 4 summarizes some of these analyses, compared to the limits set by other indirect
searches. As can be seen, the IceCube experiment can provide very competitive limits on
the lifetime of heavy dark matter particles.
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Combined analysis!

★ Comparison between results sometimes difficult due 
to different assumptions/conventions used during 
analysis 

★ Sensitivity improves when considering all observations
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Combination of results: MAGIC+Fermi-LAT

★ Joint-likelihood depending on one free 
parameter (proportional to gamma-ray 
intensity), one term per target: 

★ Can include target-wise uncertainties on 
J-factor 

★ For each target, one term per instrument 
having observed it: 

★ Combined analysis can be done by just 
sharing likelihood vales vs free parameter
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with D representing the data samples and ⌫ the nuisance parameters. hc�vi and ⌫̂ are the
values maximizing the joint likelihood function (L), and ˆ̂⌫ the value that maximizes L for a
given value of h�vi. The likelihood function can be written as:

L(h�vi;⌫ |D) =

NtargetY

i=1

Li(h�vi; Ji,µi |Di) · J (Ji | Jobs,i,�i) (3.5)

with the index i running over the di↵erent targets (dwarf satellite galaxies in our case); Ji
being the J-factor for the corresponding target (see Equation 3.2); µi any additional nuisance
parameters; and Di the target-related input data. J is the likelihood for Ji given measured
log10(Jobs,i) and �i [31], i.e.:

J (J | Jobs,�) =
1

ln(10)Jobs
p
2⇡�

⇥ e�
�
log10(J)�log10(Jobs)

�2
/2�2

(3.6)

The likelihood function for a particular target (Li) can in turn be written as the product of
the likelihoods for the di↵erent instruments (represented by the index j), i.e.:

Li(h�vi; Ji,µi |Di) =
NinstrumentY

j=1

Lij(h�vi; Ji,µij |Dij) (3.7)
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Combined analysis: Glory Duck project
★ Combine results from all dSphs observed by 

Fermi, HESS, MAGIC, VERITAS and/or HAWC 
in their lifetime 

★ All datasets analyzed using common approach: 
✦ Same DM density profiles 

✦ Same gamma-ray spectra from the same channels 

✦ Common treatment of common experimental 
uncertainties

17

dSph Instrument[s]
Boötes I VERITAS, HAWC, Fermi,

Canes Venatici I HAWC, Fermi
Canes Venatici II HAWC, Fermi

Carina HESS, Fermi
Coma Berenices

Dra
MAGIC, HESS, HAWC, Fermi

Draco MAGIC, VERITAS, HAWC, 
FermiFornax HESS, Fermi

Hercules HAWC, Fermi
Leo I HAWC, Fermi
Leo II HAWC, Fermi
Leo IV HAWC, Fermi
Leo T Fermi
Leo V Fermi

Sculptor HESS, Fermi
Segue 1 MAGIC, VERITAS, HAWC, 

FermiSegue 2 Fermi
Sextans HAWC, Fermi

Ursa Major I HAWC, Fermi
Ursa Major II MAGIC, HAWC, Fermi
Ursa Minor VERITAS, Fermi

Combined dark matter searches Céline Armand

5. Results and discussion

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

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

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

★ Two sites, telescopes of three 
different sizes 

★ Alpha configuration: 
✦ North (La Palma): 4LST + 9 MST 

✦ South (Paranal): 14 MST + 37 SST 

★ Sensitive to the thermal relic 
density for WIMP masses above 
~200GeV
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Aldo Morselli, INFN Roma Tor Vergata,  The Cherenkov Telescope Array Project,  Frontier Objects in AstroPhysics and Particle Physics, Vulcano 2018  24  May 
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•Together Fermi and CTA will probe 
most of the space of WIMP models 
with thermal relic annihilation cross 
section. 
•The expectation for CTA for the 
Galactic Halo is for the Einasto
profile and is optimistic as 
includes only statistical errors.
•The effect of the Galactic 
diffuse emission can affect
the results by ~ 50%.
•The limits from dwarfs are
much less dependent on the
systematic uncertanties.

CTA, Fermi,HESS DM upper-limits 
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