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High energy phenomena in the universe

NSF/J. Yang ) 4 NASA/GXC/SAO.

VN
o Wil S

Supernova Remnant

Supermassive Black Hole

7 'NASA/CXC/GIA David A. Hardy

Gamma Ray Burst Active Galactic Nuclei Binary / Nova Dark Matter Search

There are plenty of interesting 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

T DM [G Q\/r]
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Exposure of instruments for High-Energy Photons toward DM searches
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High Energies: dramatic improvement is expected within next decade
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Complementarity of WIMP DM Searches

Various experiments covers huge DM parameter space -> Complementarity!!

® TeV-scale: well-covered by the indirect DM technique oM =M
® With Imaging Atmospheric Cherenkov Telescopes (IACTs)
® |arge exposure gives us access to heavier masses
b ™ 10~
: DM SM

Th(llhdl Relic Cross Section |
(Steigman+ 2012) 1

—— LAT dSphs: Ackermann+ (2(55)
—— HESS, MW Halo: Lefranc+ (2015)
- Direct: LUX (2012), XENON100 (2012), COUPP (2012) -

LHC: ATLAS (2013), CMS (2012)
| I | | | | | | | l.l

102 103
N - m, |GeV]
Se S/ Chen s talk E. Charles et aI PhysRep, (2016)

Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMI International Symposium


https://arxiv.org/abs/1605.02016

Why indirect method for WIMP DM?
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Why indirect method for WIMP DM? ERSEER T err

® DM mass, a coupling constant... particle information

® Test of DM production mechanism
Histo A4 ® When produced? Thermally freeze-out or not

7))
g S ® Measure annihilation cross-section
S 5 ® Benchmark: <ov>~ 3 x 10-26cm3s-1
(<)) - z
7y . .
= C 2 7 AN ® So-called “thermal relic” cross-section
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Why Gamma-Ray? - “Direction-Sensitive”

Determination of the Origin of Cosmic Positrons by 2030

AMS will ensure that the measured high energy positron spectrum indeed drops off quickly
and, at the highest energies, the positrons only come from cosmic ray collisions
as predicted by dark matter models

Twelve Years of AMS on the ISS:
Summary of the Latest Results

N
Ol

® AMS Current Data
® Projection AMS by 2030
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Positrons from
Cosmic Ray Collisions

10 100
Energy [GeV]

® Cosmic position spectra reported by AMS-02
® 1.5 TeV Dark Matter Mass?

® However, possible other origins (e.g. pulsar) ; &

® To be conclusive, have to associate arrival direction of @ @ |

signals with origins (i.e. a source) —
— :

® “Direction-Sensitive” indirect dark matter searches (J)E

Easy to associate with the source, not affected by B-fields
Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMl International Symposium 9



http://higgstan.com

Gamma-ray detectors

Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

Cherenkov
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credit: Richard White, MPIK

TeV range
Ground-based detectors (light)

MeV-GeV range
Satellite-borne detectors

TeV-PeV range
Compact Ground based detectors

“ (particles)
) ‘

>PeV range
Wide Ground-based detectors (particles)
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Gamma-ray detectors

Incoming gamma ray

Collision with atmospheric
nucleus

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

Cherenkov
Light

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE
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credit: Richard White, MPIK

MeV-GeV range
Satellite-borne detectors

TeV range
Ground-based detectors (light)

TeV-PeV range
Compact Ground based detectors
(particles)

>PeV range
Wide Ground-based detectors (particles)

Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMI International Symposium



Imaging Atmospheric Cherenkov Telescopes (IACTs)
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The MAGIC telescopes = ., :

® Observatorio del Roque de los Muchachos (ORM) . '3';;’;:’.‘:';’:2":, "‘f-"-:e‘:""“’“'-"-"?g‘j‘ =
® ~ 2200 m a.s.l.,, La Palma, Canary Islands, Spain A g§§3§:“%§;2 I !
® 2-telescope stereoscopic system '3'* *:% o P
® 17m diameter ~Gamma "~ Prfo stou
® Energy: 50 GeV -50 TeV (Low Zd ~20°) N Gamma-ray A
® FoV:3.5° showerat &
® Angular resolution : 0.06° @ 1 TeV | | ~10kmheight - 2
® Energy resolution: 15 % - 25 % AN )
M1 Camera ;-,;‘”‘ M2 Camera
Observatorio del Roque de los Muchachos, La Palma (Spain) Image Image

MAGIC-II

AR S s e e U

MAGIC-| MAGIC-II

Tomohiro INADA (Kyushu Univ), 5th March 2025, KMI 2025: The 6th KMI International Symposium



Expected gamma-ray flux from DM annihilation/decay

d ann.

SM

Annihilation

dE SM
SM
SM
_ . . . . . 103;— P W ;’l‘i
ov : annihilation cross-section, 1 : lifetime : s R A
my : Mass of DM particle s o A N
BRi : branching ratio of each channel ; X
dNi/dE : differential gamma-ray yield of each channel 5w ‘\\i
Continuum spectra il
® Sharp cut off at DM masses - "
Line-like emission N ey 1 | IR £
. . . 102 10~! 100 10 107
® clear peak, no contamination astrophysical component

}T@\
Based on Cirelli et al. 1103, page 51
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Expected gamma-ray flux from DM annihilation/decay
SM

SM

SM

Astrophysics term

p : dark matter density (source-dependent)
J-factor : Integrated DM density along the line

o(r) [GeVem ]

- Py
o - ¢ of sight (in case of decay, called “D-factor”)
-3 Cuspy Einasto :?T
10 F —- NFw 2
4| Cored Zhao 3
10 F (McMillan, 2017) | &
- - .-« Burkert core :
10 — bttt b Ll ,
10 10° 10 10°
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Motivation for Gamma-ray Line sighal searches

® Clear peak at DM mass: No astrophysical contamination o x Mzrv
® Loop-suppressed by 0 (i.e. the fine-structure constant) \ @ \ Sl ey
® Some heavy DM (e.g. SUSY) models enhance their / X’ <
v DM (e.g. SUSY) ST % -
annihilation rate, called Sommerfeld enhancement © L.Bergstrém
XX =y x =2y
o H.E.S.S. coIIaboratlon JCAP, (2018)
1 e T o J. Hisano, S. Matsumoto, and M. M. Nojiri (2004)

jea 10_22; SUSY-Wino-Like 10~

= - = -~ Annihilation cross section to 2Y B 1

~ 1073 | (vic=10") ! 1

\E/ ; : _10°F X ~ *-

I |- | - P 3

g 07k 2 ws xH S ;

Q I - ) D '

2 1072 L T

S : : 91 Wino

& 102 :

5 i Lisoet

s : & . HIggsIno

—g; 10—27 % % 10—28 .

- pure WIMP 3plet : 1 1
10—28 I I S I I c - A - o bbb
1 0.1 1 10

DM mass [TeV]
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Galactic Center and Halo
- The largest J-factor

Observational targets

- Extended
Dwarf Galaxies (dSph) » src confusion, diffuse bkg and
* DM dominated system Cuspy/core differences in DM profiles

- less bkg

* low J-factor
Galaxy Clusters

* Huge DM content

- small extension

* Lower uncertainties

in J-factor * Extended

Popular target for * High Astrophysical

DM annihilation
searches
Jann ~ [ DM density?

contamination

Popular target for

DM decay
Jdec ~ [ DM density

Simulated all-sky map of gamma-rays from DM annihilation
(Galactic coordinates) PRD 83, 023518 (2011)
N-Body simulation Via Lactea Il
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The Dark side of the Galactic Centre

& Pros: The largest J-factor - the most promising!!

Galactic Latitude

2)Cons: Extended, src confusion, diffuse bkg

Cuspy/core differences in DM profiles Need to think about both
scenarios separately

1°00° 0°30' 0°00' 35930 35900
Galactic Longitude

T 1023§
: /‘/‘
1022 : ‘/‘/ ]
Te — X 0(100), 7+
O : | 21 o ]
> 10 5 10
(D -2 -_ Dy c\I> : “¢
Sl 2 S 10% ._
[SOY, Cuspy Einasto | £ = ; v -
10 F —- NFw o | J-factor
4 Cored Zhao S 1019 i o > % o
10 (McMillan, 2017) |2 _ |
_ J J ds p(s, Q)
- ===+ Burkert core _ ol
=9 Ll Ll 18 * " oS )
10 = . - -
10 1 100 ,01 10 1010_1 100 0
r [kpc] a. . [deg]
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1( -22

DMDM — W+ - . -
Current status at DM searches o | [ OMDMoyy ¢
H.E.S.S. PRL (2022) el & Ao -
10—23 EXCLUDED 10 E_ A, e Yo
at the GC . X = ... , Yy
A Continuum i EXCLUDED L ad
Dark Matter searches at the GC T , 10 iy
5 = E K .o ¥
® Full of excellent results from H.E.S.S. 3 T . e
\\.J/ 3 VVV =@
. . - <~ 27 | — vy “6?7 o - °
collaboration in GeV-TeV ranges due to T >107E %o W':.:-:"w“’**,w Line
o e gV N
° ° ° ~— - v
good observational conditions for South ,zw v H.E.S.S. PRL (2018)
. . . 10~26 107" 9
. Malnly fOCUSIng On only cuspy prOﬁIes — H.ESS. this Letter Fermi-LAT dSph (2015) E ® This work, Einasto profile
~—— PLANCK (2018) — HAWC GC (2017) B »  This work, NFW profile
® No results by northern telescopes for F— FermiaT cc (o, DM - 5 — HESSGC (010 - . MAGIC Segue 1
I e e L e T L e . = Fermi-LAT 5.8 y, Pass 8
i 001 0050102 05 1 2345 10 50 = LA W S Y i
first ~ 15 years ’ 111D\)l (TeV) ’ ’ 0.05 0.1 0.2 1 2345 10 20
- - TeV
® Northern telescopes need a strategy to 102 ) Mo (TEY)
I . DMDM — WHW - Signal
15 years - \Continuum 3 o
Target Year Time[h] IACT  Limit Ref. 10-2L __ 10
The Milky Way central region & halo E N
MW Centre 2004 (48.7) H.ESS.  Ann. Aharonian et al. (2006) = '
MW Inner Halo 2004 — 2008 (112) H.E.S.S. Ann. Abramowski et al. (2011) B E 102 ¢
’ 2010 9.1 Ann. Abramowski et al. (2015) i ; g
Continuum  [RUIVEE VIS Amn.  Abdallah et al. (2016) 10~2 - 2
2014 — 2020 546 HE.S.S." Ann. Montanari et al. (2021) = )
spectra search n = 10}
Line searches s Thermal relic density g
MW Inner Halo 2004 — 2008 (112) H.E.S.S. Ann. Abramowski et  al 10~26 Q [ Einocte
(2013c) Z | H.E.S.S. PRL (2022) 100k .
, 2014 152  H.E.S.S.' Ann. Abdalla et al. (2016) - — Einasto 2 F — EiInasto 2
2004 — 2014 (254) H.E.S.S. Ann. Abdalla et al. (2018b) - —— Einasto i NFW
2013 — 2019 204 MAGIC Ann. Inada et al. (2021) ™ NFW 10-1 TR | |
» . . A 10—_)1— I | | I | IIII I I | | | IIII | | | I 1 -2 -1 0 ) |
arxiv:2111.01198 02 05 1 2 345 10 50 A0 llg o =Y
mpys (TeV) r (kpc)
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The GC observation

Key experimental fact:

® |ACT performance depends on zenith angles
® Dbecause of difference in a shower distance

® Nominal IACT setup: vertical observation

Che.renkov
Zenith
l I' ~ I/ cos(Zd)
ight poof a A x 1/ cos*0,,

A

Vertical observations Large Zenith angle observations
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The GC observation with Northern IACTs
o Nominal IACT : eal ol .
® Large zenith angle observation
® Energy threshold: worse

Key experimental fact:

® |ACT performance depends on zenith angles

® because of difference in a shower distance
® Energy resolution: worse

Observing Hours:

He ol | 3 ® Effective collection area: better
s mi | - :
S ® Good for higher energetic events
>85 df.eg: 0.0 [0.0] 8
Elevation Angle ' -'E ........
o
=
8
>
Q
3
o A
0 P
12-31 01-30 03-02 04-01 05-02 06-01 07-02 08-01 08-31 10-01 10-3Sat1e2-(0d13y182)-3‘ ' c
T —
: ["~ l/cos(Zd)
gl
Cherenkov A 2
Vertical observations Large Zenith angle observations
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Testing SUSY-Wino with various DM profiles

'al Ly [T TTI I I I T TTTIT I I I T TTTI I I T TTT
mE 3 2l | ‘ ;
S | 510°°F
=) SR : S 4 (=24 [
A -~ Einasto Profile A107" = 7
\O/ g E ,—\—/{\/'/
o V102 ~ I
H102°E 4 R E /N e E
()] Lo - N7 _
®10° E
= ™\ =
- W,,q/‘\i,\ - ]
1027 SR . =
102" -e- This work = Sg/""' j \jl Seteemae ey -
Ty . ]
aEnRl i — M '- .'
Median _ 10 28 g_\ \~ GG (Einasto) GC (cored) and dSphs =
[]68% containment - e This work (223 h) This work (cored Zhao, 223 h)
\:’ 95% containment 1 0_29 ;_ ==m= HESS. (254 h) —-— Fermi-LAT (isothermal, 5.8 y) _;
10728 — = —.—. Fermi-LAT (5.8 y) HAWC (dSphs, 1038 days) 3
L ! Lol ! Lol 30 o DAMPE (5.0 y) —=— MAGIC (dSphs, 354 h) -
1 10 102 10 §_IIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIII_I§
mg,, [TeV] 10 1 10 10°
mpy [TeV]

Thermal relic abundance, Qpyh?

0.3

2.7 - 3.0 TeV
the best choice

0.2}

m (TeV)
J.Hisano et al., Phys. Lett.B 646 (2007)

The first time to
constrain SUSY-wino
DM with both cuspy
and cored profiles!

MAGIC Collaboration+N. Hiroshima, K. Kohri,

Phys. Rev. Lett. (2023)
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https://arxiv.org/abs/hep-ph/0610249
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Challenge on Higgsino DM with the current IACT generation

10~24¢

1020

1028}

10—29

| HESS, ICRC2023= LO Cross section
‘. . —==NLO cross section
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Cross-section is baed on M. Beneke et al., JHEP 03 (2020), 030

[arXiv:1912.02034 [hep-ph]].
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We are approaching Higgsino DM at 1.1 TeV,
assuming the most optimistic a DM profile though
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Dwarf Galaxies (dSph)

“Clean” target for DM searches
® Known satellites of the Milky Way

® higch mass-to-light ration
® Up to O(1000) M/L ratios

® very few astrophysical emission
expected

® One of most robust astrophysical probe
into nature of DM
® although large uncertainties (up to
x10) of J-factor but less than the
difference in the GC profile

J-factor
d ann. 1 ................................... dN’ f
= sz X ZBri—y§xJ J ds p*(s, Q%
dk,  i4mlmy = dE: aglios

K. Hayash| et aI (2020) pJ 904 45

20.0 |
I Gcrlngcr Sameth-{- 2015 (Spherlcal)
19.5F ¢  Hayashi+ 2016 (Non-Spherical)
' ¢  This work (Non-Spherical)
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See K. Hayashl talk
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Combination of dSph results: five experiments

)
Source name Experiments Distance log,n/ /
(kpc) log,o(GeVZemsr)
Bootes I Fermi-LAT, HAWC, VERITAS 66 18.24+0-40 G " ),
Canes Venatici I Fermi-LAT 218 17.44%0-37 ¢§ eErml =
ICI ‘ 0.45
Canes Venatici 11 Fermi-LAT, HAWC 160 17.65‘:0.“}13 / Gamma-ray
Carina Fermi-LAT, HE.S.S. 105 17.92‘_“(’)'. '191’ / Space Telescope High Altitude Water Cherenkov
Coma Berenices ~ Fermi-LAT, HAWC, H.E.S.S., MAGIC 8 19.02*03 \ PESEEER
Draco Fermi-LAT, HAWC, MAGIC, VERITAS 76 19.05*0-22
Fornax Fermi-LAT, HE.S.S. 147 17.84%0- 0 Q
] 0.
Hercules Fermi-LAT, HAWC 132 16.86*: 7% '
Leo Fermi-LAT, HAWC 254 17.84+0-20 Q "
Leo II Fermi-LAT, HAWC 233 17.97*03%
Leo IV Fermi-LAT, HAWC 154 16.32+1:9
Leo 1 Fermi-LAT 411 17.115:5 H . E . S . S " VERITAS
Leo V Fermi-LAT 178 16.37*) %7
Sculptor Fermi-LAT, HEE.S.S. 86 18.57t%'8;
' 0.32 : : .
Segue | Fermi-LAT, HAWC, MAGIC, VERITAS 23 19363% @ combination of 20 dSph observations
Segue II Fermi-LAT 35 16.21*,9
Sextans Fermi-LAT, HAWC 86 17.92*033 ® 20 from Fermi-LAT: 10 yrs
Ursa Major I Fermi-LAT, HAWC 97 17.87*02%
Ursa Major II Fermi-LAT, HAWC, MAGIC 2 19.42+0:44 ® 9 from IACTs: 500+ hrs
Ursa Minor Fermi-LAT, VERITAS 76 18.95%)4°

== ® 12 from HAWC: 1000+ days

arXiv:2108.13646v1 ® 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
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® | imits 2-6x 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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Cherenkov Telescope Array Observatory & LS FEH)

North site, La Palma «

- .
~ <

Alpha Cc;'nfi“ura‘-tion
. 4 Large-Sized Telescopes

- 9 Medium-Sized Telescopes

o

£

.........

ov % ——CTAONothemAmay  _|3
. = \ —a— CTAO Southern Array § E
T -\ : 15
Alpha Configuration o 107" o %] —Eféf
14 Medium-Sized Telescopes 5 _E_ —— »;};f\é %
37 Small-Sized Telescopes % r o oS = E;
(4 Large-Sized Telescopes) é 107" el "'"____ = %
: = L - _ g
Next generation ground-based gamma-ray tElESCOpEZ Two arrays (ﬁj - : -2
of Cherenkov telescopes in Chile/ La Palma 0 x10 better G- |
. . . L. Differential flux sensitivity (50 h) - o N
® Over 100 telescopes, About 1500 scientists and engineers, g R —
AbOUt 200 inStitUteS Reconstructed Gamma-ray Energy ER (TeV)
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. JCAP 01 (2021) 057
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Thermal (ov) (DarkSUSY)Y
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CTAO Alpha Configuration:
Sensitivity to DM signal at the GC

Galactic centre observations with CTAO can

test the thermal relic cross section of
500 GeV - 10 TeV WIMPs
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Early science with LST-1 at the GC observation

The galactic centre of LST-1’s view is observed for Pros: Getting several times larger collection area
39hrs with the Large Zenith Angle Technique Cons: Higher Threshold Energy (> 300GeV)

Energy 398 GeV - 1.00 TeV 10 Ridge Diffuse

= | ST-1 (39h)

0°15' e Sow- SO ... AR b s S Mo DB R 8
_g 10—11 i —-= |ST-1 (Power Law)
- - - . : - : -
= | . ; 6 — Jovie % ¢ MAGIC, 2020 (100h)
N OO ............................ ............................ : B e - ............................... _ E |—I| i ~~‘+\~ A '.\\. s + HESS’ 2018 (259h)
= 4 D + B T 4 VERITAS, 2021 (125h)
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alactic Longitude ©Shotaro Abe (ICRR)
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MAGIC FoV

Toward Dark Matter Searches with LSTs |
1022
Large FoVs with flat acceptance is beneficial for J-factor B
. . T 0%
Lower threshold will allows us for continuum spectra study 5 5
> :
GJ *

. ) 20 L “’ _ :
Galactic Center |, oq MAGIC VERITAS  LST-1 Sl [ X 1.5=2
observations | J-factor
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Discovery T'S

Higgsino detectability
for the next decade

500 hours of CTAO-S observation

Thermal Higgsino

10 ,
2 50_ CTA | SWGO
910)
_________________________________________________________________ 4g
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Phys.Rev.D 110 (2024) 4, 043003
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thermal Higgsino annihilation at the mass of 1.1 TeV

500 h of observations with CTAO-S, we would be able to

see something more than 30, even more than 50,

though assuming an optimistic profile model

CTAO-S full operation will be 2030s.

4 LSTs of CTAO-N will start operation in 2026

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

® A dedicated paper, discussing potential detectability, is
in prep. Stay tuned.
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Summary

® |ndirect DM searches with gamma rays is complementary with other
WIMP searches
® |n particular, good tool to access heavy DM models

® Ground-based Gamma-ray telescopes (IACTs) have a good sensitivity
In TeV energy range
® constrain WIMPs with variety of targets
® the Galactic Centre: one of the most promising
® MAGIC introduced the large zenith angle observation
® Boosted the sensitivity at TeV energies
® Proof-of-concept: MAGIC Collaboration (2023) Phys. Rev. Lett.
® Constraint on SUSY-Wino with different DM density profiles

® Next generation: Cherenkov Telescope Array Observatory
® The first Large-Sized Telescope in La Palma is in operation
® 4 |STs array will be ready in 2026
® The Galactic Centre analysis with CTAO-LST is ongoing
® Next decade: challenge on Higgsino DM

Looking Up: In Search of Dark Matter

I'm observing e Even after looking
very high energy <P at 7 years data,
gamma rays there's something
that's coming f Q‘,w\« | can't find.
from space. ' q L4
r iE
Ve s e
-san

Assuming that neutralino, the particle predicted by
supersymmetry theory (SUSY), is the identity of dark matter...

It should be producing very high-energy photons (gamma rays)
through annihilations of dark matter that's abundant in the
center of the Milky Way Galaxy, which should be reaching Earth.

You mean there's no Yeah, | can't seem

gamma-ray signals to find anything..
from that dark matter? Maybe it has a more
difficult nature
to annihilate than
‘ / we thought.
e
(50

Shiggstan.com

Higgstan
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.061002
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CTAO Alpha Configuration
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