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Dark Matter
✤ What we know

❖ Dark matter exists
• Orbital velocities of stars in galaxies, velocity dispersions of galaxies in 

clusters, temperature distribution of hot gas in clusters of galaxies and 
gravitational lensing

❖ Non-relativistic (“cold dark matter”)
❖ ~6 x ordinary matter

✤ What we don’t know
❖ What is dark matter?

• MACHO: constrained by micro-lensing
• WIMP

- Weak scale new particles happen to 
have suitable mass and cross-section

• Axion
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WIMP Search Approaches
✤ Accelerator production

❖ Exhaustive searches can be made for specific mode and mass range as far as 
WIMP has coupling to quarks

❖ Mass reach is heavily model dependent
✤ Direct detection of WIMP scattering

❖ Wide mass coverage
❖ Sensitivity limit due to neutrino backgrounds

✤ Indirect detection of WIMP annihilation
❖ “Direct” constraints on annihilation cross section
❖ Sensitivity is less model dependent
❖ Large systematics due to astrophysics

✤ Those approaches are complimentary
❖ Different model dependences and sensitivity phase space
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Thermal Relic Dark Matter (WIMP)
✤ WIMP is in equilibrium between pair creation and annihilation in early 

Universe
❖ Pair creation stops when thermal energy is not sufficient
❖ Annihilation continues and WIMP density become too low compared with 

annihilation cross section
• WIMP density and annihilation cross section is anti-correlated

❖ Current dark matter density (ΩDM) constrains annihilation cross  section to 
~3x10−26 cm2/s

✤ Indirect searches are sensitive
to WIMP annihilation cross section
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✤ Dark Matter Searches with Charged Cosmic Rays 
❖ Anti-particles are in general secondary particles from interactions of cosmic 

rays with interstellar gas
❖ Dark matter annihilations and decays can produce more or less equal amount 

of particles and anti-particles in energies close to DM mass
❖ Anti-particle spectra from DM tend to have bump structures

which tend to be different from spectra for secondary particles Cosmic ray
❖ Weak constraints on annihilation cross section

✤ Dark Matter Searches with Gamma rays
❖ Gamma rays can be used to locate the origins 

and image their shapes
❖ Backgrounds

• Cosmic-ray interactions with interstellar medium
• Gamma-ray astronomical objects

- Supernova remnants, pulsars, gamma-ray bibaries, 
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Indirect Searches for Dark Matter

Galactic center: 
Good Statistics but source 
confusion/diffuse background
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✤ Positrons can be produced directly by DM interactions (annihilations and/
or decays)
❖ Positrons can also be produced via π+, τ+ and µ+ from DM interactions
❖ Positron spectra depend on mass and properties of DM

✤ Pulsars can also produce positrons with bump spectra
❖ Spectra depends on number of nearby (<500 pc) pulsars (in particular, at high 

energy end) and spectra at the origins
❖ Dipole anisotropy is expected for nearby pulsars
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DM Searches with Positrons
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𝟀≈Bino (bb dominant)
𝟀≈Wino (WW dominant)
𝟀≈Higgsino (σ suppressed)

JCAP 07 (2004) 006



✤ Positrons can be produced directly by DM interactions (annihilations and/
or decays)
❖ Positrons can also be produced via π+, τ+ and µ+ from DM interactions
❖ Positron spectra depend on mass and properties of DM

✤ Pulsars can also produce positrons with bump spectra
❖ Spectra depends on number of nearby (<500 pc) pulsars (in particular, at high 

energy end) and spectra at the origins
❖ Dipole anisotropy is expected for nearby pulsars 7

FIG. 3: As in Fig. 2, but from the nearby pulsar B0656+14. The solid lines correspond to an energy in pairs given by 3× 1047

erg, while the dotted lines require an output of 8 × 1047 erg.

FIG. 4: The positron spectrum and positron fraction from the sum of contributions from B0656+14, Geminga, and all pulsars
farther than 500 parsecs from the Solar System.

high-energy spectra presented here should be considered as a robust prediction, since they depend crucially on the
detailed spectral properties of B0656+14, Geminga or and other nearby, mature pulsars that contribute significantly
to the high energy positron spectrum.

IV. DISTINGUISHING BETWEEN PULSAR AND DARK MATTER ORIGINS OF HIGH ENERGY
COSMIC RAY POSITRONS

The positron fraction reported by PAMELA taken alone is likely insufficient to distinguish between dark matter
and pulsar origins of this signal. In this section we discuss an additional measurement which may help to resolve
this issue. In particular, even after the diffusive propagation of electrons and positrons from pulsars is taken into
account, at sufficiently high energies a small dipole anisotropy should be present in the direction of the dominant
nearby source(s). In a very general way, the anisotropy associated with diffusive propagation can be written as:

δ =
Imax − Imin

Imax + Imin
=

3K|∇(dNe/dEe)|
c (dNe/dEe)

, (11)

where ∇(dNe/dEe) is the gradient of the electron/positron density. The measurement of such an anisotropy in a
statistical significant manner requires a large number of electron/positron events. For example, in order to detect an
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FIG. 1: The spectrum of cosmic ray positrons (left) and the positron fraction (right) resulting from the sum of all pulsars
throughout the Milky Way. Also shown as a dashed line is the prediction for secondary positrons (and primary and secondary
electrons in the right frames) as calculated in Ref. [27]. In the right frames, the measurements of HEAT [3] (light green and
magenta) and measurements of PAMELA [2] (dark red) are also shown. We have used the injected spectrum reported in
Eq. (7). In the lower frames, the upper (lower) dotted line represents the case in which the injection rate within 500 parsecs of
the Solar System is doubled (neglected), providing an estimate the variance resulting from the small number of nearby pulsars
contributing to the spectrum.

the positrons produced as secondaries in the hadronic interaction of cosmic rays. In the right frames, the positron
ratio is obtained considering, besides secondary leptons, also the primary electrons accounted as in [27], to ease the
comparison with previous literature. In the right frames, the measurements of HEAT [3] (light green and magenta)
and the measurements of PAMELA [2] (dark red) are also shown.

In the lower frames of Fig. 1 we show the positron spectrum and the positron fraction for Ṅ100 = 4 if the injection
rate within 500 parsecs of the Solar System is doubled (upper dotted curve) or neglected (lower dotted curve). This
provides an estimate of the relative importance of average nearby sources compared to the contribution from more
distant pulsars. We will discuss this issue further in Sec. III.

Interestingly, the best fit to the HEAT and PAMELA data appears to be obtained for Ṅ100 = 4, namely about one
pulsar birth each ∼ 25 years. It is worth noting that this number is only slightly higher than the typical estimates of
the galactic core collapse supernovae rate, from which pulsars are formed. This rate has been estimated in a variety of
ways, including from the scaling of rates in external galaxies, from the measured gamma-ray flux from galactic 26Al,
from historical observations of galactic supernovae, and from empirical upper limits from neutrino observatories (for
a review, see Ref. [28]). Also note that since the primary electron flux is determined from a fit to the absolute flux,
which has uncertainties as large as ±50% around 10 GeV (see the cosmic ray review in Ref. [29]), the best-fit value
of Ṅ100 extracted from the ratio is affected by at least an error as large. Additionally, in principle our numerical
results could be modified if a different normalization for the diffusion coefficient were chosen; yet, the constraint on

Secondary positrons

No pulsars in d < 500 pc

×2 pulsars in d < 500 pc
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FIG. 3: As in Fig. 2, but from the nearby pulsar B0656+14. The solid lines correspond to an energy in pairs given by 3× 1047

erg, while the dotted lines require an output of 8 × 1047 erg.

FIG. 4: The positron spectrum and positron fraction from the sum of contributions from B0656+14, Geminga, and all pulsars
farther than 500 parsecs from the Solar System.

high-energy spectra presented here should be considered as a robust prediction, since they depend crucially on the
detailed spectral properties of B0656+14, Geminga or and other nearby, mature pulsars that contribute significantly
to the high energy positron spectrum.

IV. DISTINGUISHING BETWEEN PULSAR AND DARK MATTER ORIGINS OF HIGH ENERGY
COSMIC RAY POSITRONS

The positron fraction reported by PAMELA taken alone is likely insufficient to distinguish between dark matter
and pulsar origins of this signal. In this section we discuss an additional measurement which may help to resolve
this issue. In particular, even after the diffusive propagation of electrons and positrons from pulsars is taken into
account, at sufficiently high energies a small dipole anisotropy should be present in the direction of the dominant
nearby source(s). In a very general way, the anisotropy associated with diffusive propagation can be written as:

δ =
Imax − Imin

Imax + Imin
=

3K|∇(dNe/dEe)|
c (dNe/dEe)

, (11)

where ∇(dNe/dEe) is the gradient of the electron/positron density. The measurement of such an anisotropy in a
statistical significant manner requires a large number of electron/positron events. For example, in order to detect an

T = 110,000 years
E = 3×1047 erg
D = 290 pc

T = 370,000 years
E = 3×1047 erg
D = 157 pc

8

FIG. 5: The dipole anisotropy in the electron+positron spectrum from a source 110,000 years old at a distance of 290 pc
(B0656+14-like) and from a source 370,000 years old at a distance of 157 pc (Geminga-like). In each case, we have normalized
the energy output to match the PAMELA data and have used a spectral shape of dNe/dEe ∝ E−1.5

e
exp(−Ee/600 GeV). Also

shown as dashed lines is the sensitivity of the Fermi gamma-ray space telescope to such an anisotropy (after five years of
observation). The Fermi sensitivity shown is for the spectrum integrated above a given energy.

anisotropy at the 2σ level, one needs to fulfill the condition δ >∼ 2
√

2(Ṅevtobs)−1/2, where Ṅev is the rate of events
detected per unit time above a given threshold and tobs is the observation time.

In addition to studying the gamma-ray sky, the Fermi gamma-ray telescope will also be able to measure a flux of
electrons (and positrons, though without charge discrimination) at a rate of approximately 3× 107 electrons per year
above 10 GeV [30]. This implies that Fermi should be able to detect (at the 2σ confidence level) a dipole anisotropy
in the electron flux above 10 GeV if δ >∼ 0.05% in one year or δ >∼ 0.03% in 5 years1.

In Fig. 5 we plot the level of anisotropy expected for a Geminga-like and a B0656+14-like pulsar if they are
responsible for the majority of the observed positron excess. The two dashed lines show the sensitivities of Fermi
to anisotropy at 95% confidence level and at 5σ confidence level, after five years of observation (integrated above
a given energy). We find that Fermi should be capable of identifying a single local source (or multiple sources in
the same direction of the sky) if that source injected the bulk of its electrons/positrons within the last few hundred
thousand years (the B0656+14-like and Geminga-like cases correspond to injection 110,000 and 370,000 years ago,
respectively). If only a fraction of the high energy positrons observed by PAMELA originate from a given nearby
pulsar, the corresponding solid lines shown in Fig. 5 should be multiplied (reduced) by this factor. Also note that
B0656+14 and Geminga lie in similar directions in the sky, so they are expected to contribute the same overall dipole
anisotropy.

Alternatively, if dark matter annihilations throughout the Milky Way’s halo are primarily responsible for the excess
in the high energy cosmic ray positron spectrum, a small dipole anisotropy in the direction of the Galactic Center could
also be generated. Fortunately, both B0656+14 and Geminga are in approximately the opposite direction, allowing
for a potentially unambiguous discrimination between these possibilities. In the special and relatively unlikely case
that a nearby dark matter subhalo in the direction of B0656+14/Geminga is responsible for the observed flux, it
would be difficult to distinguish between pulsar and dark matter origins using this technique.

If anisotropy studies should prove inconclusive in resolving this issue, other information could be inferred from the
shape of the positron fraction and of the overall electron/positron spectrum. Peculiar shapes can result from the
superposition of the overall pulsar spectrum plus local contributions (see, for example, Fig. 4 or Ref. [16]). Future
studies of the electron and positron spectra at higher energies will be especially important, as the spectral cutoff in the
pulsar case is typically expected to be smoother and less sudden than that predicted from annihilating dark matter.
Furthermore, combining electron/positron measurements with those of antiprotons, antideuterons and diffuse gamma-
rays may prove useful in distinguishing between these possibilities. Population studies of pulsars in the gamma-ray

1 Note that, extrapolating from the data reported in [2], PAMELA can collect ∼ 105 useful electrons plus positrons events per year above
1.5 GeV. For the range of interest here this is several orders of magnitude below Fermi and unlikely to lead to a meaningful constraint
on the anisotropy of high energy charged leptons.
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Anti-protons and Anti-deuterons from DM

✤ Dominant background is cosmic-ray interactions
❖ No major background expected from astronomical sources
❖ Anti-proton backgrounds are greater than DM signals in general

• Uncertainties of anti-proton backgrounds can mask DM signals
❖ Anti-deuteron signal can be clearly separated from secondary backgrounds 
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the di↵erent contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a↵ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �F , expressed in GV. As already mentioned in the introduction, the value taken by �F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �F vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F (analo-
gously to what done in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p

F ± 50% �p
F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6
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FIG. 2. Antideuteron flux for secondaries int he ISM and the potential DM signal, corresponding to generic bb̄ annihilation
from the excess in CuKrKo. We show the di↵erent propagation models MED and MAX, which are constrained to fit B/C data
in Ref. [46]. CuKrKo corresponds to the propagation parameters obtained from the best fit of bb̄ DM in [14]. All fluxes are
derived in the analytic coalescence model with pC = 160 GeV (left panel) and pC = 248 GeV (right panel). Solar modulation is
treated in the force-field approximation with a potential of � = 400 MV. Additionally, the current limit by the BESS experiment
(95% CL) [49], the AMS-02 sensitivity of [21], and the expected sensitivity for GAPS (99% CL) [20] are displayed.

The DM signal corresponds to the best fit in CuKrKo,
namely annihilation into bb̄-quark final states, a dark
matter mass of 71 GeV, and a thermally averaged cross
section of 2.6 · 10�26 cm3/s. As expected, its relevance
is manifest in the lowest part of the energy range, be-
low 1 GeV/n and peaks at energies between 0.1 and
0.2 GeV/n. For a coalescence momentum of 160 MeV the
peak flux of 1·10�6 (GeV/n)�1m�2s�1sr�1 is at the level
of the most recent estimate of the sensitivities of GAPS
(99% CL) [20] and AMS-02 [21]. For the MAX propaga-
tion setup, the signal is well within the detection range
of both experiments. We notice that the MAX propaga-
tion setup together with the CuKrKo DM specification is
probably incompatible with antiproton data, but show it
for the sake of completeness. For the larger coalescence
momentum of 248 MeV, as very recently suggested by
the ALICE measurements, all fluxes are up-scaled by a
factor of 4 (right panel of Fig. 2). Now all the DM curves
are well within the GAPS and AMS-02 detection range.
Fig. 3 shows the reach capabilities of GAPS for the whole
2� allowed regions derived in CuKrKo for the DM par-
ticle compatible with the antiproton hint. The areas in
the four panels of Fig. 3 are derived by a full scan of the
DM mass and annnihilation rate inside the 2� regions
and show, as a function of the DM mass, the ratio be-
tween the calculated antideuteron flux (averaged over the
GAPS energy bin) and the GAPS expected sensitivity of
2.0⇥10�6 m�2s�1sr�1(GeV/n)�1, as determined in Ref.
[20]. The GAPS sensitivity is obtained by considering
two types of events in the detector (events originated by
stopping antideuterons and in-flight annihilation events),
for which the number of events required to obtain a 99%
CL detection is 1 (stopping events) and 2 (in-flight an-

nihilation). Whenever the ratio shown in Fig. 3 is above
1 implies that GAPS will detect the corresponding an-
tideuteron flux with a 99% CL confidence. This implies
that the number of detected events is 1 if the detection oc-
curs in the stopping channel, or 2 if the detection happens
in the category of in-flight annihilation. In Fig. 3, the
blue contour corresponds to our baseline scenario, namely
the analytic coalescence model with pC = 160 GeV, so-
lar modulation in the force-field approximation with a
potential of � = 400 MV, and propagation parameters
taken from CuKrKo. We see that a large portion of the
CuKrKo parameter space would produce a detectable sig-
nal in GAPS. The di↵erent panels then show the changes
arising from di↵erent assumptions, always compared with
the baseline scenario (blue areas). Panel (a) investigates
the impact of a Monte Carlo based coalescence, for which
we have used the results of [28]: the signal strength drops
by a factor of 4 and the reach of GAPS would be marginal
in this case. The larger coalescence momentum obtained
from ALICE enhances the fluxes considerably and conse-
quently the contour gets boosted: this is shown in panel
(b) (again for the analytic coalescence model) where the
corresponding contour for pC = 248 MeV is all well above
the GAPS sensitivity. This would imply several detected
antideuterons. Notice that also the Monte-Carlo-based
coalescence, if normalised to ALICE, would likely imply
that most of the DM parameter space is under reach of
GAPS (the tuning of the Monte-Carlo-based models on
ALICE requires a dedicated analysis, in order to derive
its specific value for pC , and it is not available at the
moment). Finally, the impact of solar modulation and
of di↵erent CR transport models are shown in panel (c)
and (d), respectively, for the analytic coalescence model.

arXiv:1711.08465

https://arxiv.org/abs/1711.08465
https://arxiv.org/abs/1711.08465
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AMS-02 Results
✤ AMS-02 observed positron spectrum which may peak at several 100 GeV

❖ AMS suggested WIMP hypothesis
✤ AMS-02 also observed anti-proton spectrum which is similar to proton and 

positron spectra, but different from electron spectrum

❖
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DAMPE Electron+Positron Spectrum
✤ DAMPE measurement of electron+positron spectrum shows clear break 

around 1 TeV
❖ Sharp peak at 1.4 TeV is 2σ level
❖ Consistent with Fermi-LAT + H.E.S.S. spectra

10
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of the proton background for DAMPE is estimated to be less than 3% in 
the energy range 50 GeV to 1 TeV (see Table 1). The systematic uncer-
tainties of the flux measurement have been evaluated, with dominant 
contributions from the background subtraction and the instrumental 
effective acceptance (the product of the fiducial instrumental acceptance 
and the particle selection efficiency). More details on the systematic  
uncertainties can be found in Methods.

A spectral hardening at about 50 GeV is shown in our data, in agree-
ment with that of AMS-0214 and Fermi-LAT16. The data in the energy 
range 55 GeV to 2.63 TeV fit much better to a smoothly broken power- 
law model (the fit yields χ2 =   23.3 for 18 degrees of freedom) than to 
a single power-law model (which yields χ2 =   70.2 for 20 degrees of 
freedom). Our direct detection of a spectral break at E ≈  0.9 TeV, with 
the spectral index changing from γ 1 ≈  3.1 to γ 2 ≈  3.9 (see Methods for 
details), confirms the previous evidence found by the ground-based 
indirect measurement of the H.E.S.S. Collaboration17,18. The AMS-02 
data also predict a teraelectronvolt spectral softening with the so-called 
minimal model24. Our results are consistent with the latest CRE spectra  
measured by Fermi-LAT16 in a wide energy range, although the tera-
electronvolt break has not been detected by Fermi-LAT, possibly 
owing to higher particle background contamination and/or lower 
 instrumental energy resolution. We note that the CRE flux measured 
by DAMPE is overall higher than the one reported by AMS-02 for 
energies exceeding 70 GeV. The difference might be due in part to the 
uncertainty in the absolute energy scale, which would coherently shift 
the CRE spectrum up or down. With increased statistics and improved 
understanding of the detector’s performance, more consistent measure-
ments among different experiments may be achieved in the near future.
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Figure 2 | The CRE spectrum (multiplied by E3) measured by DAMPE. 
The red dashed line represents a smoothly broken power-law model that 
best fits the DAMPE data in the range 55 GeV to 2.63 TeV. Also shown are 
the direct measurements from the space-borne experiments AMS-0214  
and Fermi-LAT16, and the indirect measurement by the H.E.S.S. 
Collaboration (the grey band represents its systematic errors apart from 
the approximately 15% energy scale uncertainty)17,18. The error bars  
(±  1σ) of DAMPE, AMS-02 and Fermi-LAT include both systematic and 
statistical uncertainties added in quadrature.

Table 1 | The CRE flux (in units of m−2 s−1 sr−1 GeV−1) with 1σ statistical and systematic errors

Energy range (GeV) 〈E〉 (GeV) Acceptance (m2 ×   sr) Counts Background fraction Φ  (e+  +  e− ) ±   σstat ±   σsys

24.0–27.5 25.7 ±   0.3 0.256 ±   0.007 377,469 (2.6 ±   0.3)% (1.16 ±   0.00 ±   0.03)×  10− 2

27.5–31.6 29.5 ±   0.4 0.259 ±   0.007 279,458 (2.5 ±   0.3)% (7.38 ±   0.02 ±   0.19)×  10− 3

31.6–36.3 33.9 ±   0.4 0.261 ±   0.007 208,809 (2.4 ±   0.2)% (4.76 ±   0.02 ±   0.13)×  10− 3

36.3–41.7 38.9 ±   0.5 0.264 ±   0.007 156,489 (2.4 ±   0.2)% (3.08 ±   0.01 ±   0.08)×  10− 3

41.7–47.9 44.6 ±   0.6 0.266 ±   0.007 117,246 (2.3 ±   0.2)% (2.00 ±   0.01 ±   0.05)×  10− 3

47.9–55.0 51.2 ±   0.6 0.269 ±   0.007 87,259 (2.3 ±   0.2)% (1.28 ±   0.01 ±   0.03)×  10− 3

55.0–63.1 58.8 ±   0.7 0.272 ±   0.007 65,860 (2.2 ±   0.2)% (8.32 ±   0.04 ±   0.21)×  10− 4

63.1–72.4 67.6 ±   0.8 0.275 ±   0.007 49,600 (2.1 ±   0.2)% (5.42 ±   0.03 ±   0.13)×  10− 4

72.4–83.2 77.6 ±   1.0 0.277 ±   0.007 37,522 (2.1 ±   0.2)% (3.54 ±   0.02 ±   0.09)×  10− 4

83.2–95.5 89.1 ±   1.1 0.279 ±   0.007 28,325 (2.1 ±   0.1)% (2.31 ±   0.01 ±   0.06)×  10− 4

95.5–109.7 102.2 ±   1.3 0.283 ±   0.007 21,644 (2.0 ±   0.1)% (1.52 ±   0.01 ±   0.04)×  10− 4

109.7–125.9 117.4 ±   1.5 0.282 ±   0.007 16,319 (2.0 ±   0.1)% (1.00 ±   0.01 ±   0.02)×  10− 4

125.9–144.5 134.8 ±   1.7 0.286 ±   0.007 12,337 (2.0 ±   0.1)% (6.49 ±   0.06 ±   0.16)×  10− 5

144.5–166.0 154.8 ±   1.9 0.287 ±   0.007 9,079 (2.0 ±   0.1)% (4.14 ±   0.04 ±   0.10)×  10− 5

166.0–190.6 177.7 ±   2.2 0.288 ±   0.007 7,007 (1.9 ±   0.1)% (2.78 ±   0.03 ±   0.07)×  10− 5

190.6–218.8 204.0 ±   2.6 0.288 ±   0.007 5,256 (2.0 ±   0.1)% (1.81 ±   0.03 ±   0.05)×  10− 5

218.8–251.2 234.2 ±   2.9 0.290 ±   0.007 4,002 (1.9 ±   0.1)% (1.20 ±   0.02 ±   0.03)×  10− 5

251.2–288.4 268.9 ±   3.4 0.291 ±   0.007 2,926 (2.0 ±   0.2)% (7.59 ±   0.14 ±   0.19)×  10− 6

288.4–331.1 308.8 ±   3.9 0.291 ±   0.007 2,136 (2.1 ±   0.2)% (4.81 ±   0.11 ±   0.12)×  10− 6

331.1–380.2 354.5 ±   4.4 0.290 ±   0.007 1,648 (2.1 ±   0.2)% (3.25 ±   0.08 ±   0.08)×  10− 6

380.2–436.5 407.1 ±   5.1 0.292 ±   0.007 1,240 (2.0 ±   0.2)% (2.12 ±   0.06 ±   0.05)×  10− 6

436.5–501.2 467.4 ±   5.8 0.291 ±   0.007 889 (2.2 ±   0.2)% (1.32 ±   0.05 ±   0.03)×  10− 6

501.2–575.4 536.6 ±   6.7 0.289 ±   0.007 650 (2.2 ±   0.2)% (8.49 ±   0.34 ±   0.21)×  10− 7

575.4–660.7 616.1 ±   7.7 0.288 ±   0.007 536 (2.0 ±   0.2)% (6.13 ±   0.27 ±   0.15)×  10− 7

660.7–758.6 707.4 ±   8.8 0.285 ±   0.007 390 (2.0 ±   0.2)% (3.92 ±   0.20 ±   0.10)×  10− 7

758.6–871.0 812.2 ±   10.2 0.284 ±   0.007 271 (2.3 ±   0.3)% (2.38 ±   0.15 ±   0.06)×  10− 7

871.0–1,000.0 932.5 ±   11.7 0.278 ±   0.008 195 (2.3 ±   0.3)% (1.52 ±   0.11 ±   0.04)×  10− 7

1,000.0–1,148.2 1,070.7 ±   13.4 0.276 ±   0.008 136 (2.6 ±   0.4)% (9.29 ±   0.82 ±   0.27)×  10− 8

1,148.2–1,318.3 1,229.3 ±   15.4 0.274 ±   0.009 74 (3.6 ±   0.5)% (4.38 ±   0.53 ±   0.14)×  10− 8

1,318.3–1,513.6 1,411.4 ±   17.6 0.267 ±   0.009 93 (2.2 ±   0.4)% (4.99 ±   0.53 ±   0.17)×  10− 8

1,513.6–1,737.8 1,620.5 ±   20.3 0.263 ±   0.010 33 (5.0 ±   0.9)% (1.52 ±   0.28 ±   0.06)×  10− 8

1,737.8–1,995.3 1,860.6 ±   23.3 0.255 ±   0.011 26 (5.4 ±   0.9)% (1.07 ±   0.22 ±   0.05)×  10− 8

1,995.3–2,290.9 2,136.3 ±   26.7 0.249 ±   0.012 17 (5.8 ±   0.9)% (6.24 ±   1.61 ±   0.30)×  10− 9

2,290.9–2,630.3 2,452.8 ±   30.7 0.243 ±   0.014 12 (7.9 ±   1.1)% (3.84 ±   1.20 ±   0.21)×  10− 9

2,630.3–3,019.9 2,816.1 ±   35.2 0.233 ±   0.015 4 (18.2 ±   2.5)% (1.03 ±   0.63 ±   0.07)×  10− 9

3,019.9–3,467.4 3,233.4 ±   40.4 0.227 ±   0.017 4 (15.4 ±   2.4)% (9.53 ±   5.64 ±   0.70)×  10− 10

3,467.4–3,981.1 3,712.4 ±   46.4 0.218 ±   0.018 4 (11.2 ±   2.6)% (9.07 ±   5.12 ±   0.77)×  10− 10

3,981.1–4,570.9 4,262.4 ±   53.3 0.210 ±   0.020 3 (11.4 ±   4.0)% (6.15 ±   4.02 ±   0.60)×  10− 10

〈 E〉  is the representative value of the energy in the bin, calculated in the same way as in ref. 14.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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FIG. 1: The global fitting results and the corresponding residuals to the proton flux, helium flux and p̄/p ratio for 2
scenarios. The 2� (deep red) and 3� (light red) bound are also showed in the figures.
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FIG. 2: The global fitting results and the corresponding residuals to the AMS-02 positron flux and DAMPE lepton
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4. Dark Matter Programme 4.1 Science Targeted

duced processes at E� = mDM; and (iii) line-like features close to the dark matter mass from radiative
corrections to processes with charged final states (e.g. virtual internal bremsstrahlung). These spectral
features provide powerful discrimination against the more smooth spectra expected for standard astro-
physical sources. The left panel of Figure 4.4 shows typical spectra arising from the above-mentioned
processes. The right panel of Figure 4.4 indicates the dominant annihilation modes as a function of the
neutralino mass M� for the allowed models in the pMSSM scan of Ref. [54]. From this plot it can be
seen that above 800 GeV the W+W� is always the dominant annihilation mode (meaning that for the
particular model, it is the mode with the largest branching fraction). Between 200-800 GeV, the tt̄ and
the bb̄ modes dominate in different regions. The ⌧+⌧� mode is only significant below 200 GeV.
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Figure 4.4 – Left: Annihilation spectra for the continuum signals from the quark, lepton and gauge boson
primary channels for a 2 TeV dark matter mass. The line-like feature expected from the virtual internal
bremsstrahlung process contribution is particularly prominent for the W+W� channel. Right: The dominant
annihilation modes in the pMSSM scan of Ref. [54]. As a function of neutralino mass, the plot shows the
fraction of models with each of the annihilation modes as indicated. It should be noted that in general for any
particular model more than one mode contributes and the dominant mode is the one with the largest branching
fraction.

The gamma-ray continuum from dark matter annihilation discussed in the previous section typically
vastly dominates the total photon count, at least for energies E�  0.1 M�. However, the resulting
spectrum is rather soft and does not contain any specific features that would unambiguously point to
its dark matter origin. Higher-order processes, on the other hand, can add sharp spectral features
to the high-end part of the spectrum, E� ⇠ M�, and would provide potential smoking-gun signatures
for the detection of particle dark matter. In fact, the detection of such features would not only help to
discriminate a signal from the background [87], but would also provide valuable information about the
particle nature of the annihilating dark matter.

The first signal considered historically of this type is the direct annihilation of dark matter pairs into �X
(where X = �, Z, H or some new neutral state). This process is necessarily loop-suppressed because
the dark matter particles carry no charge, but it leads to the striking signature of monochromatic photons
with an energy of E� = M�(1 � M2

X/4M
2
�
). The discrimination of these lines is generally challenging,

though annihilating Kaluza-Klein dark matter may provide a noteworthy exception in that it can lead
to the fascinating signature of several equidistant lines at TeV energies. For thermally produced dark
matter, one would naively expect that the process �� ! �� happens at a rate of ↵2 < �v >thermal⇠

10�31cm3s�1, where ↵ is the fine structure constant. While this naive estimate falls well below the
sensitivity of CTA, there are several mechanisms that can significantly enhance line signals - in particular
at the high energies accessible by CTA, see, e.g., Ref. [88].

At first order in ↵, pronounced spectral features can also be generated by an additional photon in
the final state whenever dark matter annihilates to charged particles. This process is known as in-
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4. Dark Matter Programme 4.2 Strategy

Figure 4.5 – Annihilation cross-section points from a 19-dimensional pMSSM fit from Ref. [53] which contains
a set of basic constraints and direct search limits as explained in the reference. The colour coding identifies
the composition of the lightest neutralino. Pure states are shown for the supersymmetric electroweak gauge
bosons (green for the bino and blue for the wino) and for the Higgsino (supersymmetric partner of the Higgs
boson) in red. Admixtures are shown with intermediate colours in accordance with the legend.

• Tobs is the live time of observation,

• h�vi is the thermally averaged velocity-weighted annihilation cross-section,

• M� is the dark matter particle mass,

• dNDM(E)/dE is the energy spectrum of the gamma rays produced in the annihilation,

• Ae↵ is the detector effective area, and

• Emin and Emax are the energy limits for the measurement.

4.2 Strategy

The indirect dark matter search with CTA has several possible astrophysical targets, each with its own
inherent advantages and disadvantages. The Milky Way represents a natural place to look for dark mat-
ter signatures and its centre is expected to be the brightest known source in the dark matter induced
gamma-ray sky, although the exact magnitude is rather uncertain. The dark matter density profile in
the Milky Way should lead to an annihilation signal observable on large angular scales; however, as-
trophysical Galactic foregrounds coupled with the enormous spatial extent and the truly diffuse nature
of this Galactic dark matter emission make separation between signal and background challenging. On
the other hand, nearby dwarf spheroidal galaxies should provide easier separation of signal and back-
ground but yield comparatively lower signals because of both the distance and lower dark matter content
compared to the Milky Way.

The concordance cosmological ⇤CDM model predicts that the formation of visible structures has been
guided by gravitational accretion of baryons onto previously formed dark matter over-densities. The
astrophysical structures of interest result from the hierarchical formation of dark matter halos from pri-
mordial dark matter over-densities. The subsequent evolution of these dark matter halos occurred in
many different ways. In particular, on galactic and sub-galactic scales, the process depended on halo
parameters such as the halo mass and the mass density profile, the evolution history, and the conditions
set by the local galactic evolution environment. Some of the resulting halos could have been sufficiently
massive to accrete enough baryons to initiate star formation and form galaxies, including the variety of
satellite galaxies we actually observe in the Milky Way halo. In-falling dwarf galaxies (e.g., dwarf irregular

Cherenkov Telescope Array
Science with CTA
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Fermi “Galactic Center Excess”
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“Galactic Center Excess” Summary

✤ Fermi/LAT diffuse model is NOT intended for diffuse analysis
❖ “All the released diffuse models were derived for point sources and 

compact extended sources studies only, and are not suited for studies 
of extended sources and/or large-scale diffuse emissions. ”

❖ “Each diffuse model should be used with the corresponding Event 
Selection and IRF.”

14

Publication Data set Galactic diffuse 
model

mDM (GeV/c2)
(for bb pair)

<σv> (10−26 cm3/s)
(for bb pair)

2014PhRvD.
.89f3515M
2014PhRvD.
.90b3526A

2016PDU....
12....1D
2016PDU....
12....1D

2015JCAP...
03..038C

Pass 7, 45 months, 
|b|<3.5°, |ℓ|<3.5°

Fermi/LAT p7v6 + 
HI gas (20 cm) 29±9 2.0±0.6

Pass 7, 57 months, 
|b|<3.5°, |ℓ|<3.5°

HI gas (20 cm) + 
“new diffuse” 39.4±7.9 5.1±2.1

Pass 7, 64 months, 
1<|b|<20°, |ℓ|<20°

Fermi/LAT p6v11 + 
Fermi Bubbles ~35.5 ~3.0

Pass 7, 64 months, 
|b|<5°, |ℓ|<5°

Fermi/LAT p7v6 + 
HI gas (20 cm) 35.5±4.5 3.0±0.5

Pass 7, 64 months, 
2<|b|<20°, |ℓ|<20°

HI&H2 gas + 
Inverse Compton 49±6 1.8±0.3

Acero, F. et al. 2016, ApJS, 223, 26
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Problems with “GCE” Analyses
✤ Most analyses use wrong Galactic diffuse models

❖ Some authors are aware of caveat from the LAT team
✤ Uncertainties in cosmic-ray propagation in the Galprop model

❖ Assumptions
• Homogeneity and isotropy of cosmic-ray diffusion and re-acceleration 
• Radial symmetry of cosmic-ray source distribution: ignore spiral arms
• Same spatial distribution of hadronic and leptonic cosmic-ray sources

✤ Unknown contributions from undetected gamma-ray sources
❖ Spectrum of Calore+ is not necessarily compatible with dark matter spectrum

• slow rise below the peak
• no clear cutoff above 10 GeV

✤ Excess is not limited to Galactic Center

15
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Recent “GCE” Analysis by LAT Team
✤ Detailed modeling of Galactic diffuse emissions

❖ CR interactions with interstellar medium
❖ CR electron interactions (bremsstrahlung, Compton up-scattering)
❖ Fermi bubble at low galactic latitude

✤ GeV excess at Galactic center region is statistically significant
❖ GCE spectrum vary by a factor of 3 at ~ a few GeV
❖ Fermi bubble is major cause of uncertainties
❖ GCE shape is not symmetric
❖ Similar excess can be found outside

of Galactic center region

16

Data, 1.1 - 6.5 GeV

0.8 1.1 1.4 1.7 2.0 2.3 2.6
log10(counts)

Model, 1.1 - 6.5 GeV

0.8 1.1 1.4 1.7 2.0 2.3 2.6
log10(counts)

ApJ, 840 (2017) 34
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❖ GCE spectrum vary by a factor of 3 at ~ a few GeV
❖ Fermi bubble is major cause of uncertainties
❖ GCE shape is not symmetric
❖ Similar excess can be found outside

of Galactic center region

16

ApJ, 840 (2017) 34



Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 –MAR 2 2018, Nagoya University /25

Recent “GCE” Analysis by LAT Team
✤ Detailed modeling of Galactic diffuse emissions

❖ CR interactions with interstellar medium
❖ CR electron interactions (bremsstrahlung, Compton up-scattering)
❖ Fermi bubble at low galactic latitude

✤ GeV excess at Galactic center region is statistically significant
❖ GCE spectrum vary by a factor of 3 at ~ a few GeV
❖ Fermi bubble is major cause of uncertainties
❖ GCE shape is not symmetric
❖ Similar excess can be found outside

of Galactic center region

16

ApJ, 840 (2017) 34

101 102 103 104

m� [GeV]

10�28

10�27

10�26

10�25

10�24

10�23

h�
vi

[c
m

3
s�

1 ]

bb̄

Daylan+ (2014)

Calore+ (2014)

Abazajian+ (2015)

6 year dSph 95% UL

gNFW GC 95% UL

NFW GC 95% UL

Thermal Relic Cross Section
(Steigman+ 2012)

101 102 103 104

m� [GeV]

10�28

10�27

10�26

10�25

10�24

10�23

h�
vi

[c
m

3
s�

1 ]

⌧+⌧�

Daylan+ (2014)

Calore+ (2014)

Abazajian+ (2015)

6 year dSph 95% UL

gNFW GC 95% UL

NFW GC 95% UL

Thermal Relic Cross Section
(Steigman+ 2012)



✤ Many dwarf spheroidal galaxies (dSph) around our Galaxy
❖ dSphs are known to have large dark matter fraction (~100%)
❖ Negligible gamma-ray backgrounds from ordinary matter (few stars)
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Dwarf Spheroidal Galaxies

17



✤ 15 dwarf spheroidals (dSphs) with 6 years of Fermi-LAT data
❖ Selected based on distance, matter/light (M/L) ratio

✤ New “pass 8” data set: >20% more acceptance, ~10% more FOV
✤ Exclude up to ~80 GeV/c2 in τ+τ−, ~100 GeV/c2 in bb (and uu)
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Fermi DM Search in Dwarf Galaxies
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Fermi DM Search in Dwarf Galaxies
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✤ 45 dSphs with 6 years of Fermi-LAT data
❖ 28 kinematically confirmed and 17 recently discovered dSphs

✤ No significant WIMP signal observed
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New DM Search in Dwarf Galaxies
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✤ 45 dSphs with 6 years of Fermi-LAT data
❖ 28 kinematically confirmed and 17 recently discovered dSphs
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New DM Search in Dwarf Galaxies
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New DM Search in Dwarf Galaxies
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✤ Test statistic (TS=−2[lnL−lnL0]) for each dSph as a function of DM mass 
show no coherent peak at a certain DM mass
❖ 4 dSphs are inconsistent with null at 97.5% C.L.

✤ Combined TS with proper weighting by J-factors still has a peak
(J-factor ∝ expected # of annihilation)
❖ This structure is reflected into the U.L. on the annihilation cross section
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Constraints on DM Mass
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✤ H.E.S.S. Observations of Galactic center for 254 hours
❖ Galactic diffuse BG in TeV band is relatively low compared with GeV band due 

to steep spectrum
❖ Local cosmic-ray electrons producing EM showers are dominant BG
❖ Uncertainties of DM density profile give large uncertainties

❖ .
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✤ Cherenkov Telescope Array (CTA)
❖ Large number of telescopes

• Large collection area (×~30)
• Better angular resolution (0.03°)

❖ Optimized telescope configuration
• LST: ~23 m ϕ × 4, ~20 GeV – 200 GeV
• MST: ~12 m ϕ × 20, ~100 GeV – 10 TeV
• SST: ~4 m ϕ × 70, ~5 TeV – 300 TeV

❖ ~1000 of TeV gamma-ray sources

❖

Future Gamma-ray Observatory

22
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CTA Sensitivities on Dark Matter
✤ Sensitivity depends on particle produced by DM annihilation and 

DM annihilation cross section
❖ Those are dependent on DM particle model

✤ Systematic errors due to CR electron subtraction and DM profile

23

4. Dark Matter Programme 4.2 Strategy

Figure 4.8 – Comparison of allowed models from [53] for each the dominant modes: W+W�, bb̄, tt̄ and ⌧+⌧�

in the four panels as indicated with the corresponding sensitivities as calculated in their paper. The colour code
shows the value of dominant branching fraction for each point (The stars mark the particular benchmark points
discussed in Ref. [54]).

matter distribution modeling and/or in the sensitivity computation that significantly impact the expected
sensitivity. Among the differences are the instrument’s response functions together with the residual
background used for CTA and the dark matter distribution in the innermost kpc of the Galactic Center. A
description of the instrument response functions used for this study can be found in the Appendix.

The estimate of CTA sensitivity in the monochromatic line search is shown in Figure 4.9, where the data
are analysed in a circle of 1� radius encompassing the Galactic Centre position assuming two different
dark matter distribution profiles (Einasto and isothermal). The modeling of the standard astrophysical
emission is obtained by taking into account the already detected gamma-ray emission by H.E.S.S. in
that region convolved with the instrument response functions as well as the residual rate of charged
cosmic rays. Using the energy-dependent variation of the energy resolution, an unbinned analysis of
Monte-Carlo simulations was performed. A sliding search window of four times the size of the energy
resolution centred at the position of the expected line is used. The results in Figure 4.9 show this method
as well as an analysis cross-check, assuming a 500 hours exposure and an Einasto dark matter distri-
bution profile. While the current analyses do not include systematic uncertainties, these are expected
to be small. As no known standard astrophysical sources would produce such sharp energetic features,
the discrimination against background is easier in line searches compared to the continuum emission
search.

4.2.2 Dwarf Spheroidal Galaxies and Dark Clumps

Description

The dwarf spheroidal galaxies (dSphs) of the Local Group could give a clear and unambiguous detection
of dark matter. They are gravitationally bound objects and are believed to contain up to O(103) times
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Figure 4.6 – Left: CTA sensitivity for h�vi from observation of the Galactic halo for different annihilation modes
as indicated. Right: CTA sensitivity for bb̄ annihilation modes for different conditions, black is for 100 hours of
observation and red is for 500 hours. The solid lines are the sensitivities only taking into account the statistical
errors while the dashed and dotted curves take into account systematics as indicated. The dashed horizontal
lines approximate the level of the thermal cross-section of 3⇥ 10�26cm3s�1.

dynamics. Even in the case of a pessimistic dark matter distribution at the Galactic Centre , e.g. a
Burkert profile, the sensitivity of CTA is comparable to what is expected for a classical dwarf galaxy (see
Figure 4.10). Figure 4.8 compares the CTA Galactic halo sensitivity limit predictions with the pMSSM
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Figure 4.7 – CTA sensitivity for h�vi on the Galactic halo for cupsy (NFW, Einasto) and cored (Burkert)
dark matter halo profiles. The sensitivities are plotted for 500 h observation, the bb̄ annihilation channel,
and for statistical errors only. The dashed horizontal lines indicate the level of the thermal cross-section of
3⇥ 10�26cm3s�1.

model scan of Ref. [54]. Each panel shows the branching fraction of the primary annihilation channels
for a given model. Similar studies can be found in Ref. [86, 105]. It can be seen that for models with
M� > 500 GeV CTA will be the only experiment able to probe the vast majority of models.

Similar studies have been carried out in the recent literature on the CTA sensitivity prospects towards
the Galactic Centre [106, 107, 104]. A careful examination of these works reveals differences in the dark
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✤ ~ an order of magnitude improvements expected up to 10 TeV/c2

❖ Fermi-LAT: increased statistics and more dwarf spheroids
• New dwarf spheroids have been discovered due to improved 

detection techniques
• Improved Galactic center analysis

❖ Cherenkov telescope: better sensitivities with CTA
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✤ Indirect search is one of complimentary approaches in dark matter 
studies

✤ Cosmic anti-particle spectra may provide information for 
existence of dark matter
❖ Current measurements by AMS-02 and DAMPE are not sufficient to 

claim dark matter signature 
✤ Fermi-LAT “Galactic Center Excess” is intriguing, but further 

studies are required to draw any conclusions
✤ Fermi-LAT excludes thermal relic DM for the mass below 80–100 

GeV/c2

❖ Excluded mass range would extend to multi-100 GeV/c2 in the future 
with longer observations with more targets

✤ CTA is a promising project to search for DM in TeV energy band
❖ Excluded mass range would extend to ~10 TeV/c2

• Interesting mass range for prominent SUSY models
❖ CTA can access DM phase space where collider and direct searches 

cannot access
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CTA collaboration (as of Oct, 2016)
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J-Factor Determination for dSphs
✤ J-Factor is well correlated with the distance

❖ Comparison of three different method to estimate J-factors
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