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Imaging Cherenkov Technique
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Imaging Cherenkov Technique

̣ Image intensity ➔ Energy of primary 

̣ Image orientation ➔ Direction of primary 
̣ Image shape ➔ Kind of primary
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Stereoscopy

̣ Better determine 
✦ Energy 

✦ Arrival direction 

✦ Particle Id
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Current Cherenkov telescopes
̣ Gamma-ray flux drops exponentially with 

energy                                                        
→ for E>100 GeV large collection areas 
needed                                                        
→ Cherenkov telescopes 

̣ 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  
̣ Pointed observations, systematic scans 

of limited regions 

̣ Several telescopes for better performance
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MAGIC - Canary Islands

VERITAS - Arizona

HESS - Namibia
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Indirect DM searches with 
Cherenkov telescopes
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GAMMA-RAY SIGNATURE

7E. Moulin, Texas Symposium, 13-18 December 2015

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)

Indirect dark matter searches

̣ Gamma-rays do not suffer from 
propagation effects: 
✦ Can determine DM abundance and 

distribution in the Universe                      

̣ Can present characteristic 
spectral features: 
✦ Good separation from background 

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


CTA CDR - SCIENCE, 24 June 2015 6
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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/.
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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/

!!→bb
-

Segue 1 

Pythia

Fit to stellar surface density and 
velocity dispersion profiles

Geringer-Sameth et al ApJ801(2015)74
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Targets for DM searches

̣ Relevant parameters: 
✦ DM quantity, concentration 

and distance 
✦ Uncertainties  
✦ Astrophysical background
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TARGETS AND CHALLENGES

Dwarf Galaxies

Galactic Centre

7

Robust Constraints

Likelihood of 
Strong signal

Large 
Uncertainties

Galaxy clusters

!  DM density matters … 
!  Astrophysical background 
    matters as well

CTA CDR - SCIENCE, 24 June 2015
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TARGETS AND CHALLENGES

Dwarf Galaxies
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Robust Constraints

Likelihood of 
Strong signal

Large 
Uncertainties

Galaxy clusters Galactic Center halo
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!  DM density matters … 
!  Astrophysical background 
    matters as well

Dwarf galaxies
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Current results with HESS, 
MAGIC, and VERITAS
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Observed targets

̣ About 10% dedication in terms of observation time 
̣ I try to summarise the most relevant/recent results

 13

Doro, NIM A742 (2014) 99 
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σ
̣ Highest J-factor from Earth (~1021 GeV2 

cm-5)                                                            
→ obvious target 

̣ Observed by HESS for 10 years 
(2004-2014), 254 hours 

̣ Crowded central part and Galactic plane 
excluded due to intense astrophysical 
background 

̣ 2D (Energy+radial distance) maximum 
likelihood analysis  

̣ Improved analysis + deeper observations        
→ 4-5 times better sensitivity 

̣ No signal detected                                            
→ upper limits to <#v>~10-25 cm3 s-1 for 
$$→W+W- 
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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;ijþ NB;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 theWþ W− (left panel) and τþ τ− (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 b̄b, tt̄, and
μþ μ− 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).
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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 (b̄b, tt̄), gauge boson (Wþ W−), and lepton
(μþ μ−, τþ τ−) 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 Wþ W−

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 τþ τ− 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 b̄b, tt̄, and μþ μ− channels, respectively,
in Fig. 4 in the Supplemental Material [16]. The limits
obtained in the leptonic channels (μþ μ−, τþ τ−) are
comparatively strong with respect to those in the quark
channels (b̄b, 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 Wþ W− 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 theWþ W− 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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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

49028background 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; α̂b þ 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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SUSY 2018 J. Rico - DM searches with Cherenkov telescopes Barcelona,  July 23, 2018

Galaxy clusters
̣ Largest structures in the 

Universe: 
✦ Mass: 1014-1015 M⊙ 
✦ Size: few Mpc 

̣ DM makes ~80% of their mass 

̣ 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

 16

Source Telescope Year T [h] Jann [GeV2/cm5]

Fornax HESS 2005 15 1018

Coma VERITAS 2008 19 1018

Perseus MAGIC 2008 24 1017

Jdec [GeV/cm2]

Perseus MAGIC 2009-2017 200 1019

Perseus cluster of galaxies
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Limits on decay lifetime from Perseus

̣ Complex analysis: 
✦ Very deep MAGIC observations (200 h), demanding:  

✤ merge data taken under very different conditions 

✤ consider systematic uncertainties on background 

✦ 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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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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Figure 2: Average gamma-ray spectra (dN/dE) as a function of the gamma-ray energy (E) due to prompt emission for the decay
channels bb̄, µ+µ�, ⌧+⌧�, W+W� and �� for a 20 TeV DM particle.

4. Dark matter decay search

Following Ahnen et al. (2016b), we use the PYTHIA simulation package version 8.205 (Sjöstrand et al.,
2015) to compute the average gamma-ray spectrum per decay process (dN/dE) for DM particles of masses
between 200 GeV and 200 TeV decaying into the SM pairs bb̄, ⌧+⌧�, µ+µ�, W+W� and ��. For each chan-
nel and mass, we average the gamma-ray spectrum resulting from 107 decay events of a generic resonance
with mass mDM into the considered pair. For each simulated event, we trace all the decay chains, including
the muon radiative decay (µ� ! e�⌫e⌫µ�, not active in PYTHIA by default), down to stable particles. To
search for DM in the Perseus CG, we use a binned likelihood method developed for indirect DM searches
with IACTs (Aleksić et al., 2012a).

The binned likelihood used in our analysis is written as

L (1/⌧DM; ⌫ |D)

=

NsamplesY

i=1

K(i|obs,i,�,i)

⇥
NbinsY

j=1


⇣
gi j(⌧DM) + bi j + fi j

⌘NON,i j

NON,i j!
e�(gi j(⌧DM)+bi j+ fi j)

⇥
⇣
ibi j + gOFF

i j (⌧DM)
⌘NOFF,i j

NOFF,i j!
e�
⇣
ibi j+gOFF

i j (⌧DM)
⌘�
, (4)
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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
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Dwarf satellite galaxies
̣ Dark matter clumps in the 

Galaxy with stellar activity  

̣ O(30) known so far: 
✦ 8 classical 

✦ ~12 ultra-faint discovered by 
SDSS 

✦ ++ by DES, Pan-STARRs… 

̣ DM distribution fitted to 
reproduce observed stellar 
kinematics                               
→ Up to O(1000) M/L ratios  

̣ Most robust astrophysical 
probe into nature of dark 
matter

 18

Source Telescope Year T [h] J [GeV2/cm5]

Sagittarius HESS 2006-2012 90 2.2×1018

Sculptor HESS 2008-2009 12 2.3×1018

Carina HESS 2008-2009 23 7.2×1017

Coma Berenics HESS 2010-2013 11 3.3×1019

Draco VERITAS 2007-2013 50 2.0×1018

Ursa Minor VERITAS 2007-2013 60 7.9×1018

Segue 1 VERITAS 2010-2013 92 1.1×1019

Segue 1 MAGIC 2010-2013 160 1.1×1019

Ursa Major II MAGIC 2014-2016 100 2.6×1019

Fornax dSph

Deepest published 
observations by IACTs

…
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Limits from dSph

̣ Most constraining limits for leptonic (hadronic) channels and masses above 1 (10) TeV
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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 PðTjhσvi¼ 0Þ
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].
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̣ Comparison between results sometimes difficult due 
to different assumptions/conventions used during 
analysis 

̣ Sensitivity improves when considering all observations

Combined analysis!
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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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The future: combining all IACTs
̣ The Glory Duck Group: 

̣ Aim: Produce a global DM result combining all dSph observations by HESS, 
MAGIC and VERITAS                                                                                                                  
Also exploring including Fermi-LAT and HAWC 

̣ First meeting in Berlin past June, many decisions taken: working group, targets, 
analysis, inputs (spectra, J-factors), treatment of systematic uncertainties (J-factor, 
background estimation), sharable likelihood table formats, publication policies… 
(some TBC by governing boards of the participating collaborations) 

̣ Stay tuned: Estimated time of completion: ~1 year
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Future prospects with CTA
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CTA: a World Wide effort

 23

Cherenkov Telescope Array

CTA science goals and design is being developed by the CTA Consortium:
> 1.400 scientists and engineers from about 200 institutes in 31 countries.
http://www.cta-observatory.org/

Spain involved since the beginning (~2008); http://observatorio-cta.es/
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CTA: three telescope sizes

 24

Different telescope sizes for different energy ranges.
Slightly different technologies.

Cherenkov Telescope Array

Large Size Telescopes (LSTs)
23 m diameter. FoV 4.5º.
20-200 GeV. Low energies.

Mid Size Telescopes (MSTs)
12 m diameter. FoV 8º.
0.1-10 TeV. Sensitivity.

Small Size Telescopes (SSTs)
4 m diameter. FoV 9-10º.
1-300 TeV. High energies.

20-150

0.15-5

5-300
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CTA: Full-sky coverage

 25

South: 99 telescopes

North: 19 telescopes

Cherenkov Telescope Array

Gabriel Pérez Diaz, IAC, SMM

Gabriel Pérez Diaz, IAC, SMM

Palma (Canary Islands, Spain)

Cerro Paranal (Atacama, Chile)
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CTA: under construction!

 26

North: 19 telescopes

Cherenkov Telescope Array

Gabriel Pérez Diaz, IAC, SMM
LST prototype at ORM, 
La Palma, Spain
Inauguration 2018 Oct

Palma (Canary Islands, Spain)
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CTA performance

 27

Cherenkov Telescope Array

CTA sensitivity: a factor 5-20 better than current facilities (energy dependent).

Angular resolution: down to 0.03 deg. or 2 arcmin.

Energy resolution: 5-10% above 100 GeV.

Acharya et al arXiv:1809.07997
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CTA DM search strategy

̣ High priority program for 10 years 
̣ First 3 years: 

✦ Deep observations of the Galactic Center Halo (~500 h) 
✦ Complemented by observations of best dSph (~300 h) 

̣ Follow-up observations: 
✦ In case of detection at GC halo: 

✤ <σv> high enough: check DM signal towards best dSph 
✤ otherwise deep observations of GC region 

✦ In case of no detection: 
✤ focus on best target to produce most robust limits

 28

Aldo Morselli, INFN Roma Tor Vergata,  The Cherenkov Telescope Array Project,  Frontier Objects in AstroPhysics and Particle Physics, Vulcano 2018  24  May 17

First 3 years
• The principal target is the Galactic Center Halo (most intense diffuse emission regions removed)
• Best dSph as “cleaner” environment for cross-checks and verification (if hint of strong signal)

Next 7 years
•  If there is detection in GC halo data set (525h)

• Strong signal: continue with GC halo in parallel with best dSph to provide robust detection
• Weak signal: focus on GC to increase data set until systematic errors can be kept

under control
• If no detection in GC halo data set

• Focus observation on the best target at that time to produce legacy limits.

CTA DM Detection Strategy

Acharya et al arXiv:1809.07997
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CTA DM sensitivity
̣ CTA will be sensitive to the 

thermal relic density for 
WIMP masses above ~200GeV 

̣ Results from dwarfs are less 
constraining but depend less 
on systematic uncertainties

 29

DWARF GALAXIES

!  Robust/legacy 
constraints in the TeV 
mass range

!  More targets discovery 
expected in the future 
(Pan-STARRS, LSST, …) 

!  Better modelling of the 
DM profiles expected 

CTA CDR - SCIENCE, 24 June 2015 15

New dwarf galaxy candidates discovered  
from the DES survey in the Southern hemisphere  

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 

Fermi

CTA Galactic Halo

HESS Galactic Halo

CTA LMC

CTA Sculptor dwarf

254 h  W+W- Einasto profile 

340 h  bƃ NFW profile 

bƃ

500 h  W+W- NFW profile 
500 h  W+W- Einasto profile 

Acharya et al arXiv:1809.07997
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Conclusions
̣ Current Cherenkov telescopes HESS, MAGIC and VERITAS 

have devoted significant part or their observation time to look for 
DM (WIMP) annihilation and decay signals from the local Universe 

̣ Multiple targets: 
✦ Galactic Center (halo) high flux but high uncertainties 

✦ Dwarf satellite galaxies low flux and lower uncertainties 

✦ Galaxy clusters good especially for decay signal 

✦ More: globular clusters, unidentified Fermi objects, e+e- spectrum,… 

̣ No positive signal found                                                              
→ set most constraining limits for DM mass in the TeV range 

̣ In the near future, the CTA will explore the region below the 
thermal relic cross-section for DM mass in the TeV range
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