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Ground-based y-ray observation:
high energy end of the photon observation

MULTIWAVELENGTH LAND & SPACE BASED OBSERVATORIES
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Imaging Atmospheric Chererenkov Telescopes:
low energy end of the air shower detectors
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v Particle identification (y or not) is more difficult in indirect observations
— higher background level due to charged cosmic rays
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Evolution of y-ray observations with ground-based
detectors including IACTs: Kifune-plot
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https://github.com/sfegan/kifune-plot

Evolution of y-ray observations with ground-based
detectors including IACTs: Kifune-plot
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TeV y-ray source catalog

TeVCat
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Binary PSR
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AGHN (unknown type) FRI
Blazar

Shell Giant Molecular

* Cloud SNR/Molec. Cloud

Composite SNR
Superbubble SNR

Starburst
DARK UNID Other

Star Forming Region
Globular Cluster Massive
Star Cluster BIN
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The flux level of the faintest source detected : ~ 0.003 Crab (0.3% Crab)



http://tevcat.uchicago.edu/

TeV y-ray source catalog
TeVCat

w
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As of 2022Mar:

Source Types

PWHMN TeV Halo
PWN/TeV Halo

ARB MNova Gamma BIM
Binary PSR

HBL IEL GRE FSRQ LEL
AGN (unknown type) FRI
Blazar

Shell Giant Molecular
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Composite SNR
Superbubble SNR

Starburst
DARK UNID Other

Star Forming Region
Globular Cluster Massive
Star Cluster BIN
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Lac (class unclear) WR

55 HBL(High-frequency peaked BL Lac)s, 34 PWNe (6 discovered by Milagro/HAWC),

76 unidentified sources (37 discovered by Milagro/HAWC/LHASSO)
6 GRBs...
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TeV y-ray source catalog
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Ground-based y-ray detectors

Ground-based Gamma-ray Astronomy @ ICRC 2021

Mitchell, ICRC2021 rapporteur talk




Ground-based y-ray detectors (2)

Ground-based Gamma-ray Astronomy @ ICRC 2021
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& @ surface particle detector array

@ |ACTs already in operation
IceACT greatly contributed to TeVCat sources
@

@ Other detectors including IACTs

A

|
Y
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MAGIC/VERITAS/H.E.S.S.

MAGIC
Dia. 17 m x 2 tels
2200m a.s.|l.

VERITAS
Dia.12 m x 4 tels
1,260 m a. s. .

H. E. S. S.(-l)

Dia. 12 m x 4 tels
+

Dia. 28 m™ tel

1,800 m a.s.|l.

*132.6 m x 24.3 m,

Workshop "Synergies at new frontiers at gamma-rays, equivalent
2022/03/24 neutrinos and gravitational waves" @ICRR todp28m 11



Ground-based y-ray detector: role-sharing

North and South

VERITAS
+ MAGIC +90°

VERITAS site

N 31°40'30"
W 110°57'07

MAGIC site
N 28°45'43"
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-

H.E.S.S. site

S 23°16"18"
E 16°30'00"

\

J

Figure from http://tevcat.uchicago.edu/
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Ground-based y-ray detector: role-sharing

North and South

Planck CO(1-0) map
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Small difference In design concept

VERITAS

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV
-39°00' il deg

20"

declination ,  [deg]

40

Dec (J2000)

-40°00"

ﬁ&

1ES 121

303

’5

. it - ;""SF
. . o i r ;ﬂ ;’ , R 29
ol T FEE L 186 1855 185 184.5 184
RA (J2000) right ascensiong000 [deg]
(Abdalla+ 2018) (Aliu+ 2013)

significance [o]

galactic sources
extragalactic sources — compact, soft spectra

— narrower FOV camera (with a large reflector)

— extended — wide FOV camera

FOV size: (South) HESS 5.0 deg, (North) VERITAS 3.5 deg, MAGIC 3.5 deg

Workshop "Synergies at new frontiers at gamma-rays,

2022/03/24 neutrinos and gravitational waves" @ICRR
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Indirect/direct, IACT/surface particle detector

comparison
: (34 gen.) Surface particle
Fermi IACTs detectors
Enerav Rande 20 MeV — 100 GeV 400 GeV
dy Rahg 200 GeV - 50 TeV - 100 TeV
Field of View Ar /5 (2.5) st 97D - A 16 (2.1) St
6 X 10 -3 (sr)
Duty factor 80% ~ 15% > 90%
Angular resolution | <0°.15 (> 10 GeV) 0°.07 0°.5
Energy resolution 5-10 % 15-20% ~50 %
2
Effective Area v-8 n ~1Xx10°m?™ 6 X 104 m2™
(on-axis)

Figures in dark blue taken from “Introduction to Particle and Astroparticle Physics” De Angelis & Pimenta

*1 @1 TeV, 10m x 4 system

2022/03/24

*2 Tibet-AS array case
Workshop "Synergies at new frontiers at gamma-rays,

neutrinos and gravitational waves" @ICRR
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Indirect/direct, IACT/surface particle detector

comparison Observations of time transients
Fermi IACTS Surface particle

detector

Field of View 4r /5 (2.5) st RSN A 16 (2.1) st

6 X 10 -3 (sr)
Duty factor 80% ~ 15% > 90%
2
Effective Area -8 m ~ 1x 105 m2"L 6 x 104 m2*2
(on-axis)

Observations of transient objects by IACTs
_)

follow-up observations with information
given by other wide FoV detectors

( If conditions are met )

2022/03/24 neutrinos and gravitational waves" @ICRR

Workshop "Synergies at new frontiers at gamma-rays,
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Indirect/direct, IACT/surface particle detector

comparison Observations of time transients
Fermi IACTS Surface particle

detector

Field of View 4r /5 (2.5) st RSN A 16 (2.1) st

6 X 10 -3 (sr)
Duty factor 80% ~ 15% > 90%
2
Effective Area -8 m ~ 1x 105 m2"L 6 x 104 m2*2
(on-axis)

Trigger rate drop by passing clouds

Observations of transient objects by IACTS &=

2
§

N
follow-up observations with information IEE
given by other wide FoV detectors ®

( If conditions are met )

fw‘u JM Ayl

'

Aharonian+ 2006

o 1 1
0 200 400 600 BOO 1000 1200 1400 1600 1800
Time [s]

2022/03/24 neutrinos and gravitational waves" @ICRR

Workshop "Synergies at new frontiers at gamma-rays,
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Indirect/direct, IACT/surface particle detector

comparison Observations of time transients
Fermi IACTS Surface particle

detector

Field of View 4r /5 (2.5) st RSN A 6 (2.1) st

6 X 10 -3 (sr)
Duty factor 80% ~ 15% > 90%
2
Effective Area -8 m ~ 1x 105 m2"L 6 x 104 m2*2
(on-axis)

Observations of transient objects by IACTs

—

follow-up observations with information

given by other wide FoV detectors

( If conditions are met )

2022/03/24

Workshop "Synergies at new frontiers at gamma-rays,

neutrinos and gravitational waves" @ICRR
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Indirect/direct, IACT/surface particle detector

comparison
Fermi IACTS Surface particle
detector
Field of View 4r /5 (2.5) st RSN A 6 (2.1) st
6 X 10 -3 (sr)

Duty factor 80% ~ 15% > 90%

. 0.8 m2 ~1%10°m? 6 X 10% m?
Effective Area : _

(on—aX|s) @1 TeV (Tibet AS case)

Exposure S+ Q - T (or duty factor)

As for IACTSs:

S — large enough

Q — significantly small
T — relatively small

Trigger rate drop by passing clouds

—

T 200/

Rate |
T
=
=

120
100[-

GO

A A

Aharonian+ 2006

1 1
200 400 G000 BOD 1000 1200 1400 1600 1800

Time [s]

2022/03/24

Workshop "Synergies at new frontiers at gamma-rays,
neutrinos and gravitational waves" @ICRR
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Difference In effective area : direct and indirect
10 — 100 GeV region e from

https://www.cta-observatory.org/science/ctao-performance/

10°°
107
10°
10°

1077

10°®

Differential Flux Sensitivity E°’dN/dE (erg cm™? s™)

— =25 GeV
muus E = 40 GeV
------- E =75GeV
1= E =100 GeV
=0 E =250 GeV

E
E
12 [
10 :E 1 min 1 hour
10—13-[ 1 1 ||+|||| 1 1 ||+|||[ 1 |¢||||||| 1 1
10 10° 10° 10*
Time (s)

www .cta-obsenvatory.org/science/cta-performar ce/ (prod5-v0.1)

x104

IACT’s large collection area effectively works for a strong y-ray
emission in a short duration (which you expect for very eneegetic

phenomena)

2022/03/24

Workshop "Synergies at new frontiers at gamma-rays,
neutrinos and gravitational waves" @ICRR
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IACT y-ray detection principle

Air

« mostly N+ O

* non-uniform
calorimeter with a
scale height of 8.5 km

« ~1030 g/cm?
— 28 radiation length

Extensive Air Shower

(from sea level)

~10 km

200 Light pool
radius ~ 120m (depends on the altitude)
30300 200 100 Q 1Q0 200 2300

v oitay

Workshop "Synergies at new frontiers at
2022/03/24 gamma-rays, neutrinos and gravitational 21
waves" @ICRR



IACT y-ray detection principle:reconstruction

Reflected images on the focal planes
arrival direction &

core position

are determined using
shower image
patterns on the
Imaging camera

o

Extensive Air Shower

200 Light pool
radius ~ 120m (depends on the altitude)
30300 200 100 Q 1Q0 200 200

v oitay

Workshop "Synergies at new frontiers at
2022/03/24 gamma-rays, neutrinos and gravitational 22
waves" @ICRR



IACT y-ray detection principle:reconstruction

Reflected images on the focal planes

Cherenkov photon density

= 300 GeV
10°E
E 100 GeV
10 :_—‘—,—\

P R R T S
0 50 100 150 200 250
radius (m)

Extensive Air Shower

* Energy is estimated
using conversion table
which describes
relation between

7 * Note that the
observed p.e.s & X ' description about

energies, which energy reconstruction

depends on the impact T3 ‘. 2 here is simplified.
' Implementations are

<awaw

parameter different for each
ht pOO| group.
« The table is created lius ~ 120m (depends on the altitude)
with Monte Carlo ) 100 Q 1QQ 200 200

i L
simulated events y (o

Workshop "Synergies at new frontiers at

2022/03/24 gamma-rays, neutrinos and gravitational 23
waves" @ICRR



IACT vy-ray detection principle: y/hadron separation

Majority of triggered events

Reflected image on the focal plane

—charged cosmic rays

Extensive Air Shower

=

TOL50 Z00 — 100 0 100 200 300
Workshop "Synergies at new frontiers at oLy
2022/03/24 gamma-rays, neutrinos and gravitational 24

waves" @ICRR



IACT vy-ray detection principle : y/hadron separation

Majority of triggered events

Reflected image on the focal plane

—charged cosmic rays

v-ray flux from Crab nebula
~ 2.8x10 (E/TeV)? /cm?/s/TeV

CR proton flux
~1.0x10° (E/TeV)®* [cm?/si/s/TeV

Assuming Q = 6 x10 3 sr
(camera FOV) and a=p= -2.6

— 6 x 108 (E/TeV)* /[cm?/s/TeV

At trigger level CR background
event rate is quite high

TOL50 Z00 — 100 0 100 200 300
Workshop "Synergies at new frontiers at oLy
2022/03/24 gamma-rays, neutrinos and gravitational 25

waves" @ICRR
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()
primary y cosmic ray (p, o, Fe ...)
5 Hadronic shower . amospheric nucteus
‘\‘\
EM shower /|
/ \ 1
74 \ EM showegr,, el Y
. S » i nucleons,
i//Y R Y 4 K". etc. ™
/ e"“ atmospheric nucled§ v
e+ /1{.: “‘a‘ ‘» 1““?‘.\-, EM shower TCO H
P < C +c"“ “\ Wi \"-‘ \\\ \'\
O A W RN WA
/1 yghe 2\ N nuc)eons, /| .
< / | _ ,_\ e \\‘ g K ete. / \ Rt,_" L" e "\\}1
/ > // [ ‘} et e’ |
| +/ -‘\h A
H
(Otte 2007)
At trigger level

CR Y

>10° : 1

2022/03/24

IACT y-ray detection principle y/hadron separation

Reflected image on the focal plane

=

FOC
0L 50 200 — 100

O 100
Workshop "Synergies at new frontiers at
gamma-rays, neutrinos and gravitational

waves" @ICRR

=0 ALY
v oLy
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Light pool patterns on the ground

v 30 GeV
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p 100 GeV
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v 300 GeV

x (m)

-100

-200

-300

-300 -200 -100 0 100 200 300

y (m)

plTeV

0

-300 -200 -100 0

100 200 300
y (m)

CORSIKA 7.74,
2,000m a. s. .

v 3 TeV

-300 -200 -100 0 100 200 300

y (m)

p 10 TeV

x (m)

-100

—200

—300]

-300 -200 -100 0

100 200
y (m)

Light-pool photon density fluctuates event to event, caused by the
variation in the first interaction height (limiting energy resolution)



Cherenkov photon angle distribution

Impact parameter d = 70 m, photon collection area radius = 10 m

v 300 GeV

X (deg)

y (deg)

Single electromagnetic shower
— One elongated ellipse

plTeV

X (deg)

y (deg)

Superposition of sub-structures:

" u-ring - sub-EM showers
- p-arc



Cherenkov photon angle distribution

Impact parameter d = 70 m, photon collection area radius = 10 m

y 300 GeV p 1000 GeV

100

X (deg)

_1‘—5I,5 -1 05 0 0.5 1 1.5 2 25

y (deg)

2.5

X (deg)

185 T 05 0

0.5

1.5

2 25

y (deg)

40

30

20

In the observation data:
+ finite point spread function (

\_t noise: electric noises

) of the reflector

+ finite of the imaging camera at the focal plane
+ noise: night sky background (starlight, moonlight etc.)




Cherenkov photon incident angle distribution

Impact parameter d = 70 m, photon collection area radius = 10 m

v 300 GeV e 300 GeV
2.5

100 2
©
b4

X (deg)

1. 0 -1.5
1—'%,5 -1 05 0 0.5 1 1.5 2 2.5

=5 -1 05 0 0.5 1 15 2 25 °
y (deg) y (deg)

Both y and e*(e*) form electromagnetic shower (difference in
the first interaction, but the rest is same)

— basically indistinguishable on event-by-event basis
L~ Irreducible CR background




Conditions which determine y-ray sensitivity
of an IACT system

e Minimum number of signal events ( Ny = 10)

Simulation

1 —  setting
N = FAO EtZlO FV= '—]g t—l efficiency in
Y Y Y I:> @[&jﬂ“\ tf:fe anaI;//sis
e Significance to the background events (Noc 2 5)
1 N, 1  FAyet
\/1+a\/NB \/1+a\/FBAOBEBQ.t

t:ﬁfst {7AOB 0les /
FB 4o, lfy 14+ aN,t /2

e Signal to background ratio ( N,/N; =0.05)

> 5

O_:

N FyAgy€ FélOBQ €p
N  FpAopepf LAOY lfy
2022/03/24 Workshop "Synergies at new frontiers at gamma-rays, 31
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Cherenkov Telescope Array (CTA)

North site: LaPalma, Canary islands, Spain ; -

o T

-
-

credit: Gabriel Pérez Diaz, IAC / Marc-André Besel, CTAO

CTA array consists of 3 types of telescopes (LST, MST, SST) to cover
20 GeV to 300 TeV energy range

LST (¢ 23m, 20 GeV — 3 TeV), MST (¢ 12m, 80GeV - 50 TeV),
SST (¢ 4.3m, 1 TeV - 300 TeV)



Array configuration for the current public IRFs

“Alpha configuration™ : first construction phase
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| | | | LT —
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- * o . 500 — _
100 o — L o _
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g . ° o - ¢ o0 .
= O e ] o °® o o —
i~ C Y | N _
2 C [ ] ° ] L o ® oo i

-100— — L o . ]

N ° ] B a
~200— . . = ‘_
~300 - . |

[ LSTs:4MSTs: 9 i MSTs: 14 SSTs: 37

:| ol b b b by b s b v: 1000_| R TR T R T TR S T AN S SR SR A N S |_

-300 -200 -100 0 100 200 300 -1000 -500 0 500 1000
East (m) — East (m) —

These figures and instrument response functions (IRFs) are public on

Zenodo:

2022/03/24 Workshop "Synergies at new frontiers at gamma-rays, 33
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https://zenodo.org/record/5499840#.YihE73_P1hF

Array configuration for the current public IRFs

“Alpha configuration” : first construction phase

11000

500
! !
€ E
E £
S S
=z z
—100
~£500
-200
=300
~1{00
-300 -200 -10©0 O 10w 2000 3800 —-000 ~500 Y 500 1000
East (m) —

East (m) —

These figures and instrument response functions are public on Zenodo:
https://zenodo.org/record/5499840#.YihE73 _P1hF

Workshop "Synergies at new frontiers at gamma-rays,
neutrinos and gravitational waves" @ICRR
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Sensitivity curve for various IACTs and
ground-based y-ray observatories
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Sensitivity and observation time relation:
(10-year scale)

*Array configuration for this plot is different from the current, but
relation between observation time and sensitivity shows same feature
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* Detector configuration (as of 2013) is different from the one in the previous page
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Sensitivity curve and dominant conditions

CTA Instrument Response Functions public at Zenodo (Prod5 ver v0.1) :

v T —
L R - " Nyamma 2 10 o Alpha configuration
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https://zenodo.org/record/5499840#.YjiDQ-rP1D9

Summary

v-ray observations with IACT have been continuously developed over
the past 30 years, more than 200 objects have been discovered by
IACTSs.

It can achieve lower energy thresholds (currently 20 GeV) than surface
particle detectors, but its small field of view makes it essential to
cooperate with a wFoV detector for observations of transient objects.

IACT observations can only be performed in clear and moon-less nights,
forming a network consists of multiple observatories with different
longitude/latitude is meaningful.

The most important factor to determine the IACT sensitivity curve Is
background rejection capability. To improve sensitivity, development of
new hardware/software and building accurate Monte Carlo simulation
are ongoing.
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Backup
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Common requirements for the IACT detectors:
Optics and imaging camera pixel size

o Cherenkov photon density of 100 GeV y at 2,000m
— 10 photons/m?

o ~ 100 photo-electrons (multiplied mirror reflectivity and Q. E. of the
photo-detector) is required for a reasonable image analysis

o Optical PSF and camera pixel-size < need to distinguish EM shower
and hadronic shower

 EM shower itself has a finite extension (c=0°. 05)
— Optical PSF smaller than ¢ = 0°.05 and pixel size of ¢ ~0°.1

» Practical solution of the reflector design — tessellated reflector with
spherical segmented mirrors

g CTA-LIST
% tessellated parqbola

Workshop "Synergies at new frontiers at gamma-rays, 40
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Background estimation : ON - OFF

o “y-like event list” #

estimate BG level

Event Map
-29

-30 _
QObservation -~
Positions .|

"On Region

22h02m 21h58m 21h55m

“photon list
It includes a significant number of irreducible, -
misidentified charged cosmic-ray events

Estimation of background level is essential
In many cases OFF region data is used to

02plot sample
(Abramowski+, 2012)

Event Map
-29

o

L o - N¥
! o + o
J .‘h :,— On Region

L0

-31

Observation’ -~
Positions

22h02m 21h58m 21h55m

(Berge+, 2007)



v/hadron separation in the analysis
- Hillas parameter-based analysis -

Characteristics extraction of air shower
images using 2"9/3" moment

WIDTH : lateral size of an EAS, /“”’“"
LENGTH : longitudinal size of an EAS O

. . é WIDTH
Simple but robust and worked well in the e (Otte 2017)

IACT experiments in early stage

Hillas parameters show dependence on
core distance (impact parameter) and Size (Aharoman+ 2006, H.E.S.S. Crab)

o 16

[ ] merays

| | — Meonte Carlo

Data

(total p. e. in the image) g [ | e Ed Ay

T 10—
[l

— corrected Hillas parameters
(Mean Reduce Scaled Width
etc.) describes characteristics of
an EAS better

8

4

2
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v/hadron separation in the analysis
- machine learning classification -

Current popular analysis approach Albert+ 2008
implementation is different for each group: T LT —
MAGIC — Random Forest (RF) 400 (- ’

VERITAS — Boosted Decision Tree (BDT)
With signal and background data samples,

300

counts

the machine learning scheme is trained to 20
separate two data samples best -
(classification) !
0 — i
Multlple |nput parameters’ Slngle Output 0 0.1 02 03 ().=1l]‘df).;§]‘-f).6 07 08 09
parameter (hadroness, or gammaness)
. : ) ) / Training sample
Choice of input parameters is also different for
ez_;lch group (Hillas p_arameters, corrected Signal — MC y
Hillas parameters, pixel charge, etc.)
There are two choices for BG training sample: MC hadron
 MC hardon — suffers from uncertainties in hadronic Background
interaction Real CR data
* Real CR data — discrepancy between MC setting and real Either choice has its
(atmosphere and hardware condition) Wn problems.
2022/03/24 Workshop "Synergies at new frontiers at gamma-rays,
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v/hadron separation in the analysis

- template likelihood -

Search for a best-fit image from a
database of y-ray shower images
for various conditions (impact
parameter, energy, incident angle,
etc.)

Shower reconstruction and
evaluation of gammaness
(goodness-of-fit) is performed
simultaneously

Only y-ray is needed for MC

Used in H.E.S.S. and showed
better results than
Hillas-parameter based analysis

Computing resource consumption
for creating database and best-fit **

An il
O1_;;u|a|' Resolgmn [[_33891
=] o — —
[=2) ey L] 'Y
T I

I
lglll

(Parsons&Hinton 2014)

-4~ Hillas std
-+~ Hillas hard

+- IMPACT std

0
107"

Image search is relatively high
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Importance of Monte Carlo simulation accuracy

[ Night Sky Background ]

[ Atmosphere profile
(transmittance)

J

[ Telescope optical ]
PSE

[ Electric noises ]

[ Dead pixel info m

-
/

High energy interactions
in the EAS

Telescope optical
throughput

Telescope pointing

|

—

Precise matching between Monte
Carlo simulation data and real data is
essential for IACT experiments

There are numerous parameters to be
tuned in MC

Some of them are variable on run by
run (day by day) basis:

Atmosphere condition
Night sky background
Telescope optical throughput
Telescope pointing accuracy

Using various monitor data and info
from supplemental devices (LIDAR,

accurac .
d skymonitor camera, etc.), there
parameters are supposed to be
properly tuned for each data run
Workshop "Synergies at new frontiers at gamma-rays, 45
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E? dF/dE [erg cm@ 871

background rate [1/s]

Conditions which determines y-ray sensitivity of
an |ACT (CTA) case : E> 10 TeV

T ————— .. - o Gamma/hadron separation in

- === Noma 2 10 . .
B —4— gamma
I Nt this energy band by IACT is
N, /Ny 20,05 excellent
R — Number of signal event
10 e X oo ( Ny= 10) limits the
- > - . .
- Ba . sensitivity
B e i
10" = gt
E T e Large exposure is needed
IH—1|5H|I—r1“II—OI.5HII(I}IIHOISHH4H||1.|5|H|éll ]
%" o Qverlapping energy range
"E P with surface particle
10° & .
o E detectors (their detectors
o E have high duty factor)
S5 o1 05 0 05 1 15 2

\og10 (E/TeV)



Conditions which determines y-ray sensitivity of an
JACT (CTA) case : Afew TeV to 10 TeV

<

E2? dF/dE [erg cm™@ s

<
o

107

background rate [1/s]
[ene)

TTTTTT

E —4 o NQ&TIH’\EL 210
L '-I -=-N; 25
E '-‘ Nsig/l\lBG >0.05
B -
= Ei- i
B T B0
- s i
C J.T+ _'.:‘—,!L
B o=, —~o=7
- _"TMLF-.:*S
B | N A | | cl |
-1.5 -1 -0.5 0 0.5 1 1.5 2
Iogm (E/TeV)
— proton
— electron

S5 1 05 0

2022/03/24

e Li&Ma significance is the
dominant condition and
major background is CR
proton

e More reduction of hadron
component may improve
the sensitivity, but Ny limit
IS also close

05 1 15 2
\og10 (E/TeV)
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Conditions which determines y-ray sensitivity of an IACT
(CTA) case : 100 GeV to a few TeV

E2? dF/dE [erg cm™@ s

g N >10 : . . . .
— e e Li&Ma significance is the
= LNy > 0.05 dominant condition and
B RS major background is CR
= 1':.*‘ ] electron
Z c7 "—,CL:‘A
- - - .
10 R e Basically CR electrons are
- S L irreducible background for
L TN NS P P IACT gamma observation
Iogm(EfTeV)
20 — proton ;
S E I ° New-typ_e detector will be
s o F needed in the future
g E improvement of the
g -1.5 -1 -0.5 0 05 1 1.5 ‘ogm (2E/TeV) SenS|t|V|ty
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E? dF/dE [erg cm@ 871

background rate [1/s]

Conditions which determines gamma-ray
sensitivity of an IACT (CTA) case : E< 100 GeV

CIES :::ga;m;m e S/B ratio determines the
m%_ N:ng%w-oﬁ sensitivity, Fhus_extension
- 8 of observation time does
0 i T not improve the sensitivity
C —“OT,JF 7,;“""
B Ty - . .
10 e ngeeal e Major background is CR
S R e proton again
I P e NV N N D N
-15 -1 0.5 0 0.5 1 1.5 2 .
og,, (ETeV) e Effort to improve y/hadron
" — o separation efficiency is
f): essential (in software or
o £ hardware) in this energy
S5 1 05 0 05 i 5 2 band

\og10 (E/TeV)



Energy resolution and angular resolution from
detection principle

Statistical fluctuation in the

image Threshold effects

Fluctuation in the shower

development Image truncation

Errors in the core position Systematic errors
reconstruction (between Real and MC)

Hoffman
2000



Angular resolution limiting factors

S

Resolution (arcmin.)

10

S

)
S
2
s
g \. 100 GeV
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—e_
1 Tev
‘ . R
2 3 4 10
10 10 10 10 5 -4 3 ) -1
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Relative efficiency

(Hofmann 2006)
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Indirect CR experiments

il 1% WP ==2—rY/ FHigk - A<

Gravitational Wave Dark Matter Neutrino Cosmic Ray / Gamma Ray

yey pre s e sl
OKIM-JO0KM
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Proton-induced shower images in IACTs

« EASs from cosmic-ray protons : sub-structures Schematic diagram of a proton-
— EM sub-showers from n° induced EAS
— Muons from nt

« Wide variation in observed images

primary
proton

Cherenkov Image samples for 1 TeV proton
z:0deg, Impact Parameter : 120 m,
first interaction height : 20km, target nucleus: Nitrogen (all fixed)

LSTCam LSTCam
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Proton-induced shower images in IACTs

Previous studies on nature of y-like proton events:
Maier+ (2007), Sitarek+ (2018), Sobczynska (2008, 2015) etc.

Emission of energeticn® - vy -like shower

Rate of y-like events depends on n® spectrum

High max E,, image samples for 1 TeV proton

z:0 deg, Impact Parameter : 120 m,

first interaction height : 20km, target nucleus: Nitrogen (all fixed)

LSTCam
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0.0 1
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LSTCam
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600

LSTCam
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LSTCam

max E_pi0: 689 GeV

Schematic diagram of a y-like EAS
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