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Mini-Array

The ASTRI Project ASTE

* Astrofisica con Specchi a Tecnologia Replicante Italiana (ASTRI;
“Astrophysics with Italian Replicating Technology Mirrors”).

e |stituto Nazionale di AstroFisica (INAF; National Institute of
AstroPhysics)-led project funded by Italian Ministry of Research, in the
framework of Cherenkov Telescope Array Observatory (CTAO) Small
Size Telescopes (SSTs).

* Innovative dual-mirror, Schwarzschild-Couder (SC) optical
configuration, Imaging Atmospheric Cherenkov Telescopes (IACTs).

* Features:

*~4m mirror diameter.
* Angular resolution up to 0.05deg.
* Energy resolution of ~10-15%. .
* Large field of view (FoV) 10.5deg. Sictorial view of an ASTRI IACT.
* Small plate-scale camera made of Silicon PhotoMultipliers (SiPMs)

detectors with 7x7 mm pixels.

F. Casaburo et al. for the ASTRI-Project, "From nine to forty: the SST telescopes and gamma-ray science with ASTRI and CTAO”, July 20-24, 2026 2




The ASTRI-Mini Array

Mini-Array

* Array of 9 IACTs under deployment at the “Observatorio del
Teide (OT)”, ~2400m a.s.l., in Tenerife (Canary islands, Spain).
*3 telescopes (ASTRI-1, ASTRI-2, and ASTRI-3) already

acquiring data.

*More than 200 researchers belonging to INAF, Italian
Universities, Istituto Nazionale di Fisica Nucleare (INFN;
National Institute of Nuclear Physics), etc.

*Observations at multi-TeV energies (1-200 TeV).

*Important synergies with other Northern ground-based
gamma-ray facilities such as Large High Altitude Air Shower
Observatory (LHAASO), Major Atmospheric Gamma Imaging
Cherenkov telescopes (MAGIC), CTAO-North, etc.

*See G. Tosti’'s talk for more datails.
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Why Monte Carlo (MC) Simulations?

Mini-Array

y-ray 7}1
Monte Carlo (MC) simulations are used during: \ MC SIMULATION
. . . . . N\ Air shower ‘ Detailed modeling of
Commissioning to validate the instrument and N Q) oo

’ Camera response
simulation

Realistic background
) V" (NSB, hadrons, etc.)

develop reconstruction models.
Science operation to derive the response of the

@ system to y-ray astrophysical observations by

means of the generation of appropriate Mo eventz)
instrument response functions (IRFs).
Data analysis: translate camera images into
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Simulation pipeline

Mini-Array

CoRSIiKa (Heck et. al. 1998) i 1. Primary particles

* Simulates atmospheric Extensive Air ; ‘YVEY'SP/"C*:'ST’WS /
Showers (EAS). o Sl
* Models the production of Cherenkov *C;e'e”"“"g*"‘ )
light. k 3. Telescope & optics simulation
, ek S o
sim_tela rray (Bernléhr 2008) 0 im_telamy} < 4. :amera&electronics si.mulationJ\
 Simulates the telescope and detector - | 5riﬁfif§;£fiﬁz’3.ii;oeieCt’°”'“ )
response. " e O
 Converts Cherenkov photons into X e )

; 1 ;
)

detector event images . /
e
Event reconstruction W | Reconstruction models | Instrument Response Functions (IRFs)
| | B r
Calibration and reconstruction d Development and validation RIL Effective area, energy dispersion,
of Cherenkov events J of reconstruction algorithms PSF, background, ...
\
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Simulation configuration

Accurate simulations of the ASTRI Mini-Array require the proper configuration of
both CORSIKA and sim telarray, involving nearly 300 simulation parameters.

sim_telarray

e Observation level.

e Telescope positions. * Telescope pointing.

e Geomagnetic field. e Atmospheric extinction.
e Telescope geometry.

e Mirror reflectivity.
e Camera geometry.

e Atmospheric density profile.
 Primary incoming direction.

* Primary impact point. o SiPM.
e Energy range & spectral index. o Trigger.
e Many other technical e Readout.

\@rameters. / \-\I\/Iany other technical parameters. /
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Mini-Array

CoRSiKa configuration: Geomagnetic field

* The geomagnetic field deflects charged
secondary particles, modifying the EAS
deve|0pment and the Cherenkov i ght e A et Q) 5 95 (. e i)

—-16.5686095

distribution.

Latitude: 28.30 deg
Longitude: -16.51 deg
Altitude: 2338.00 meters

* The geomagnetic field has been
estimated by geomag 7.0 (Alken et al., S P 8wl 0D ol

dX
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-Output:
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] UO‘-Vﬂ



CoRSiKa configuration: Atmopheric density and ASTE
refractive index

Mini-Array

atmprof36.dat
* Atmospheric density profile is computed to go°
determine the amount of matter traversed by

—h
<
m

shower particles.

* The air refractive index profile is also needed to
compute:

—r
<
~J

—e
<
[o-]

—h
<
w

-The Cherenkov emission angle cosf = —2 I e e o
-The Cherenkov photon yield:
2 2 _2 2 2 s
d°N _4.71: zze | 21 : _257:2.3 asin2®c e
dxdA hcA nf3 A 0

* We adopted the atmprof36.dat atmospheric model
provided with the corsika sim telarray package.
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ASTRI-Mini Array Prod-2 simulations

Mini-Array

ASTRI-MA Prod2

 Large-scale CoRSiKa production:
-Point-like and diffuse y-rays.
-Electrons.
-Protons.
-Helium nuclei.

* Power-law energy spectrum:

dN 15
E O
* Final telescope layout (2020).

* Simulations performed for multiple Zenith and
Azimuth angles.

Final ASTRI Mini-Array
telescope layout
../L\. ._A,\,\, (approved end of 2020)

Simulated particles

Y Gy ° vrays (point-like
" and diffuse)
o @ « Electrons

e Protons
e Helium nuclei

-<ZA Multiple pointing

// \ directions
'7/’ « Zenith Angles (ZA)

/-, Azimuth Angles (Az)
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ASTRI-Mini Array Prod-2 simulations

Mini-Array

ASTRI POINTING DIRECTIONS (NEU FRAME)

* Pointing directions North-Est-Up (NEU) frame: S
-Z/A=20°, AZ=0°,180°. j
-ZA=40°, AZ=90°,270°. 2O
-/A=60°, AZ=0°,90°,180°,270°.

* Directions choosen to reproduce the Crab

Nebula trajectory.

* Goal: Provide sufficient MC statistics over the

full energy range while reproducing the

observing conditions of the ASTRI- Mini Array.
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ASTRI-Mini Array Prod-2 simulations

Particle type Spectral slope Energy range View-cone radius Scatter radius Azimuth Zenith angle No. of simulated showers

(TeV) (deg) (m) (deg) (deg)

ASTRI-MA Prod2_20deg

Photons (point-like) —-1.5 0.1 -=330 0 3200 0/180 20 4 x 107
Photons (diffuse) -1.5 0.1 =330 10 3200 0/180 20 4 x 10°
Electrons -1.5 0.1 =330 10 3200 0/180 20 2 x 10%
Protons -1.5 0.1 — 660 10 3200 0/180 20 2% 10°
Helium nuclei -1.5 0.12 =750 10 3200 0/180 20 1.2 % 10°

ASTRI-MA Prod2_40deg

Photons (point-like)
Photons (diffuse)
Electrons

Protons

Helium nuclex

Photons (point-like)
Photons (diffuse)
Electrons

Protons

Helium nuclex

—-1.5 0.16 — 530 0 4000 90/270 40
—-1.5 0.16 — 530 12 4000 90/270 40
—-1.5 0.16 — 530 12 4000 90/270 40
—-1.5 0.16 — 1060 12 4000 90/270 40
—-1.5 0.16 - 2120 12 4000 90/270 40
ASTRI-MA Prod2_60deg
1.5 0.5 — 800 0 6000 0/90/180/270 60
~1.5 0.5 - 800 14 6000 0/90/180/270 60
~1.5 0.5 - 800 14 6000 0/90/180/270 60
~1.5 0.5 - 1600 14 6000 0/90/180/270 60
~1.5 0.5 - 3200 14 6000 0/90/180/270 60

4% 107
4% 10%
2x 10%
2% 107

1.2 % 108

4% 107
4% 10°
2% 10%
2% 107

1.2 % 108

Main CORSIKA simulation parameters for the ASTRI Mini-Array MC production at the Observatorio del Teide.
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ASTRI-Mini Array Prod-2 calibration simulations

Mini-Array

[Event2305]

 Events for camera calibration (dark, laser, and
pedestal) to provide the complete reduction and
analysis of the first scientific data suitable IRFs for
evaluating the system performance.

* Muon-initiated events for the analysis of muon
rings to estimate and monitor the overall optical
throughput and optical point-spread function (PSF).

* Light emission by an illuminator that will serve as a
cross-calibration device for the ASTRI telescopes.

- 15

Muon ring.
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sim_telarray configuration: optical and detector ASTE
parameters Mini-Array

T AN SUUURUNE SN S S

Optical and detector parameters have

been implemented in sim_telarray to 1 B
provide a realistic simulation of the

T ENURRNE S SN S SRS SURTRNE SRR S
" = . i i

telescopes e.g.:

UF smm ASTRI-MA M1 (tot. std.)
—— ASTRI-MA M1 (tot. avg.) : : : | | P o | | :
ASTRI-MA M1 {old, normal incidence) : : : E'D_':"I'" SRR SVRRUY 3 '“..-'_,"F---"-“_

i : : . r

* Differential reflectivity of primary and &% %% oo _
secondary mirrors.
E H = — ASTRI-MA camara filter transmission {nomal incidences - | g7 o) |
100 _'J.-«_'NF:M 'f;,:-: ASTRI-MA camira filer ransmission (eld, noemal incidenca) |

e Differential camera filter trasmission.

* Detector response based on | N I e
measured High Gain (HG)/Low Gain

(LG) waveforms and calibrated SiPM I M N -
single-photoelectron (SPE) spectra. s s =

Primary (top) and secondary (middle) mirrors reflectivity, and camera filter
trasmission (bottom).

F. Casaburo et al. for the ASTRI-Project, "From nine to forty: the SST telescopes and gamma-ray science with ASTRI and CTAO”, July 20-24, 2026 13



sim_telarray configuration: Night Sky Background
(NSB)

o 1Y ' \vv“ '
'\‘ \ -_,_ > .
N | i
fEh W \ ]

) U

Mini-Array

Night Sky Background (NSB) consists of all background
light detected by the telescopes, distinct from the

tra n Sie nt Ch e re n kOV Sign a | * v \N\\“P\R\( Radial Profile: OffFixed-20-180
. ? — [ NSB: 0.0560 + 0.0008 |
* Increases the camera background noise. jio——u

o Affects the energy threshold and trigger performance.

* Contributes to systematic uncertainties in
observations.

* Influences the thermal load of the camera.

* Determines the capability to operate under partial -

06 - p3: 2.6347 £ 0.2250
’ pd: 26.4167 + 27.3618

[GHzZ]

MSB Rate

0.04 4

moonlight conditions. ¢ Feamons . . . . .
Realistic NSB model is essential for detector simulations
and performance evaluations NSB estimated for ASTRI-3 at Z=20°, AZ=180°.

Dedicated code has been developed to estimate the NSB
based on real data observations.
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Validation of MC simulations: Trigger rate

* The trigger rate is estimated using proton
and helium MC files.

* Events reweighted to the physical Cosmic
Rays (CRs) spectra.

 Detector geometrical acceptance
determined by the maximum core distance
Rmax.

* The total reweighted distribution of
background events is normalized to
reproduce the physical flux over the full
energy interval.
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Mini-Array

m

R (R
5
g A MC 20260526
= =+ Data 20240924
3 10* = Data 20240925
= £ A A A + Data 20240926
0P g Data 20241122
= o} ® Data?20251115
- “.
2 — 4
- A A A A
10 =
— | | | | | | d 0] | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14 16 18 20
Discriminator [PE]

ASTRI-1 trigger scan. MC comparison with real data.
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Validation of MC simulations: Background events ST ERD
Hillas parameters Mini-Array

* Background Hillas parameters (Size, Lenght, g o
2. LENGTH

Width, and Conc) are extracted from Total amount of ight in the image. | Seitonottheifagsalons
simulated (p+He) and real data. i i i bl | sl it v
* MC events are reweighted. . N
* For each Hillas parameter, normalized SIZE:ESi
distributions are built from both real data R e o
and MC. | Unit: photoelectrons (p.e) | | Unit: degrees (°)
¢ Quality cuts Size>100, Width>0, 3. CONC (CONCENTRATION) 4. WIDTH
leakage<0.1 and numisland<2 are applied. [Tt theinafuilsof e aselfe
» Compatibility is assessed using x%and Smax
Kolmogorov-Smirnov (KS) tests and by L
inspecting the relative percent residuals. T

SIZE

Unit: dimensionless | | Unit: degrees (°)
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Validation of MC simulations: Background events
Hillas parameters

Mini-Array

1.0 < log19(SIZE) < 2.0

SIZE - Run 1640,1656,1670 vs sim_tel v20260515

2.0 < log10(SIZE) < 3.0

10* 4 o @ Run 1640,1656,1670
Be B sim_tel v20260515
B x2 =58.1
101 - ¥2/ndof = 14.52
1 ® ndof = 4
KS D = 0.030
[ | KS p =0.0073
5 b
IE No data T ;"
|
®
10° 1 n
10! 102 103 104 10° 10° 10! 102 103 104 10° 10°
SIZE SIZE
4.0 < log19(SIZE) < 5.0 5.0 < logi10(SIZE) < 6.0
10714 @ Run1640,1656,1670 o & Run 1640,1656,1670
1 B sim_tel v20260515 10734 @ sim_tel v20260515
| x2 =10.3 mne ] x> =3.0 |
x2Indof = 2.57 x2/ndof = 0.74
ndof = 4 g ndof = 4 T®
KS D = 0.038 KS D = 0.605
_ KSp=0.7 KS p = 0.44 ® ¢
© 10724 v .
5 e 5 107
ad ad
1 T
|
10721 E 1075
10t 102 103 104 10° 106 101! 102 103 104 10° 10°
SIZE SIZE
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3.0 < log19(SIZE) < 4.0

o ® Run 1640,1656,1670
- B sim_tel v20260515
° x? =13.0
10° - x?/ndof = 3.25
] B ndof =4
KSD = 0.016
KS p = 0.65
o
[ |
o
1071 - |
! LAY | ! LR | ! LRI | ! LR | ! L
10t 102 103 104 10° 10°
SIZE
All SIZE
[ ]
; .‘n.
10° 5 iy .
] .i
2e
5 me
10_2‘§ He
] @ Run1640,1656,1670 Ml &
i sim_tel v20260515 !T
] x2 =235 T
1074 - x2Indof = 1.24
] ndof =19
KS D = 0.040 T
KS p = 2e-05
! LA | ! L | AL ! LEELELELELLA | ! L
101t 102 10° 104 10° 10°
SIZE

ASTRI-1 size distribution. MC comparison with real data (Z=20°, AZ=180°).
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Validation of MC simulations: Background events

Hillas parameters

SIZE percent difference - (Run 1640,1656,1670 - sim_tel v20260515)/Run 1640,1656,1670

1.0 < log10(SIZE) < 2.0

40 A

20 -

A [%]

—20 -

—40 -

101I -

102 10° 104 10°

SIZE

10°

40 A

20 -

4.0 < log10(SIZE) < 5.0

A [%]

_20 -

—40 -

10!

10° 10° 10* 10°

SIZE

ASTRI-1 percentage difference of size distribution. MC comparison with real data (Z=20°, AZ=180°).

10°

2.0 < log19(SIZE) < 3.0

40 A

20 -

e @

Eii

A [%]

—20 -

—40 -

101I o

102 100
SIZE

5.0 < 10919 (SIZE) < 6.0

T T

10°

40 A

20 -

A [%]

_20 i

—40 -

10t

102 103 10* 10°

SIZE

10°

A [%]

A [%]

3.0 < log19(SIZE) < 4.0

40 A ¢
EEII
20 -
0
_20_
—40 -
100 102 10 10* 105  10°
SIZE
All SIZE
40 1 ¢
(X X)
s® **3
20 - -
3 !
0
_20_
—40 -
T T
SIZE
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Validation of MC simulations: Pedestal

* Pedestal represents the baseline signal measured in
the absence of physical events, mainly due to
electronic noise and the contribution of the NSB.

* Pedestal width, is a key parameter for the I
instrument sensitivity at low energies, since it -
determines how effectively faint Cherenkov signals

0.14}

0.11¢

can be discriminated from fluctuations of the 0.08]
baseline. 003)

* To estimate the pedestal width we use calibration A | -
events and perform a Gaussian fit to the pedestal ~ © = ' pesolra © 7
distribution of each pixel, extracting the mean value ASTRI-1 MC pedestal distribution fit.

and the standard deviation.
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Mini-Array
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Validation of MC simulations: Gamma-rays excess

Hillas parameter distributions are extracted from

MC vy events and real Crab observations. | A——— :

Quality cuts are applied (Size, Width, Length, 2% ?

etc.). P P « R
v v v

FO r Th eta 2’ th e G a m m a n eSS C ut |S CO m p uted frO m /mMC GAMMA (REWEIGHTED) ' REAL ON-SOURCE | [ REAL OFF-SOURCE | ' REAL EXCESS

|
|
all @ 2| |
E ‘LIJ_"\’L‘*\LL‘,LL EIHIMT‘ -_— | 5 = SH L |
o o 5] o o
. LKIL s 11‘1#11 ¢ 2
rJ—Ll L'|.r‘—L‘

a fixed gamma efficiency, while for the other °

parameters a Theta? cut is applied. |_. — e r
MC gamma events are reweighted and M P
normalized. - @ s s 1 -OF

Real y-ray excess distributions are obtained by
subtracting the OFF-source background from the
ON-source data.
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Validation of MC simulations: Gamma-rays excess

MC gamma (blue) vs. Real excess {orange) vs. Real bgd (red), all sizes MC gamma (blue) vs. Real excess (orange) vs. Real bgd (red), all sizes MC gamma (blue) vs. Real excess (orange) vs. Real bgd (red), all sizes \‘
E:oos_l LN L Y L Y I B B — T T 1] w L B L A B L B B BB T T 1 T T T 1] EI L L L B Y I B m\“AR
= - %005:— E 9,008
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- 1 0.004| - i i
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log10(Size) Length Width
MC gamma (blue) vs. Real excess (orange) vs. Real bgd (red), all sizes MC gamma (blue) vs. Real excess (orange) vs. Real bgd (red), all sizes MC gamma (blue) vs. Real excess (orange) vs. Real bgd (red), all sizes
~N L L N cprrryprrroprrrrp T T T T T T T T T T T lﬁO_O" L L I L Y IO B
I 5 - = T r
9:004 — — e L ] 2 L i
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- [ 1] ] 0.003— - 0.006 —
M E 0.002[ - 0.004/ .
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Conc Gammaness Theta2

ASTRI-1 gamma-rays excess MC comparison with real data.
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Crab Nebula spectrum

* MC gamma events are used to
provide suitable IRFs (Effective
Area, PSF, Energy Dispersion)

for spectral analysis.

 Reconstructed y-ray excesses are
used to derive the differential
energy spectrum of the Crab
Nebula.

* The measured spectral energy
distribution (SED) is fitted with a
log-parabola model.
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Mini-Array

A5TRI-1 2026-02 (miniprod_v0.0.21, mcbgdfree, ccll)
1 L] 1 L] ! ! ! L] 1 ! !

10-11 |

hhh_-

Best-fit logparabola model:
a=2.53+/0.17,

—— [ = 0.10+/- 0.00, 1
Norm = 3.04E-11+/- 3.64E-12 1/ (TeV s cm2), -
reference = 1.00 TeV

- == Crab - MAGIC-VLZA

Data points (26.2 h)
33 (frr = False, radius = 0.04 deg2, noff = 1)

A

| i i i i i I T i i i i i I T
10° 107 10°
Energy [TeV]

Crab Nebula spectrum using ASTRI-1 observations.

F. Casaburo et al. for the ASTRI-Project, "From nine to forty: the SST telescopes and gamma-ray science with ASTRI and CTAO”, July 20-24, 2026 22




Conclusions

A comprehensive MC production has been
developed for the ASTRI Mini-Array.
The simulation chain has been updated to reproduce
the final detector configuration:
-Telescope positions.
-Optical model.
-Electronics.
-NSB.
Dedicated calibration simulations support:
-Camera calibration.
-Muon analysis.
-Telescope cross-calibration.
Validation against real ASTRI data currently on-going.
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