. Cosmic-ray MC simulation studies .

in IACT field

Michiko Ohishi ( ICRR )
® Gamma-ray (+CR) detection principle of IACT(Imaging
Atmospheric Cherenkov Telescope)

®Current IACT systems and CTA

®Simulation studies related to CTA, which | involved
- Definition of the “gamma-ray sensitivity” (in CTA)

» Effect of uncertainty of hadronic interaction models on the
estimated CTA sensitivity (proton)

» Cosmic-ray heavy nuclei composition (Fe, Si....)

=0 ZR v D —BUAIIC KD FEROIEFRFEMER, uploadiik



Gamma-ray (+CR) Detection principle of IACT

visible light wavelength)
emitted by charged particles in
the air showers by a large
telescope

e ;s
'500GeV

® Lower energy threshold than ~,«
air shower array (if the

observation altitude is same)

® |[f the primary is gamma (or
electron), Cherenkov photons
make a symmetric pattern , o
called “light pool”

R0

20

e The Sun #

* The (bright) moon

* Clouds

—typical duty cycle of
~10% (current systems

NI e LW A= J

Light pool, radius of ~140m*

JF0

O 100

*depends on the observation altitude



Imasging: arrival direction reconstructior

Arrival direction reconstruction in the
focal plane

® We require
of <0.1 degree (full angle) for
optics and focal plane
instrument (camera)

14 TeV<E 300 Al in one -| | charge ~| Dump| &

® \We can determine
* Arrival direction
 Core location

e energy
« Gamma-ray likeness T | Yhialysic
By the image informationin ' £d mean
the camera-- - ton peingy
/ m €d.:\We partlyuse

A' machine learning

roo

We'can detg
arrival dirg

TO0

core loca

OO

regression analysis.

1o achieve <0.1 deg

resolution for we need a fine

optics — FOV is small
(typically ~10-3 str)

20C

Light pool, radius of ~140m*

JQ.QOO -7 00 O 100 300

*depends on the observation altitude



lmaging . Energy reconstruction

Light pool

» HE.SS. 2003
—— H.E.5.5. 2004
CANGAROO-I 2001

Aharonian 2008

10
Energy (TeV)




Imaging :Particle identification

E=1 TeV gamma

—1510
-i5 1 -05 0




EM showers and hadronic showers

Gamma 100 GeV Proton 100 GeV

{Tracks of
_\:’" L (J.Knapp)

Distr :
photons at the observation level




Imaging : Extracting shower characteristics

Hillas Parameters




Imaging . y-hadron separation, MVA

Input variable: MSCW Input variable: log1 0{EChi2)

* Sipmal fbrainiegy zomplc)

(1/N) dN/ 0.0671

* Hockpround fraiming aompiz)

(1/N) dN/0.735
(1/N) dN/ 0.0956

5
5

48 4408 04 032 o4 D& 0.E
MVA value T

40 4 - =1 v 1 z Bl E z E 32 4 42 29
Height log10{EmissionHeightChi2) log10(SizeSecondMax)

UiO-tlow (S,B): (0.




Residual background level estimation

Gamma-ray Measurements & Hadronic Interaction Models

OFF-source subtraction Isotropic

&

electron

1ES1218+304

Declination & [deqg]

28 W Com

T,

We subtract BG.
So we have trust

PSF (r, )
s VERITAS
Ry i hey it
2162 30 12"20
Right Ascension

simulation for that
In General: only primary gamma rays are simulated. case

Hadronic Interactions not relevant! Maier,

ISVHECRI2018

DESY. | IACTs & Hadronic Interaction Models | Gernot Maier




Current IACT systems and CTA

Next generation project
Current systems (construction) CTA

® 99 telescopes, 3 types

® Cover wider energy range
20 GeV -300 TeV
>1,400 members

“10m-class reflector,stereo” generation Gigantic collaboration...
Covers roughly 100 GeV — 20 TeV

F=ME RS D —BUAIC KD FERROERRRMIBS, uploadhk 10



CTA planned array configuration (baseline)

Northern Hemisphere : Southern Hemisphere

LST 4/ MST 15

Z3mLST @ g ., . - BMLST @
12-mMST = = . ) 2-MMST ©
(MAGIC) o " . i N 4-MSST =




electron 1.0 TeV

v O —8(C L DFERDEBIRIRRMIASR, uploadh

~ km-scale large array

— Increasing effective

area of the gamma-ray

and improving
identification of the
particle type

® Current systems

- Light-pool size > array size
- Large zenith angle
observation increase the
effective area

® CTA

- Light-pool size << array size
- Large zenith angle
observation is not so
effective



CTA . telescopes

Medium-Sized

9.7m diameter
FOV 7.6deg

~ Diameter 4.0 m /43 m [/40m
FOV 8.3 deg / 10.5 deg / 8.8 deg

SST-2M GCT SST-2M ASTRI SST-1M
B=E 22K v D —BUl(C KD FEHROEFRRZEMAE, uploadh




~ @Air shower description + Cherenkov photon generation
— CORSIKA (H.E.S.S., MAGIC, VERITAS,+CTA)
interaction models used (currently in CTA) in CORISKA6.990

Electromagnetic : EGS4
Hadronic : QGSJET-II-03 (high energy model) Switches at
UraMD (low energy model) g5 Gev/nucleon

@®Detector response
— original codes called sim_telarray (inherited from the one use in H.E.S.S.)

® MC data mass production for sensitivity curve is (basically) done on EU-GRID
® Computing resources in 20 institutes over 7 countries (as of 2018)
® ~ 2 PB MC data were produced in the last 1.5 year

® Most computing resource is consumed in
= ERE v DU —ERIC KD FERORFEERMER, uploadhik
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CTA full-array public sensitivity curve

[

-y
|
iy
—_

| lIIIIIl

T

[T I‘I.III|

| IIIIII|

=
(%)
o
£
O
(@)}
—_
')
~—
=
=
=
(2]
c
1))
n
x
=
L
x
(8]

E

—

<
&

www.cta-observatory.org/science/cta-performance/ (prod3b-v1)

l IIIIII|

Differential flux sensitivity
1 1 IIIIII| 1 | IIIIII| 1 1 IIIIIII 1 IIIIIII 1
10~ 1 10 10°
Energy EH (TeV)

—
<
N



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

3 conditions to determine sensitivity curye

® Signal event statistics (Ny>10) Acceptance in the analysis

N, = F, Ay €, t >10 :>

® Significance of signal to background (50)

-1
N, t

User definition

* This is approximated formula
1 Ny _ 1 BAw&t ¢ - Li&Ma (1983) Eq.(17) is the
9 Vita,/Ng Vit+a.[FpAopepQt standard

Literature value

\/E_B- MWp%ndtyﬁEe on the

obServation time is different

v’ Strongly depends on the
efficiency in the analysis
which reject backgrounds

Ny _ _FydAoy€y :E [ Aopep }
= = >U.
RVB Np FBAOBEB‘Q 0.05 Fy FB JAO EthyB

=00 2R D —BUAlIC KD FEROERERFEMIES, uploadhik 16

® Signal ratio to background(>5%)




Sensitivity curve and 3 conditions(2)

Signal eveg

statiy




Proton simulation in IACT field.....

“Image for illustration purposes only”

We have real
telescopes and real
background data. Why
do we need to rely on
hadron simulations? ....we need proton
IACT people Real data is enough! simulations until we
basically don’t will get new
simulate protons telescopes....
(except for special
studies)

We only simulate

protons and electrons for



)
@
4
[

@ As for proton background, there are several interaction models

® We apply a tight cut to select gamma-ray(-like) events in the
sensitivity curve derivation.

® “Gamma-ray likeness” almost means “EM-shower likeness”. We can’t
distinguish electrons from gamma-rays.

®|n the sensitivity derivation, difference of “gamma-ray likeness”
works in 2-stages:

reconstructed energy v-hadron separation efficiency
: Detected proton rate BG proton Signal gamma * Models which
EM like showers generate more
Sela=Clanl (el EM-like showers
energy in e- @ show bad
(major emitter separation from
of Cherenkov) gamma-rays
More Cherenkov ™ = - After optimized
yield— cut, residual
- proton number
eftr =62 recE @Q increases

19



Study about hadronic interactions in TeV range...

We are VHE people, uncertainty in
hadronic interaction is a matter of
. Maybe we don’t need to take

it too seriously......

CTA full array image analysis, E>1 TeV focused

..but
CTA has a better separation
ability of y-hadron than

SIBYLL2. current systems

b Difference in models may
be seen more clearly
— & of events above a Actually there seems to be
~ e certain BDT thresho factor2 difference in # of
f::::i(ﬁGiS{ETIIOZE‘ﬂ) gamma-ray like proton
N events between recent
models...

0.4 0.6 005 01 015 02 025 03 035 04
BDT response BDT cut value




Nature of “gamma-ray” like showers

Schematic diagram of a proton induced shower

* How the primary energy was

~ consumed
< If consumption in
electromagnetic components is
large, it looks like a gamma-ray

* Major supplier of EM components
—n? (—2y, life=8.5X10'"sec)

* Events which emit high energy n°
in early stage of shower evolution

—|ooks gamma-ray like
Maier+(2007), Sitarek+(2017)

“* But pi0 spectra in simulation | Al e
~ differs model to model... |

FE=E 2R v D — B & B FEEORBERMAL, uploadhk 21



Nature of “eamma-ray” like showers

-400 300 -200 100 0 100




Particle track info in CORSIKA simulation

* PLOTSH options was used to extract particle track
information

* Used high-energy interaction models

QGSJET-11-04 EPOS-LHC v3.4 SIBYLL2.3 (COR 7.¢ TeV range

(COR 6.99)
* Low energy model is fixed as UrQMD

* CERENKOV options was turned off (just to reduce
output file size)

* Injection particle: proton, mono energy :
10, 3.16, 1, 0.316, ... (TeV)

 Target is fixed as Nitrogen nucleus (A=14)

e ECUT for EM particles were set to 0.1% of primary
(to suppress output file size)

* Other CORSIKA parameters are basically inherited
from corsika_simtelarray baseline simulation

*1 Results at Barcelona meeting are from C7.57, but it seems no large
interaction model between 7.57/7.64

Non-Cherenkov
simulation in

PLOTSH trac

20|~
1o~

_—F

Schematic view of a shower
(Explanation for the fig. in p.5)

Very short-live ones
are not counted as
1 generation

(m° m..)

In EM fraction cal.
the 3" generation
was used

1st

4 //// \\\\3 rd

difference in

23



Difference between interaction models:

n? spectrum E =

1 TeV case

- 10% of
[ primary
energy

Ratio to EPOS-LHC

EPOS-LHC

— QGSJET-II-04

— QGSJET-I-03

SIBYLL2.1

T sIBYLL2.3

\oN %@

2.2 2.4

2.6 28
log10(Energy/GeV)

QGSJET
Softer spectra

2.2 2.4 2.6 28 3
Log10(Energy/GeV)



Difference between interaction models:

e Learned from Maier & Knapp (2007)
 Energy fraction which carried by EM particles (e, e*,y) after the 3™ interaction

(EEM/Eprimary)'

I;EMLM E,=1TeV case Ratio to EPOS-LHC

— EPOS-LHC

25[]{}1'.]

— QGSIIo4

— QGSII03

SIBYLL21

—— SIBYLL23

77/’,)6/]/




EM components: energy dependence

Probability of (very) gamma-like event occurrence

EPOS-LHC
QGSlo4
QGSslo3
SIBYLL21
SIBYLL23

w
©
=
5
3]
<
o

Model switching point

Dlllll | IIIIII| | IIIIIII|

-1
10 ! Input proton energgf?l'ev
FE=M0 ZZRE v D —8AIC KD FEHROEFRIRZRMIER, uploadiik

Low energy model is fixed as
UrQMD, switching point is at
80 GeV /nucleon (so the
results are naturally converged
in low energy region).

As for Ep >3 TeV (thus E, > 1.0
TeV ) region, EPOS-LHC has a
significantly higher probability
of Egp/E primary,>0-8 than QGS,
which can be an indirect clue
for factor ~2 difference in # of
gamma-ray like events.

There is a small discontinuity
for some models in Egy/E imary
at the model switching point.




Correlation between BDT value in image analysis and Eg,,/E

* Picking up Random Seed at the beginning of event for (a part of )dataset shown in p.2
(power-law, baseline sim.) and reproduced the same air shower with track information

Eem/Eprimary VS BDT value Een/Eprimary distribution and BDT range

3

[ ]
Model {EPOS-LHQ

2
u10

— BDT=0.0

-3
EDT valu%,

— BDT>0.1

B
T T T TTT]

— BDT>02 <[

o y "
. 'I' | | | | | | | | | | | | | | | | | | | |
ton-likep 0.2 0.4 06 0.8 1

= =

o

Non-Cherenkov track analysis Een/E ey




Additional simulation for full CTA energy range

Array configuration, South Site

Sute Paranal (Chile)

Array “Baseline”
4 LSTs, 25 MSTs, 70 SSTs

Particle Gamma, e-,
Proton:QGSJET-II-03 *1
Proton:
QGSJET-11-04"1/EPOS-LHC /SIBYLL2.3¢c*2
Low energy model is fixed as UrQMD

Core range 2500 m

Viewcone 0 - 10 deg, uniform

Energy range 0.003 - 330 TeV (e-, gamma)
0.004 - 600 TeV (proton)

Spectral index -2.073

I/l\l\‘\I\I|IIII|IIII|I\I\‘\III

_150III\|III\|III\|III\|IIII|IIII
-1500  -1000 -500 0 500 1000 1500

3 km W-E (m)




Residual rates

® Both of direction cut and shape(BDT) cut were applied
® |f we just want to test the difference between models, we can loose direction
cut, which makes event statistics improved largely.

Residual proton rates, Paranal, Az-Odeg, 50h Ratio to QGSJET-II-03
L,
’ |

o
n

— QGSJETIIO3

T ||||| T
/H%

.S
P

i/H*’
&
N
$
Q
@
(]

— QGSJETIID4

g
wn
T T T

-
AT

—— EPOS-LHC

Ratio to QGSJET-1I-03

1A

SIBYLL2.3

)
g
]
80 %
'ﬂ —
= E
=
%

oAt

EIII|IIII|IIII|IIII|IIII|III||III||IIIII
-15 -1 -05 0 0.5 1 15 2
Ingm{EITa"u"]




Residual

Residual proton rates, Paranal, Az-Odeg, 50h Ratio to QGSJET-II-03
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Difference in reconstructed energy

® No direction cut, no shape cut
® All “detected” proton events

reckE vs trueE Ratio to QGSJET-II-03
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(relative) CR proton rate

® No direction cut, no shape cut
® All “detected” proton events

(relative) CR proton rate VS recE , Ntel>=4
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Difference in MVA separation parameter

Separation parameter, 0.0<log10(E)<0.75, offset angle <0.5 deg

BDT response, 0.0<log10(E)<0 75, otisat anglo<0.5 deg
Histograms are normalized by their areas

— QGSJETIDI

— QGSJETIID4

— EPOS

107"

|
- e ) i

ﬂ__I_L_"-:}:'lfl_l__.l_,:_LJ_.I.=-.Le£—'r!-*f'l"&lrl- e e NN TEENE IREN NS RN EEE N REEE [ 101
-08 068 04 -02 0 0.2 0.4 0.6 08 -0.2 -041 0 0.1 0.2 0.3 0.4 05 0.6
BDT response BDT response




Summary so far

* There is factor ~2 difference in the number of gamma-ray like protons

(determined by BDT) among 4 hadronic interaction models.

* EPOS-LHC has a harder n° spectrum than QGS . As for SIBYLL, the spectra are
also hard, but with a very sharp cutoff.

* Thus this difference in Eg,,/E in the models can (partly) explain the

factor ~2 level difference of num. of gamma-ray like events, in reck > 1 TeV

primary

region. (But at the same time difference level depends on energy.)

* Effect on the gamma-ray sensitivity is expected to be ~30% between models,
only appearin 1- 10 TeV region, where 5-sigma condition dominates.

* Anyhow, we think we will be able to give useful feedbacks to the existing
models. Difference in shape parameters are small, but defining proper
parameter which is sensitive to the model difference is possible.

=[O ZER S v D —8UAIC K DFEIRDIIEFEIRRMAES, uploadhiR 35



Contribution of heavier nuclei? Uncertainty of the composition?

BDT response (Histograms are MSCW
normalized by the area) 00 s

% proton, QGSII04

— helium, QGSII04

O

R gamma

LA N R

H o =
; . =2 -1 0
Normaglized by area

(E!_ux ratio is not EmisisonHeight

considered) o 222 proton, QGSII0
rgamma ) 7

To0|
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Cosmic-ray chemical composition

measurement using IACT

rect Cherenko:

ower

— Energy oF .
rection * core location, mass
mber (A)




H.E.S.S. measurement results

B HESS QGSJET (Z>24)
O HESS SIBYLL (Z-24)
* JACEE (Z-17)

+ RUNJOB (Z=26)
*lehimura et al. (Z>25)

| *%*****’H% M{ U

Xdirection
= Off pixel

As of 2007, HESS result was the most
accurate measurement

Rgore: 107 m
Ipc:1180 pe X




H.E.S.S. measurement results

Y. Akaike ICRC2017

CALET Preliminary

800

600

-
S

400

&

200
Rcore: 88 m
Inc: 705 pe

o

—

=
_'n
I

Xdirection
= Off pixel

Flux [msris'GeV ]
=

—

=
=
=

L
m

s

&  THACERDD.03,06
CREAM:II
I R ol

=3
Reore: 87 m
i) . 10° 10°

Kinetic Energy per Particle [GeV]




Particle identification : only using Direct Cherenkov

® Assuming CTA array, only MSTs are used in simulation

® Light nuclei as H,He were rejected in the Direct Cherenkov(D.C.) event selection
® Only telescope close to the shower core (r<140m) can be used for D.C. analysis
® Effective area for DC events is much smaller than shower analysis

[ [ 1.1<log10(E)<1.3
Assuming E>12.5 TeV, all events :

Obs. Time of 1'h

b
=
=]
E=
~
—
c
=
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——
c
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L

Si+Mg+Ne, Z=10-14

ey 50,

.3<log10(E)<1.5 ) .9<log10(E)<2.1

H+He, Z=1-2 M
f 20, 0 h ﬁ 40, 0 40, 50,

1.5<log10(E)<1.7 2.1<log10(E)
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Mean Reduced Scaled WIDTH
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Particle identification : using only shower parameters

® Literature flux value from HOrandel(2003) is used for weighting
® Assumed obervation time is 1 hour
® Energy is reconstructed assuming iron (LUT prepared from iron events)

1.1<log10(E)<1.3 1.7<log10(E)<1.9

E>12.5 TeV, all events

— HZ=1, A=1
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— He Z=2,A=4

1.3<log10(E)<1.5
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—— Ne Z=1 0, A=20
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Expected event rate and charge resolution

W
[$)]

shower MVA, iron (QGS) shower MVA, iron (SIBYLL)
D.C., iron (QGS) —— D.C., iron (SIBYLL)

D.C., Silicon (QGS) —— D.C., Silicon (SIBYLL)
D.C., Magnesium (QGS) D.C., Magnesium (SIBYLL)
D.C., Neon (QGS) ——— D.C.Neon (SIBYLL)
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Expected event rate and charge resolution

1( Preliminary

538 5.41 6.05 6.30
2.77 3.02 6.16 6.50
233 259 6.24 6.54
2.14 299 6.44 6.55
- 6.55 6.84

6.74  7.08

7.41 7.66

8.30 8.53

Direct Shower
Cherenkov MVA
Fe

1(

Event count /hour
Reconstructed Z

4

ey
N
o

E>12.5 TeV
All events

—e—— Shower MVA (QGSJET-II-03)
——=—— Direct Cherenkov (QGSJET-II-03)
Shower MVA (SIBYLL2.1)
Direct Cherenkov (SIBYLL2.1)




®Monte carlo simulation of hadronic components is relatively not
well studied yet. There a number of things to do ....

®Proton: major background for gamma-ray observation and
event rate is significantly depending
on current interaction

®Proton: Once the telescopes are completed, we will not need
proton simulation for gamma-ray observation. But at the same
time we will be able to provide feedbacks to model builders from
|IACT measurement.

® As for the heavy nuclei and electron (CR) study, we will need
hadron simulation anyway. As a preparation for those studies, we
had better understand interaction first.

® There may be a lot of approaches to improve the analysis
methods for CR composition.. Your help is very welcome!
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Post-LHC hadron interaction model
in CORSIKA

CORSIKA: “as good as possible”,
fully 4-dim.

tracking, decays, atmospheres, ...

* recommended
el.mag. EGS4 * * based on Gribov-Regge theory

. * source of systematic uncertainty
low-E.had.” FLUKA *

Comparisons UrQMD

Hadronic Interaction Models in CORSIKA GHEISHA Tuned at collider energies,

(HDPM) high-E.had. ** EQPGOSéEI'-I'H*:; . extrapolated to > |020 eV

Old generation:  (S|RYL[ 2.1 QGSIETOL DPMIET 2.55 VENUS) DPM
All Glauber based Engel et al. SIBYLL

soft Sizes and runtimes vary
But differen_ces in_ hard, semi-hard by factors 2 - 40.
remnants, diffraction ... NEXUS Total: >> 105 lines of code

in a consistent
3.97 encray sharing many person-years
( ay of development.
»

New () generation: | (OGS/ET [1-03) i (EPOS 1.99) https://www.ikp kit.edu/corsika/

LHC tuned : QGSJET 11-04 (2013-)

1
1 1

Riehn & Engel Y
1ehn & Enge Fedinitch & Engel

LHC inspired : SIBYLL 2.3 QGSJET Il (?) DPMJET Il EPOS 3 (2016-)
Motivation : Motivation : Motivation : Motivation :

- update with latest - Hard Pomeron- - update with - binary scaling
LHC results in Pomeron LHC results in hard probes
simple model connexion -fix high energy

1

L}

L]

1 - - g -

' + many extensions & simplifications
:

'

1




Energy scale
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Generation and consumed energies
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Difference in muon number density on the ground
E,=1.0 TeV

E> 10 GeV muons number density on the ground

008 Muon energy spectral at the ground level

o Difference
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Other information contained In IRF

Background Rate Effective Area

— BG tot.
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