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High energy phenomena in the universe

NSF/J. Yang | g NASA/GXC/SAO
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Supernova Remnant Supermassive Black Hole

" 'NASA/CXC/CfA

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

There are plenty of interesting topics in High Energy Universe

Why do we search for dark matter?
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DM SM

Complementarity of WIMP DM Searches

Various experiments covers huge DM RS
parameter space Fnclelt
- TeV-scale: well-covered by IACTs
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Why indirECt and gamma-ray? History of the Universe

Quantum
Fluctuations

® Test of particle DM

® DM mass, a coupling constant... particle information 2 l ‘5 :: x g : :
® Test of DM production mechanism ; Q \f : ; : ;
® \When produced? Thermally freeze-out or not ; \ N j ;
® Measure annihilation cross-section P A N N - A

Age Of the Unlverse BICEP2 Collaboration/CERN/NASA

® Benchmark: <ov>~ 3 x 10-26cm3s-1

® So-called “thermal relic” cross-section

Equilibrium curve

<ov>=10%"cm3/s

Abundance <ov>=107%cm3/s
()[,‘,'{“v'ul»‘2 X 1/ < G V >

<ov>=102%cm3/s

Comoving Number Density

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

MAGIC DM seminar at LAPP 24th Feb 2023 Tomohiro Inada (ICRR, UTokyo, Tsinghua)



Expected gamma-ray flux from DM annihilation/decay
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*

: ov : annihilation cross-section, 1 : lifetime

: my : Mass of DM particle J -factor : Integrated DM density along the
: BRj : branching ratio of each channel Ime of sight

dNi/dE : differential gamma-ray vyield of each channel . (in case of decay. Called “D-factor”)
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p dark matter density
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Gamma-ray spectra from DM
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Continuum spectra TeV DM particles: most energy
® Sharp cut off at DM masses deposited in GeV-TeV final state
Line-like emission particles:

® clear peak, no contamination astrophysical component 3 Hish energy astronomy regime

MAGIC DM seminar at LAPP 24th Feb 2023 Tomohiro Inada (ICRR, UTokyo, Tsinghua)



Motivation for Gamma-ray Line search

® Clear peak at DM mass: No astrophysical contamination

X_ \f\f\dlzﬁ’
X’ [

o Loop-suppressed by a2 (i.e. the fine-structure constant) \ @@ \
W,Z,y
® Some heavy DM (e.g. SUSY) models enhance their '

-
annihilation rate, called Sommerfeld enhancement / % / % X W2,y

© L.Bergstrom
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Complementary Searches for SUSY-Wino

® SUSY-Wino: a kind of common targets in various experiments with many efforts!

® Comprehensive understanding with different techniques are essential.

H L'LHC pl‘OjeCtIOHS 1703.09675 45 (Figure from Kazama-san’s presentation in DMNet symp. (21))
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https://arxiv.org/abs/1703.09675

Imaging Atmospheric Cherenkov Telescopes
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Gamma-ray detectors MeV-GeV range TeV range

Satellite-borne detectors Ground-based detectors (light)
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Gamma-ray detectors
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Imaging Atmospheric Cherenkov Telescopes (IACTs)

MAGIC
Dia. 17m x 2 tels.
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The MAGIC telescopes P :
. = < :\ \--%: “| 4 ‘ _ ~’ .,-'-;';_;:-: ( :... .-:,:.’_: 98 § E

® Observatorio del Roque de los Muchachos (ORM) . = 7} g alE s
® ~ 2200 m a.s.l.,, La Palma, Canary Islands, Spain i, i
Gy IR I s »

® 2-telescope stereoscopic system s bl bk S | :
~=rron i s L VY 0.60° 3 3-"."-:3‘:-‘%;::53' ; 2

. ; 187mm = S [au] S [au]

® 17/m diameter EisaTey) i
Energy : 50 GeV - 50 TeV (Low Zd ~20°)
FoV : 3.5° Rl
Angular resolution : 0.06° @ 1 TeV

Energy resolution : 15 % - 25 %

Gamma-ray
shower at
~10 km height

e

. ® O 0 ©o
]

M1 Camera : M2 Camera

Observatorio del Roque de los Muchachos, La Palma (Spain) Image | Image
9c~1°,

MAGIC-II
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s 59 o By ¥ / / / \ \ \ \
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The IACT techniques

Image analysis with shower images
® Orientation

® Size/length/width
® Time gradient

MC gamma shower MC proton shower

Output on primary particles info
® Energy, direction, arrival time  nucl.instrum.Meth.A588:424-432,2008
® Types of particles 500 [~ |

adjustable threshold for accepting events

w - signal-like | bkg-like

300 =

4 Reconstructed origin

counts

200

100

center of gravity 2

0

0 0.1 02 03 04 05 06 07 08 09 |
Camera 2

center of gravity 1 hadronness

Apply Machine learning
based classification

Camera 1

CORSIKA simulation
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The Galactic Centre observation with MAGIC
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0 A&A 642. A190 (2020)
Th e G a Ia Ct I c Ce nt re Simulated all-sky map of gamma-rays from DM annihilation

(Galactic coordinates) PRD 83, 023518 (2011)

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

Galactic Latitude

2)Cons: Extended, src confusion, diffuse bkg

Cuspy/core differences in DM profiles

0730° 0700’ 359"30° 359°00°

Galactic Longitude
Both scenario should be taken into .
| Astrophysical
account to compare with other exp. N o
5 03 contamination
10 L A B 10 €
r ] 10
10 ¢ ., -
; 10 ' +_____’__:_j- *
— 10 2 3 ‘ ___*_:_.__'.——._—?~‘\\ T\+_‘
v % P 7 10° IR
el £ 10 3 . X
; 10 F N 1 O . N; ;
A N .
o \ . 1 - m - —
O 02t N - 3 20 'J‘ | 2 + :
=~ ™ 1 0,107 ~Jfactor | ¢ 3 ‘t |
S a3 Cuspy Einasto o ’ ~ : ( N 10!
10 ¢ NFW o [ o = i i
—4 E Cored Zhao 3 1019 3 ““ | dS p(S’ Q) | === SgrA® Ahnen et al. (2017)
10 F (McMillan, 2017) |2 JAQ Jlos ) + SgrA
. L ---- Burkert core ol “." . 0| -y
10 —1 — .....10 — ll1 10 —1 = ' — IIO ' _ 1 |+ Galactic diffuse
10 10 10 10 10 10 B~ T e
r [kpc] a. . [deg] EIETEY, &V

MAGIC DM seminar at LAPP 24th Feb 2023 Tomohiro Inada (ICRR, UTokyo, Tsinghua)



The Dark Side of the Galactic Centre

Dark Matter searches at the Galactic Centre
® Full of excellent results from H.E.S.S. collaboration
® No results during about 15 years from Northern

telescopes

® The GC observation is “a home game” for Southern

telescopes
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https://arxiv.org/abs/2111.01198

Continuum spectra searches

Target Year Time [h] IACT Limit Ref.
The Milky Way central region & halo
MW Centre 2004 (48.7) H.E.S.S. Ann.  Aharonian et al. (2006)
MW Inner Halo 2004 — 2008 (112) H.E.S.S. Ann. Abramowski et al. (2011)
2010 9.1 Ann. Abramowski et al. (2015)
2004 — 2014 254 Ann. Abdallah et al. (2016)
2014 — 2020 546 H.E.S.S.  Ann. Montanari et al. (2021)
Line searches
Line searches
MW Inner Halo 2004 — 2008 (112) H.E.S.S. Ann. Abramowski et  al.
(2013c)
2014 152  H.ES.S." Ann. Abdalla et al. (2016)
2004 — 2014 (254) H.E.S.S. Ann. Abdalla et al. (2018b)
2013 — 2019 204 MAGIC Ann. Inada et al. (2021)
R ——— 10‘8~c.) 10%
g [ Einasto profile S
= I~ o
8 | -
o ‘ : O e~
S 4 : g 7
al & ROI 25 rng g 102
2; ROI13 2? 10"’0%J >
g ROI 7 g S 8
1: /\ i § — 10!
0 sA A - g
: gr
- \\_—_/ = 100 L — Einasto
= — Einasto 2
_;x [ o e AT AR TR NN AW 16 NFW
35 4 3 2 o -1 -2 -3 -4 -5 g 10—1 ‘
Galactic longitude [?] 102 101 10° 10
r (kpc)
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https://arxiv.org/abs/2111.01198

The GC observation with MAGIC

® Nominal IACT setup: vertical observation
Key experimental fact:

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

Cherenkov :
. light :
Zenith ;
A E A
[ ,
: ["~ l/cos(Zd)
Cherenk
IiQirte:oglv a Aef X 1/C0S292d
A
Vertical observations Large Zenith angle observations
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The GC observation with MAGIC | | s

Key experimental fact: ® Large zenith angle observation
® |ACT performance depends on zenith angles ® Energy threshold: worse
® because of difference in a shower distance ® Energy resolution: worse

— ® Effective collection area: better
® Good for higher energetic events

>25 deg: 1517.8 [305.0) =S

—— — sy 00 00 | O
18 : : I S : >55degf 0.0 [0.0]

The GC visibility for MAGIC 7sdes 0000 | Gp

. (O

.« Zenith angles > 55 deg O

-

@)

>

12 (Elevation angles >25 deg)

(Ll

>85deg: 0.0 [0.0]

Elevation Angle

mmamnmnmn

.- _—large zenith angle observation +
6 | % '
4 $ o / I
: 3 4 " Let's boost TeV range!
0 e o’
12-31 01-30 03-02 04-01 05-02 06-01 07-02 08-01 08-31 10-01 10-368882-((2118;82)-3' o N e s
I 1 1;
: I"~ l/cos(Zd)
Tl
Cherenkov )
light pool a Aef X ]./COS HZd
Vertical observations Large Zenith angle observations
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~ ‘ Total observation time [h] Effective live time [h]
Data SEt fo r a n a Iys I S Dates Label (before quality cuts) (after quality cuts)

2013/03/10 — 2013/07/18 2013 471 38.8
2014/03/01 — 2014/07/07 2014 37.3 30.1
Data : March 2013 - August 2020 2015/03/29 — 2016/04/13 2015 27.0 18.9
. oo . 2016,/05/02 — 2016/08,/05 2016 24.8 17.3
Zd range : 58° < Zd <70 2017/03/26 — 2017/06/24 2017 26.0 22.1
2018a 26.3 19.1
- total observation time (after cuts) : 223 h 2018/02/19 — 2018/09/30 o, g}, 7.0 5.8
2019/03/11 — 2019/08,/04 2019 54.4 52.0
2020/06,/19 — 2020/08/21 2020 22.9 19.1
Analysis region (ROI) Total 2728 223.2
® Fixed Regions within 1.5° away from the camera center
® Different ROI sizes used due to the variation in pointing -
directions
® J-factors are computed in each assumed DM profile case E’ &l
* The Galactic Center (SgrA¥*) % 1
Profile name J(0.5O) J(l.OO) J(l.lo) 1 ROI 1.1 deg (wobble 0.4 deq) ‘§
Cuspy Einasto 3.14 x 10%! 8.01 x 10*' 9.03 x 10*! 5313 5312 p2°0"1‘t7‘”9? ' 3 -0
NFW 2.18 x 10! 4.55 x 10®! 5.02 x 10%! .2 Lo o obble 0.5 deg)
Cored Zhao 2.66 x 10'Y 1.06 x 10%° 1.28 x 10%° v 2018a, 2019, 2020 pointings
Burkert core  1.26 x 10*® 5.04 x 10*® 6.10 x 10'® i ROI0.5 deg (wobble 1.0 deg)

m 2018b pointing

1.0 0.5 0.0 0.5 1.0
Galactic longitude [deg]
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Likelihood analysis for line search - — -

| The term for dealing with a
Unbinned likelihood analysis with a sliding window systematic uncertainty of a bkg
£ Li(gi3vi |1Di) = Li(gi3 bi 7 HEj} j=1,.., NON,,-,NON,i) ) model .
- i +Tib) NN V
§= (g NTON,]?! o~ (8i+Tibi) 5 P l_[(ngg(E )+ 7ibify(E’ )) " X T (7i|Tobs,i> O, ,) .

Sliding window

Sliding window gives us two good things
since no need to ON-OFF subtraction

u : 2
5 E Assumed line S|gnal es 10 _ .
> [ | at25Tev S ® Enable to include the center region,
= . , 10 ¢ N
el ; \ sweet spot of J-factor
— OFessssnnnnnnnn, S c . o o .
. s 10°¢ ® Not lose sensitivity to cored profile’
B E 1]
- cases
u % 10
10 ;- % 107 _ Cf
- - - 0p)
— Qa3 Cuspy Einasto S
- : 10 E = NFW o
- Interpolatlon for N Cored Zhao 3
L  bkg pdf 10 "¢ (McMillan, 2017) |2
E . - ===+ Burkert core :
:5 : 10 _1' """"0 ' """'1 ' """"2 '
I | | | | | | I | | | I | | | I | | | | | | I | | | I |
2.8 3 3.2 3.4 3.6 3.8 4 4.2 10 10 10 10
r [kpc]

Log10 (Energy (GeV))
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Background model uncertainty?

Potential to under/overestimation number of signals SYstématical bump

by the systematic uncertainty of bkg model could mimic fake-line
ot signals
ldeal Case
" i
E . —+ Data (No line present)
o |.. Data (No line present) s}l Nominal bkg
_1*"—'1&.. """" Nominal bkg |3 —— Estimated bkg
| N\, — Estimated line
signal

bkq interpolation S

-

can be affected .
* May find spurious

line excess

LoglOo(E) Need to estimate
7 = Gaus(7gps, 0;) potential fake-line

Li(gi;vi |Di) = Li(gis bi, 7 {E} j=1,...,Non.:» NON,i) % =0t () cquse
. NonN
_ (9 A 7ibi) TN giiimiby L , :
B NoN,i! ’ § g; + Tib; j=1 (9 fo(Ej) +[Tibifo(E;)) X|T(Ti|Tobs,i> 0,i)
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Study for systematic uncertainty

Estimated systematic uncertainty in a bkg pdf determination

® Applied the line search analysis to data without DM target sources  , ( ot )2 ( oT )2
, o — X ON + X ONon
with 120 samples ONjsig ONoN |

T,8tat sig
® Divided into 3 energy categories

k .
® E<3TeV,3TeV<E<10TeV, E>10TeV T s IS the mean of the
E'<3 TeV 3TeV <E'<10 TeV E'>10 TeV distribution, which is
35 I _ ! | I ] 50 i _ T T T 1 35 I _ T T T ] . .
rzb:: 1.00006 + 0.00012 szso=0.9998410.00005 szso=1.00030i0.00011 included as the bias to
30+ o, =0.0013 - o, =0.00057 30t o, =0.0012 - likelihood eq.
k=0 40 F k=0 = k=0
25 - - 25 F 2 2 2
f= O_r — O_k + 0 %
i - T T7%,stat T7%,8yst
% 20 30 20 F . Y
Q@ i
S 15f _|- 1 ool I Y - *
10+ - 10+ .
10+ -
5t J-I‘Ij il 5L _|-LLL'_,_ i GTk,SyS’[ < 1 %
0 '_I-FI | — 0 - - 0 - Less than 1% contribution to

0.9950.9975 1 1.0025 1.005 0.9950.99/75 1 1.0025 1.005 0.9950.9975 1 1.0025 1.005

the line shape signals
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Results
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Results
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No significant line-like excess found
® Set upper limits at 95% C.L. on 18 masses
in the range 0.9 TeV - 100 TeV

® Einasto : the best limits above 20 TeV

® Cored : competitive with dSph results
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Testing SUSY-Wino with various DM profiles

0.3

0.2

0.1}

Up to 2.8 TeV rejected by Cored Zhao (the
reasonable cored profile), Einasto and NFW

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

Thermal relic abundance, Qpyh?

2.7 -3.0TeV
the best choice

arXiv:hep-ph/0610249
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https://arxiv.org/abs/hep-ph/0610249

Future prospects

MAGIC DM seminar at LAPP 24th Feb 2023 Tomohiro Inada (ICRR, UTokyo, Tsinghua)



Cherenkov Telescope Array

North site, La Palma. “

4 Large-Sized Telescopes
* 15 Medium-Sized Telescopes

Next generation ground-based gamma-ray
telescope: Two arrays of Cherenkov
telescopes in Chile/ La Palma

4 Large-Sized Telescopes

25 Medium-Sized Telescopes ‘ N e - ® Over 100 teIeSCOpes

~ 70 Small-Sized Telescopes ® About 1500 scientists and engineers

® About 200 institutes
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CTA: Sensitivity to DM signal from Galactic Center

10—23 _
1 signal: W"W~ w/o EW corr.
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CTA GC projection, this work

HESS GC
Isignal: Einasto Fermi dSphs (6 years) + MAGIC Segue 1
1027 W+W~ w/o EW corr. Fermi dSphs (18 years) + LSST, projection
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Galactic center observations with CTA can
test the thermal relic cross section of 500 GeV - 10 TeV WIMPs
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Phys. Rev. D 103, 023011 (2021)

CTA: Sensitivity to popular SUSY models with the GC 7
Higgsino
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Summary

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

® Ground-based Gamma-ray telescopes (IACTs) has a good sensitivity on TeV gamma-ray
® constrain WIMPs with variety of targets T

® the Galactic Centre: one of the most promising ASTR“N"MIA

® MAGIC introduced the large zenith angle observation

® Boosted the sensitivity at TeV energies
® constrain on SUSY-Wino with different DM density profiles

——
—
b
R
Rr——p
prm—
—_—
(
d 2
==
: 3
o ~
-
|
] -‘~
"

® Next generation: Cherenkov Telescope Array
® The first Large-Sized Telescope in La Palma is in operation

® The Galactic Centre analysis with CTA-LST is ongoing _. e
CTA: explorand(; el )
universo mas energetlco

El Cherenkov Telescope Arra Ob ervatory observara todo
el cielo de rayos ga mma con una precision sin precedentes
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