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Introduc3on 
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High energy phenomena in the universe

3

4

Gamma Ray Astronomy & Astrophysics

NASA/CXC/SAONSF/J. Yang

Origin of Cosmic Rays Supernova Remnant Supermassive Black Hole

NASA

Binary / Nova

NASA/CXC/CfA

Active Galactic NucleiGamma Ray Burst

Galactic Center

NASA/ESA/SSC/CXC/STScl

Dark Matter

David A. HardyNASA/ESA/M. Kornmesser

DAMPEThere are plenty of interes3ng topics in High Energy Universe 
We focus on the Dark Side of the Universe
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Exposure of instruments for High-Energy Photons toward DM searches

ガンマ線は星間磁場の影響を受けないので到来方向を保存
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ε : Effec3ve area 
T : Observa3on 3me 

Nb of detected photons : 

ε  T∝ Φ × ×

Disclaimer: 
- one of the many 
ways to compare 
instruments 
- for some DM 
searches, FoV or 
energy resolu@on can 
be cri@cal as well

From K. Boddy et al., Snowmass2021, JHEA 35 (2022) 112
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ガンマ線は星間磁場の影響を受けないので到来方向を保存
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From K. Boddy et al., Snowmass2021, JHEA 35 (2022) 112

ε : Effec3ve area 
T : Observa3on 3me 

Nb of detected photons : 

ε  T∝ Φ × ×
For space-based telescopes, 
(1 m2) ~(10 years)~1012.5 cm2s×

High Energies: drama3c improvement is expected within next decade

Disclaimer: 
- one of the many 
ways to compare 
instruments 
- for some DM 
searches, FoV or 
energy resolu@on can 
be cri@cal as well

Exposure of instruments for High-Energy Photons toward DM searches
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DM

DM

SM

SM

E. Charles et al., PhysRep, (2016)

Complementarity of WIMP DM Searches
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Various experiments covers huge DM parameter space -> Complementarity!! 
• TeV-scale: well-covered by the indirect DM technique  

• With Imaging Atmospheric Cherenkov Telescopes (IACTs) 
• Large exposure gives us access to heavier masses

IACT

See S. Chen’s talk

See M.Kobayashi’s talk

https://arxiv.org/abs/1605.02016
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?
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Why indirect method for WIMP DM?
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?
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• Test of par3cle DM 

• DM mass, a coupling constant… par@cle informa@on 

• Test of DM produc3on mechanism 

• When produced? Thermally freeze-out or not  

• Measure annihila@on cross-sec@on 

• Benchmark: <σv> ~ 3 × 10-26cm3s-1 

• So-called “thermal relic” cross-sec3on 

High T
Temperature

Low T

Why indirect method for WIMP DM?
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Why Gamma-Ray? - “Direction-Sensitive”

ガンマ線は星間磁場の影響を受けないので到来方向を保存
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• Cosmic posi@on spectra reported by AMS-02 
• 1.5 TeV Dark Maber Mass? 

• However, possible other origins (e.g. pulsar) 
• To be conclusive, have to associate arrival direc@on of 

signals with origins (i.e. a source) 
• “Direc@on-Sensi@ve” indirect dark maber searches

＠higgstan

Easy to associate with the source, not affected by B-fields

http://higgstan.com
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Gamma-ray detectors
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MeV-GeV range  
Satellite-borne detectors

TeV-PeV range  
Compact Ground based detectors 

(par@cles)

>PeV range  
Wide Ground-based detectors (par@cles)

TeV range  
Ground-based detectors (light)

credit: Richard White, MPIK
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Gamma-ray detectors

11

credit: Richard White, MPIK

MeV-GeV range  
Satellite-borne detectors

TeV range  
Ground-based detectors (light)

TeV-PeV range  
Compact Ground based detectors 

(par@cles)

>PeV range  
Wide Ground-based detectors (par@cles)
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MAGIC 
2 tels. × Dia. 17m 

CTA-LST 
4 (1) tels. × Dia. 23m 

H.E.S.S. II  
4 tels. × Dia. 12m 

+ 
Dia. 28m tel

VERITAS 
4 tels. × Dia. 12 m 

Imaging Atmospheric Cherenkov Telescopes (IACTs)

12
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The MAGIC telescopes
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MAGIC-I MAGIC-II

Observatorio del Roque de los Muchachos, La Palma (Spain)

The MAGIC telescopes 

MAGIC (Major Atmospheric Gamma Imaging Cherenkov telescopes) 
　・Observatorio del Roque de los Muchachos (ORM)  
　　・~ 2200 m a.s.l., La Palma, Canary Islands, Spain 
　・2-telescope stereoscopic system 
　　・17m diameter  
　・Energy : 50 GeV - 50 TeV (Low Zd ~20°) 
　・FoV : 3.5° 
　・Angular resoluLon : 0.06° @ 1 TeV 
　・Energy resoluLon : 15 % - 25 %

MAGIC-I MAGIC-II

Observatorio del Roque de los Muchachos, La Palma (Spain)

Gamma Proton

9TMEX-2023, Quy Nhon, Vietnam 6th Jan (Tomohiro Inada, DM and GC with MAGIC) 

• Observatorio del Roque de los Muchachos (ORM)  
• ~ 2200 m a.s.l., La Palma, Canary Islands, Spain 
• 2-telescope stereoscopic system 

• 17m diameter  
• Energy : 50 GeV - 50 TeV (Low Zd ~20°) 
• FoV : 3.5° 
• Angular resolu@on : 0.06° @ 1 TeV 
• Energy resolu@on : 15 % - 25 %
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Annihila@on

Decay

σv : annihila@on cross-sec@on, τ : life@me 
mχ : Mass of DM par@cle 
BRi : branching ra@o of each channel 
dNi/dE : differen@al gamma-ray yield of each channel 
 

Expected gamma-ray flux from DM annihilation/decay

14

Par3cle physics term

Based on Cirelli et al. JCAP 1103, page 51

Con3nuum spectra 
• Sharp cut off  at DM masses  

Line-like emission 
• clear peak, no contamina@on astrophysical component
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Annihila@on

Decay

Expected gamma-ray flux from DM annihilation/decay

15

ρ : dark maber density (source-dependent) 
J-factor : Integrated DM density along the line 
of sight  (in case of decay, called “D-factor”)

Astrophysics term

Core

Cuspy
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Motivation for Gamma-ray Line signal searches 
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• Clear peak at DM mass: No astrophysical contamina@on 

• Loop-suppressed by  (i.e. the fine-structure constant) 

• Some heavy DM (e.g. SUSY) models enhance their 
annihila@on rate, called Sommerfeld enhancement

α2

© L.Bergström

H.E.S.S. collabora@on, JCAP, (2018)

SUSY-Wino-Like  

χχ → γγ χχ → Zγ

J. Hisano, S. Matsumoto, and M. M. Nojiri (2004)

https://arxiv.org/abs/1810.00995
https://arxiv.org/abs/hep-ph/0307216
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Observational targets
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Simulated all-sky map of gamma-rays from DM annihila@on 
(Galac@c coordinates) PRD 83, 023518 (2011)  

N-Body simula@on Via Lactea II 

Galac3c Center and Halo 
・The largest J-factor  
・Extended  

・src confusion, diffuse bkg and 
　Cuspy/core differences in DM profiles

Dwarf Galaxies (dSph) 
・DM dominated system  

　・less bkg 

　・low J-factor 

　・small extension 

　・Lower uncertain@es 
　　in J-factor

Galaxy Clusters  
・Huge DM content 

・Extended 

・High Astrophysical  
　contamina@on  

Popular target for  
DM annihila3on  
searches 
Jann ~ ∫ DM_density2

Popular target for  
DM decay 
Jdec ~ ∫ DM_density
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Current Dark Matter Searches with IACTs

18
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The Dark side of the Galactic Centre 

19

😀Pros: The largest J-factor → the most promising!!  

🤔Cons: Extended, src confusion, diffuse bkg 
　Cuspy/core differences in DM profiles 

Core

Cuspy

J-factor

× O(100)

Need to think about both 
scenarios separately 
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H.E.S.S. PRL (2022)

H.E.S.S. PRL (2018)

Dark Ma0er searches at the GC 
• Full of excellent results from H.E.S.S. 

collabora@on in GeV-TeV ranges due to 
good observa@onal condi@ons for South 

• Mainly focusing on only Cuspy profiles 
• No results by northern telescopes for 

first  15 years 
• Northern telescopes need a strategy to 

be complementary 

∼

Con@nuum 
spectra search

Line search

Current status at DM searches 
at the GC

15 years

EXCLUDED

EXCLUDED

H.E.S.S. PRL (2022)

Continuum

Continuum

Line

arxiv:2111.01198

https://arxiv.org/abs/2111.01198
https://arxiv.org/abs/2111.01198
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Key experimental fact: 
• IACT performance depends on zenith angles 

• because of difference in a shower distance 

• Nominal IACT setup: ver@cal observa@on 
The GC observation
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Key experimental fact: 
• IACT performance depends on zenith angles 

• because of difference in a shower distance 
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The GC visibility for LaPalma 
Zenith angles > 55 deg 
(Eleva@on angles >25 deg) 
→Large zenith angle observa@on  

• Nominal IACT setup: ver@cal observa@on 
• Large zenith angle observa3on 

• Energy threshold: worse  
• Energy resolu@on: worse 
• Effec@ve collec@on area: be0er 

• Good for higher energe3c events

Let’s boost in TeV range! 

The GC observation with Northern IACTs
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Testing SUSY-Wino with various DM profiles 
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The first @me to 
constrain SUSY-wino 
DM with both cuspy 
and cored profiles!

J.Hisano et al., Phys. Leb.B 646 (2007)

2.7 - 3.0 TeV 
the best choice 

MAGIC Collaboration+N. Hiroshima, K. Kohri, 
Phys. Rev. Lett. (2023) 
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Einasto Profile Upper limits on σv 

https://arxiv.org/abs/hep-ph/0610249
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.061002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.061002
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Challenge on Higgsino DM with the current IACT generation 

24

Einasto (cuspy)

We are approaching Higgsino DM at 1.1 TeV, 
assuming the most op3mis3c a DM profile though

My Projec:on on MAGIC

HESS, ICRC2023 
proceeding

Cross-sec@on is baed on M. Beneke et al., JHEP 03 (2020), 030 
[arXiv:1912.02034 [hep-ph]].
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Dwarf Galaxies (dSph)
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“Clean” target for DM searches  
• Known satellites of the Milky Way 

• high mass-to-light ra@on 
• Up to O(1000) M/L ra@os 

• very few astrophysical emission 
expected 

• One of most robust astrophysical probe 
into nature of DM 
• although large uncertain@es (up to 

×10) of J-factor but less than the 
difference in the GC profile

K. Hayashi et al (2020) ApJ 904 45

J-factor 

See K.Hayashi’ talk 
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Combination of dSph results: five experiments
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arXiv:2108.13646v1

• combina@on of 20 dSph observa@ons 
• 20 from Fermi-LAT: 10 yrs 
• 9 from IACTs: 500+ hrs 
• 12 from HAWC: 1000+ days  

• 5 exp. covers 5 GeV to 100 TeV of DM masses
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Comparison of the limits with 2 sets of J-factors

27

• Limits  2-6× more constraining with the J-factors of Bonnivard et al.  
• Below 10 TeV - DM limits largely dominated by Fermi-LAT 
• above 10 TeV - IACTs and HAWC take over 
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Upcoming future prospects

28
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Cherenkov Telescope Array Observatory 

29

in operation

North site, La Palma

Southern site,Chile

4 Large-Sized Telescopes 
9 Medium-Sized Telescopes 

14 Medium-Sized Telescopes 
37 Small-Sized Telescopes 

Next genera@on ground-based gamma-ray telescope: Two arrays 
of Cherenkov telescopes in Chile/ La Palma 
• Over 100 telescopes, About 1500 scien@sts and engineers, 

About 200 ins@tutes

CTAO, G. Pérez, IAC, SMM

LST-1 is in operation

Alpha Configuration 

(4 Large-Sized Telescopes)

Alpha Configuration 

x10 better
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Core

Cuspy

Galac3c centre observa3ons with CTAO can  
test the thermal relic cross sec@on of  
500 GeV - 10 TeV WIMPs
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MAGIC Einasto 223hr (2022)

 Upper limitsC.L.95% 
Power law on counts (benchmark model)
Power law on flux 
σ   1
σ   2

Figure 6. Median of expected 95% C.L. upper limits on the annihilation of DM into a pair of
gamma-ray photons (black) as well as the 5� discovery potential (purple), as a function of the DM
mass m�. The green and yellow bands show the expected variance of the median upper limits,
as indicated, and data points summarize 95% C.L. limits previously obtained by Fermi LAT [21],
H.E.S.S. [115] and MAGIC [24]. (Note that a significant scatter between mass bins is expected for
a limit on actual data, as opposed to the median of limits derived from many MC realizations; the
treatment of systematic uncertainties, furthermore, partially differs from the analysis adopted in this
work). The limits projected for CTA are based on the assumption of an Einasto DM profile and
500 hours of observation of the inner GC, adopting our benchmark modelling of the background
component in the analysis (solid lines); for comparison, we also indicate (with dashed black lines) the
mean upper limits resulting from the more aggressive analysis method that relies on modelling the
astrophysical gamma-ray flux – rather than the total counts – as a power law.

analysis strategy (power-law background on the measured counts), dashed lines show the
alternative approach, where the power-law assumption is made on the gamma-ray fluxes
instead. As stressed in Sec. 5.2, the default approach neglects our knowledge of the IRFs and
therefore results in more conservative estimates of the sensitivity. The inner (green) and outer
(yellow) bands show the 1� and 2� confidence level of our sensitivity estimate, respectively,
as derived from the Asimov dataset (for further discussion, see Appendix. A.3). The lower
DM mass threshold in this figure is set to 200 GeV, from the requirement of the lower edge
of the sliding energy window to not fall below 100 GeV. We prefer to not use the lowest bins
at this stage because the effective area of CTAO drops rapidly when going below 100 GeV,
cf. Fig. 1, causing the current IRF estimate to be more uncertain.

As demonstrated in the figure, the projected CTA sensitivity to spectral line signatures
improves upon current limits by ground-based experiments (notably HESS [115]) by a factor
of ⇠2 at 1 TeV, and by up to one order of magnitude in the multi-TeV range. Such an
improvement is in rough agreement with what one may expect from an increase of exposure
alone, as a consequence of doubling the observation time and a larger effective area (cf. right
panel of Fig. 1). Below about 300 GeV, the CTA sensitivity is expected to become worse than
limits reported by the Fermi LAT [21]. It is also intriguing to compare the current bounds to

– 22 –

CTAO Alpha Configuration:  
Sensitivity to DM signal at the GC

Continuum

Line

JCAP 01 (2021) 057

JCAP 07 (2024) 047

JCAP 01 (2021) 057
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Early science with LST-1 at the GC observation

The galac@c centre of LST-1’s view is observed for 
39hrs with the Large Zenith Angle Technique 

Pros: Ge�ng several @mes larger collec@on area  
Cons: Higher Threshold Energy (> 300GeV)

Some trials to derive spectra from individuals
©Shotaro Abe (ICRR)
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Toward Dark Matter Searches with LSTs

©Shotaro Abe (ICRR)

Preliminary

Large FoVs with flat acceptance is beneficial for J-factor 
Lower threshold will allows us for con:nuum spectra study

J-factor

MAGIC FoV LST FoV

New View towards the Galactic Center

9

This presentation reports a study, with LST-1, revisiting the prior research 
that the current-generation Cherenkov telescopes have done.
• The VHE view of the diffuse emission is raising in importance

– e.g.) CR acceleration around Sgr A* presumably reaching PeV
• The LST prototype can play a unique role

in TeV observations of such extended sources
even before the observatory is completed

Galactic Center
observations HESS MAGIC VERITAS LST-1

Zenith Angle Low Zd Large Zd Large Zd Large Zd
Field of View 5.0 deg 3.5 deg 3.5 deg 4.5 deg

Preliminary

× 1.5 − 2
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500 hours of CTAO-S observa3on 

5σ
3σ

Phys.Rev.D 110 (2024) 4, 043003

• Targe@ng photons for the WW and γγ/Zγ final states of 
thermal Higgsino annihila3on at the mass of  1.1 TeV 

• 500 h of observa3ons with CTAO-S, we would be able to 
see something more than 3σ, even more than 5σ, 
though assuming an op@mis@c profile model 

• CTAO-S full opera@on will be 2030s. 
• 4 LSTs of CTAO-N will start opera3on in 2026  

• Would have a good chance for some cases such as 
Einasto etc within the next decade 

• A dedicated paper, discussing poten@al detectability, is 
in prep. Stay tuned. 

Higgsino detectability 
for the next decade DM Profiles Energy 

Spectra
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CTAO North sites 
on 30.Aug.2024

LST1
Oct 2018

LST4 
Mar 2025

LST3
Aug 2025

LST2
Nov 2025

MAGIC-IMAGIC-II

K.Noda

30th Aug 2024

17th Oct 2024

LST-3

CTAO-LSTs construction is in progress!
LST-4

LST-4

Three LSTs 
simuluteneously  
in construction!

Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMI Interna@onal Symposium 
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LST2-4 construction

20th December 2024

LST-2

LST-3

LST-4

LST-1
MAGIC-IIMAGIC-I

Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMI Interna@onal Symposium 
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Summary
• Indirect DM searches with gamma rays is complementary with other 

WIMP searches 
• In par@cular, good tool to access heavy DM models 

• Ground-based Gamma-ray telescopes (IACTs) have a good sensi@vity 
in TeV energy range 
• constrain WIMPs with variety of targets 

• the Galac3c Centre: one of the most promising 
• MAGIC introduced the large zenith angle observa3on 

• Boosted the sensi@vity at TeV energies 
• Proof-of-concept: MAGIC Collabora3on (2023) Phys. Rev. Le0.  

• Constraint on SUSY-Wino with different DM density profiles 

• Next genera@on: Cherenkov Telescope Array Observatory  
• The first Large-Sized Telescope in La Palma is in opera@on 

• 4 LSTs array will be ready in 2026 
• The Galac3c Centre analysis with CTAO-LST is ongoing 
• Next decade: challenge on Higgsino DM 

K.Noda

Higgstan

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.061002
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Back Up
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LST-1 is taking data
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CTAO Alpha Configuration
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LST Coordinators (North)
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