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High energy phenomena in the universe
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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 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

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 : Effective area 
T : Observation time 

Nb of detected photons : 

ε  T∝ Φ × ×

Disclaimer: 
- one of the many 
ways to compare 
instruments 
- for some DM 
searches, FoV or 
energy resolution can 
be critical as well

From K. Boddy et al., Snowmass2021, JHEA 35 (2022) 112

Adapted E. Moulin’s slides 
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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 : Effective area 
T : Observation time 

Nb of detected photons : 

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

High Energies: dramatic improvement is expected within next decade

Disclaimer: 
- one of the many 
ways to compare 
instruments 
- for some DM 
searches, FoV or 
energy resolution can 
be critical as well

Exposure of instruments for High-Energy Photons toward DM searches

Adapted E. Moulin’s slides 
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Cherenkov Telescope Array Observatory 

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 

Upcoming ground-based gamma-ray telescope: Two arrays of 
Cherenkov telescopes in Chile/ La Palma 
• Over 100 telescopes, About 1500 scientists and engineers, 

About 200 institutes

CTAO, G. Pérez, IAC, SMM

LST-1 is in operation

Alpha Configuration 

Alpha Configuration 

x10 better
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+2 Large-Sized Telescopes due to 
CTA+ program (C. Aramo RICAP 2025) 
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The first Large-sized Telescope (LST-1)
North site, La Palma

LST-1 is in operation
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• Located at Roque de los Muchachos, La Palma, Spain 
• 23m diameter mirror—delivering greater sensitivity for 

low energies 
• Wide field of view (∼4.5°) enables efficient mapping of 

extended regions, ideal for dark matter and Galactic 
Center studies 

• Three more LSTs of CTAO North array are in the 
construction (will complete next year)
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Annihilation

Decay

σv : annihilation cross-section, τ : lifetime 
mχ : Mass of DM particle 
BRi : branching ratio of each channel 
dNi/dE : differential gamma-ray yield of each channel 
 

Expected gamma-ray flux from DM annihilation/decay

7

Particle physics term

Based on Cirelli et al. JCAP 1103, page 51

Continuum spectra 
• Sharp cut off  at DM masses  

Line-like emission 
• clear peak, no contamination astrophysical component
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Annihilation

Decay

Expected gamma-ray flux from DM annihilation/decay
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ρ : dark matter 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 contamination 

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

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

α2

© L.Bergström

H.E.S.S. collaboration, 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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超対称性理論におけるDM候補
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○ 電弱ゲージーノ :=  SUSY版 W/Z/h/γ  →  状態混合 

○   が Lightest SUSY particle (LSP) のときよいDM候補              ※ R-parity保存 (~SUSY数保存) を仮定χ̃0
1

Joey Reichert (Penn) Thesis Defense February 19, 2019 �45

Electroweak SUSY Sector

χ̃0
1,2,3,4

Mass Eigenstates

Neutralinos:

Charginos: χ̃±
1,2

arXiv:hep-ph/9709356

The mass terms M1, M2, and μ dictate the mixing and spectrum of the 
EWKino mass eigenstates. They also have physical implications!

B̃

Weak Eigenstates

Bino (M1):

Winos (M2): W̃0, W̃±

Higgsinos (μ): H̃0
u, H̃0

d, H̃+
u , H̃−

d

mix

DM残存量: Ωh2=0.12 →
Wino LSP: < 3 TeV

Higgsino LSP: < 1 TeV

Bino LSP: 100 GeV ~ a few TeV

Figure 18: Full-body view of the ATLAS detector [47]. The geometry is completely forward-back symmeric.

2.2.1 Coordinate System

For referencing the position of the detector as well as the orientation of particles, a right-handed Cartesian

coordinate system is defined with the interaction point being the origin and the x-axis pointing to the center

of the LHC ring. The y,z-axes are accordingly the direction of sky or the beam direction respectively. Polar

angle ✓ and azimuthal angle � are defined by the cylindrical representation (✓,�, z): ✓ ranges from 0 to 2⇡

with respect to the z-axis, and � runs from �⇡ to ⇡ from the x-axis. The two endcaps in the ATLAS detector

are referred as “A-side” and “C-side”, corresponding to the position of positive and negative coordinate in

the z-axis.

It is the unfortunate fate for hadron colliders that particles generated by collisions are usually highly

boosted along z-axis, since the energy of the initial interacting partons inside the hardons are asymmet-

ric. From this point of view, a set of variables with Lorentz-invariant nature are introduced for describing

momentum or position. In particular, it is useful to define the transverse component of variables, such as

transverse momentum pT := p sin ✓ or transverse energy E := E sin ✓. The advantage over the use of p or

E is obvious that they do express the intrinsic hardness of the particles in the center-of-mass frame of the

reaction, and also that the vectoral sum of all particles conserves before and after the collision.

Similarly, pseudo-rapidity ⌘ defined below commonly serves as the coordinate of polar angle:

⌘ := ln

✓
log

✓

2

◆
. (62)

It has two practical advantages over ✓ the di↵erence in pseudo-rapidity between particles �⌘ are invariant

against the boost towards z-direction. 8 ; ⌘ has an e↵ectively finer measure at very forward direction where

✓ su↵ers from the degeneracy i.e. cos ✓ ⇠ 1, thus more convenient in expressing the orientation of forward

particles.

8
This is true when the particles are massless, which is approximately valid given that the boos along z-axis is sourced by

the momentum of order of the beam energy.

37

LHC 
the DM farm

√s=13TeV

Benchmark models 

~1 TeV can explain 
DM relic density

The sensitivity in the TeV-scale is a key ingredient 
10

arXiv:0706.4071

2.7 - 3.0 TeV 
the best choice 

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

https://arxiv.org/pdf/0706.4071
https://arxiv.org/abs/hep-ph/0610249
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The Galactic Centre from North
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GC (Einasto)
This work (223 h)
H.E.S.S. (254 h)
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GC (cored) and dSphs
This work (cored Zhao, 223 h)
Fermi-LAT (isothermal, 5.8 y)
HAWC (dSphs, 1038 days)
MAGIC (dSphs, 354 h)

MAGIC Collaboration, Phys. Rev. Lett. (2023) 

Continuum spectra searches 

Line searches

arxiv:2111.01198

15 years

DM line searches
• The Galactic Centre is considered as a southern 

source  - no results from north for DM for 15 years 
• But past years, MAGIC in La Palma demonstrated 

the potential for the GC observation with large-
zenith angle observation 
• Can be significantly impacted by instrumental 

systematics, care required 
• Not a simple observation

11

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.061002
https://arxiv.org/abs/2111.01198
https://arxiv.org/abs/2111.01198
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The GC Observation with LST-1
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• Key experimental fact: 
• IACT performance depends on zenith angles　

because of difference in a shower distance 

• GC is a good candidate, given it’s 
expected high DM concentration and 
close proximity to Earth.

• GC visibility is limited to only lower 
altitudes (LZA) from LST-1 site

• LZA: boost in effective areas at higher 
energies ~ 106 m2 above 10 TeV

• LZA imposes higher energy threshold 
> 400 GeV for MAGIC - GC spectral 
analysis -2020

7

GC observations with LST-1

credit: R. Lopéz-Coto, 2015

PRELIMINARY

Abhishek Abhishek, ICRC 2025
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The GC visibility for CTAO-N 
Zenith angles > 55 deg 
(Elevation angles >25 deg) 
→Large zenith angle observation  

• Large zenith angle observation 
• Energy threshold: worse  
• Energy resolution: worse 
• Effective collection area: better 

• Good for higher energetic events
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Extended Sources Analysis with LST-1
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• Effective area stays > 105 m2 for higher energies 
up to 2o from camera center 

• Allows using wider region of interests (ROIs) and 
improves sensitivity for extended regions

• Effective area stays > 105 m2 for higher 
energies up to 2o from camera center

• Allows using wider region of interests (ROIs) 
and improves sensitivity for extended regions

• Shows higher significance for Galactic ridge 
diffuse emission than MAGIC telescope - 
Shotaro Abe-ICRC2025

• Allows studying wider region around GC for 
DM search (upto 1.8o ROI), than 
MAGIC-2022 (<1.1o ROI)

8

Large FoV of LST-1
Abhishek Abhishek, ICRC 2025

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

J-factor

MAGIC FoV LST FoV

× 1.5 − 2

Allows studying wider region around GC for DM search 
(upto 1.8o ROI), than MAGIC-2022 (<1.1o ROI)

Preliminary
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Signal and Background modeling

14

• Simulations of 40h – At GC using LST Instrumental Response Functions (IRFs)

Background – modelled 
as power law (PL)

PL Assumption within a 
sliding window technique

Count spectra summed over 1.8o ROI 
:the residual CR bkg is dominant

Preliminary Preliminary
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Analysis Overview

15

• Search for a peak on ‘smooth’ counts spectrum majorly dominated by background
• Compute expected limits on DM parameter: annihilation cross-section <𝜎v>
• Study systematics from background modelling using OFF-source data

9

Analysis overview 

LST1 
instrument 
response 
functions 

IRFs

MC 
simulations for 

LZA

OFF source 
observations

Optimising 
data selection 

cuts

Simulate GC 
null-dataset

Model 
background 

Model DM line 
signal 

Likelihood 
scan of DM 
parameter

Upper limit on 
<𝜎v>95% C.I

Check 
curvature in 

counts 
spectra 

Curvature 
affecting the 

sensitivity

Systematics 
from 

background 
modelling

Abhishek Abhishek, ICRC 2025

• Search for a peak on ‘smooth’ counts spectrum majorly dominated by background 
• Compute expected limits on DM parameter: annihilation cross-section <𝜎v> 
• Study systematics from background modelling using OFF-source data

Sensitivity study case

Control sample for systematics 



TAUP 2025, 27h/Aug/2025, CTAO-LST1 DM, Tomohiro Inada (Kyushu U.)

Off source data for systematics assessment

16
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OFF source data
• Systematics – background modelling are studied 

on OFF source data
• LST-1 observations at LZA and dark conditions – 

mimicking GC observations
• Event selection - gammaness cut optimised 

balancing background rejection and gamma 
retention (Quality factor metric)

• Optimised cut verified – reproducing Crab Nebula 
SED (consistent with the previous studies within 
25% uncertainty)

• OFF counts spectrum – curvature effect studied 
using log parabola fit to counts 

PRELIMINARY

PRELIMINARY

PRELIMINARY
Crab Nebula cross-check SED

*Energy mask used is based on LZA Crab Nebula cross-check: PoSICRC2023574

Abhishek Abhishek, ICRC 2025
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OFF source data
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on OFF source data
• LST-1 observations at LZA and dark conditions – 

mimicking GC observations
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retention (Quality factor metric)
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PRELIMINARY

PRELIMINARY

PRELIMINARY
Crab Nebula cross-check SED

*Energy mask used is based on LZA Crab Nebula cross-check: PoSICRC2023574

Abhishek Abhishek, ICRC 2025

Systematics – background modelling in OFF source data 
• LST-1 observations at LZA and dark conditions  

• mimicking GC observations 
• Q-factor -based optimized cuts for event selection

• Optimised cut verified – reproducing Crab SED 
•  consistent with the previous studies within 25% 

• OFF counts spectrum – curvature effect studied 
using log parabola fit to counts
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• Analysed 6.8h of OFF source data – systematics from PL modelling of background 
• Curvature effect (β for log parabola fit) within the window width [E/(1+𝜎E)μ, E(1+𝜎E)μ],

 
• β ≠ 0 affecting DM line sensitivity (relative to β = 0)

• Estimating systematic uncertainty of 10%, 20% and 30% for 3, 4, and 5𝜎E width at 3 TeV

13

Results: systematics
Abhishek Abhishek, ICRC 2025

Results: systematics in background modeling
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Analysed 6.8h of OFF source data – systematics from PL modelling of background 
• Curvature effect (β for log parabola fit) within the window width [E/(1+𝜎E)μ, E(1+𝜎E)μ], 
• β ≠ 0 affecting DM line sensitivity (relative to β = 0) 
• Estimating systematic uncertainty of 10%, 20% and 30% for 3, 4, and 5𝜎E width at 3 TeV
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Results: DM line sensitivity

18

Core

Cuspy

• Explored both, cuspy (Einasto) and cored (Burkert) types of DM density profiles 
• LST-1 shows potential in probing SUSY DM models  

• like Higgsino and Wino at ~ 1.1 TeV and ~3 TeV respectively 
• 4 LSTs array would improve this sensitivity significantly 

Preliminary

(+2 Large-Sized Telescopes 

Preliminary
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Summary

• Our study with LST-1 could provide more stringent 
constraints on DM line signals at higher energies, among the 
current IACTs 

• This study on systematics from modelling and analysis 
methods could be used to define an energy dependent 
sliding window for more robust limits 

• Our aim is to probe SUSY models using LST-1 with more 
exposure in the coming years 

• Upcoming LST array would be crucial in better background 
rejection and probing lower mass DM candidate like Higgsino

19
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Back Up
20


