e-Mirror
| Size Telescope

Measuring the
‘Cosmic-Ray Proton Spectrum
with the SST-1M Stereoscoplc Array

Jakub Jurysek

Institute of Physics of the Czech Academy of Sciences

TeV Particle Astrophysics 2026, Tendo, Japan

Co-funded by

the European Union




Centrum Badar Kosmicznych
Nicolaus Copernicus Space Research Centre
Astronomical Center

University of Science and

ST-1M mini array

Imaging Atmospheric Cherenkov Telescopes

THE HENRYK NIEWODNICZANSKI Technology
. . INSTITUTE OF NUCLEAR PHYSICS
- S N g | e- M Irror [ POLISH ACADEMY OF SCIENCES AGH
1 ‘ JAGIELLONIAN
Sma” S|Ze Telescope UNIVERSITE umvrnsm;

7" DE GENEVE QSDC P IN KRAKOW

FACULTE DES SCIENCES

.
Jatd *UNIWERSYTET
Fyzikdini bk 'l
(9\ F z U Akadermie wid h;,: e« WARSZAWSKI
s Ceské republiky L

* Two 4-m IACTs, Ondrejov observatory (500 m a.s.l.), Czech Republic

Astronomicky

» Davies-Cotton optical design, innovative SiPM camera with fully digital
trigger and readout SST-AM HW paper -
2025JCAP...02..047A

* Stereo trigger managed with SWAT, White Rabbit synchronisation of the -
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Tavernier et al. 2025,
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Multiwavelength
study of a
composite SNR
CTB 87 - focusing
on self-consistent
modeling of the
emission

Tavernier et al. EAS
meeting 2026
SST-1M Collab. (in prep)
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SST-1M: Recent scientific highlights

Galactic Latitude

1°30'

00'

0°30'

00!

-0°30'

-1°00'

Gamma-ray
observations

6
Significance map
4
2
0
WR141 PSR J2017+3625
Sh 2-104 IGR J20188
CTB 87 1 XMM Outer PSR nebula
QSO J2015 XMM ring -2

PSR J2021+3651 = CTB 87, NVSS 1.4 GHz

75°30°  00'  74°30'  00'
Galactic Longitude

76°00"

Spectro-morphological studies of a
promising Galactic PeVatron
candidate VER J2019+368

Jurysek et al. 2025, 2025arXiv250716408J
SST-1M Collab. (in prep)

Blazar monitoring program - detection
of two bright flares of Mrk 421 up to ~10

TeV (ATel #16533, #17597)

Muthyala et al. 2025, 2025arXiv250718445M

Local significance (sigma)



Proton spectrum with IACTs

* |nteresting spectral features detected
by several experiments - softening at
~10 TeV (e.g. NUCLEON 2018,
DAMPE 2019), hardening above ~ 100
TeV (DAMPE 2024, LHAASO 2025)

 |ACT data absolutely dominated
with CR events, but these are treated

as a
iIn standard gamma-ray analysis.

 JACTs sensitivity to CRs covers the
most interesting range for the galactic
science: ~1 TeV - ~1 PeV

 Not so many attempts to reconstruct
CR spectrum/composition from the
JACT data so far.

Differential Flux(mzs ST TeV/nucleus)'1

-10
10

HEGRA (Aharonian 1998)

3 ! [:l O<a/p<3<a/p)5londord \

HYDROGEN (Z=1)

de/dE = ¢,. (E/TeV)™

(m?s sr TeV/nucleus)™
=

b= (10.8 £ 2.1 4o £ 4.3,,) - 107
y =272 & 002,44 0.15,,
/\

i HEGRA—CT for Ey,

— Fit B. Wiebel et al.
O Diehl et al.

X Papini et al.

A Ryan et al.

ar Zatsepin et al.

¢ lvanenko et al.

s lchimura et al.

O JACEE

Energy [ TeV/nucleus ]

D, X E>" [m?s1sri[TeV]"]

dN/dE xE?7 [TeV}" cm—2 sr-! s71]

MAGIC (ICRC 2021 (Temnikov),

ICRC+TeVPA 2025 (Molero))

—h

—ht
<

107 |

L'
e MAGIC
—— Fit to BPL
®
— —
- ' L " ]
¢
PRELIMINARY
L L TR | ] L |
1 10 02
Etot[TeV]
A E

o o

IBE

| Fe e

QGS 11-04 |

Statistic error
sysematicerror | E S,8S. (Jankowski
2020, PhD thesis)

EPOS LHC

Sibyll 2.1
1o 102

Energy [TeV]



Reconstruction of protons with SST-1M

Jurysek et al. (2025). sstlmpipe: v0.9.0. 13 Nov 2025. Zenodo

Considering the expected cosmic-ray
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composition in the TeV range, dedicated o ———————T— o
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Performance for proton reconstruction

p-He classifier, Ereco = 1-100 TeV
8 1.0

proton ROC curve (p-He classifier)

* Evaluated on testing diffuse - ﬁ
protons, helium and iron MC  * o ngle | B
p/He classifier rejects also
heavier nuclel. protoness > § —
0.8 cut adopted for the | DN | |l e
proton spectrum analysis e roton e posce

Energy resolution ~20%,
5% energy bias (migration

matrix produced and LT | i
forward-folded with the . A"*+_,\_++++'T 5 o 13-23 deg zenith -
Spectru m) ... (tuned on the data -

sample)

Particle classification

Energy reconstruction

performance

performance



Contamination with heavier nuclei

* Additional MC simulations of Fe and O to evaluate contamination in the final sample
after the cuts

E™2.7 dN/dE [GeV™1.7 / m2 /sr/ s]

« Contamination with huclei heavier than helium is negligible

* Helium contamination can be estimated from direct measurements up to ~200 TeV,

and with models of composition above that energy

 Expected helium contamination < 10% up to 100 TeV

e Systematic differences between different experiments/models up to ~3% (<100 TeV)
~10% (> 100 TeV) - included in our systematic uncertainty

proton and helium CR flux
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Dataset selection and dedicated MC

MC with data-tuned pointing

SST-1M conducts deep stereoscopic observations of selected galactic gamma-ray

sources, nearby blazars monitoring, and transient follow ups. All data samples are
dominated with CR events, which are usually rejected in standard gamma-ray analysis.

zenith angle pointings, which resulted In
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Two large datasets from 2024-2025, VER J2019+368 (13-23 deg zenith) and Mrk 421 025 1
(12-22 deg zenith), were used for the proton spectrum analysis, selecting only low
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» Joint analysis of both stacked
datasets in gammapy

* Limited MC statistics in IRFs -> energy
range of the analysis (2, 60) TeV

« Known gamma-ray sources masked
(VER J2019+368, CTB 87, Mrk 421) to
avoid gamma-ray contamination

* Fixed helium background in the model
(differences between models go to
systematics, see slide 10)

* |ikelihood ratio test of Broken power-
law vs power-law spectral shapes =>
BPL with spectral break at 13.87 +/-

0.93 TeV strongly preferred

E27dN/dE [TeVlc

Proton spectrum reconstruction

IRFs

* proton (Aeff, migration matrix
and PSF) and helium (bkg)

MC
 GSF (Dembinski 2025)

spectrum assumed for the
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e EPOS LHC-R model of

hadronic interactions in MC

<% PL model
BPL model
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Evaluation of systematic uncertainties

Interaction models:

EPOS LHC-R / QGSJET 111 1.0

E27dN/dE [GeV1'm~2s51sr1]

Full analysis (including the RF training)
repeated for two interaction models

Tuned MC with QGSJET 11l 1.0 only
available for the VER J2019 dataset ->
smaller sample, only comparison of PLs
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Sensitivity to the
protoness cut

 Full analysis with different protoness cut -

the fixed bkg model compensates
reasonably well the Helium contamination
(heavier nuclei contribute to the remaining
differences, but they are small) in a
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Summary

* The first proton spectrum derived from the
SST-1M data looks promising

 Broken power-law spectrum with
strongly preferred

* Results so far limited by statistics (in both data
and MC) - joint analysis of more SST-1M data
samples to be considered (only about 10% of
the total SST-1M good quality data in the
sample presented). Extension to 100 TeV and
beyond can be expected.

o SST-1M proton spectrum consistent with the
other instruments within the uncertainties
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SST1-M performance at low altitude Crab Nebula
Gamma-ray performance 107
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Detailed

DL2s in MC/data

omparison of

Dragonfly sample, MC
QGJSJET Il

All events (after basic
quality cuts

Except for hmax, the
agreement in the rest
s fine

Relatively strong cut
on CoG is required to
reach good agreement

IN h_max (hot yet
understood
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Galactic diffuse gamma-ray flux

How important is the diffuse
galactic background in the VER
J2019 sample?

=> should be negligible

| ~ 77 deg, b ~ 1 deg

A&A 672, A58 (2023)
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Fig. 4. Gamma-ray spectra computed within the conventional (Base)
and y-optimized scenarios compared to Tibet ASy (Amenomori et al.
2021) and LHAASO (Zhao et al. 2021; preliminary) data in the win-
dow |b| < 5°,25° < I < 100°. The Galactic diffusion emission spectrum
measured by Fermi-LAT and extracted as discussed in Sect. 2.2, and
the ARGO-YBJ data (Bartoli et al. 2015) in the same region, are also
shown. The contribution of unresolved sources, which may be signifi-
cant at the highest energies, is not shown. The models account for the
effect of y-ray absorption onto the CMB photons (see Sect. 3.2).

E~2 dN/dE [TeV s-1 cm-2 sr-1]
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