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SST-1M mini array

• Two 4-m IACTs, Ondrejov observatory (500 m a.s.l.), Czech Republic 
• Davies-Cotton optical design, innovative SiPM camera with fully digital 

trigger and readout

• Stereo trigger managed with SWAT, White Rabbit synchronisation of the 

timestamps

Tel 1

Tel 2

155 m

SST-1M HW paper - 
2025JCAP…02..047A

Operation: Mandat et al. 2025, 
2025icrc.confE.746T

Imaging Atmospheric Cherenkov Telescopes



SST-1M: Recent scientific highlights
Crab Nebula 
spectrum up to 
>100 TeV

Multiwavelength 
study of a 
composite SNR 
CTB 87 - focusing 
on self-consistent 
modeling of the 
emission

Observation of a 
composite SNR CTA 1 
- focusing on 
discrepancies between 
different experiments

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

Jurysek et al. 2025, 2025arXiv250716408J

SST-1M Collab. (in prep)

Lacave et al. 2025, 
2025arXiv250926068L

SST-1M Collab. (in prep)

Tavernier et al. EAS 
meeting 2026

SST-1M Collab. (in prep)

Tavernier et al. 2025, 
2025arXiv250808861T

Blazar monitoring program - detection 
of two bright flares of Mrk 421 up to ~10 
TeV (ATel #16533, #17597)

Muthyala et al. 2025, 2025arXiv250718445M
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Gamma-ray 
observations



Proton spectrum with IACTs
• Interesting spectral features detected 

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


• IACT data absolutely dominated 
with CR events, but these are treated 
as a background and thrown away 
in standard gamma-ray analysis. 


• IACTs 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 
IACT data so far.

H.E.S.S. (Jankowski 
2020, PhD thesis)

HEGRA (Aharonian 1998)

MAGIC (ICRC 2021 (Temnikov), 
ICRC+TeVPA 2025 (Molero))
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Reconstruction of protons with SST-1M
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• Considering the expected cosmic-ray 
composition in the TeV range, dedicated 
Random Forests trained on diffuse protons 
(signal) and helium nuclei (background) Monte 
Carlo


• RF stereo reconstruction 

• model training and IRF production very similar as in the 
standard gamma-ray analysis - sst1mpipe reconstruction 
pipeline


• Energy reconstruction and particle classification - RF per 
telescope using stereo geometry as additional features -> 
averaged predictions


• Direction reconstruction - DISP regressor per telescope, 
head/tail orientation providing the closest distance between 
the two predictions selected 

Jurysek et al. (2025). sst1mpipe: v0.9.0. 13 Nov 2025. Zenodo



Performance for proton reconstruction
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30 deg 
zenith angle

• Evaluated on testing diffuse 
protons, helium and iron MC


• p/He classifier rejects also 
heavier nuclei. protoness > 
0.8 cut adopted for the 
proton spectrum analysis


• Energy resolution ~20%, 
5% energy bias (migration 
matrix produced and 
forward-folded with the 
spectrum)

13-23 deg zenith 
(tuned on the data 
sample) En
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Direct measurements (Ereco < 200 TeV)

Models of composition

Contamination with heavier nuclei
• Additional MC simulations of Fe and O to evaluate contamination in the final sample 

after the cuts


• 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 

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

7
protoness cut

Reconstructed protonessproton and helium CR flux

direct measurements

Expected He contamination



Dataset selection and dedicated MC
• 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.


• Two large datasets from 2024-2025, VER J2019+368 (13-23 deg zenith) and Mrk 421 
(12-22 deg zenith), were used for the proton spectrum analysis, selecting only low 
zenith angle pointings, which resulted in 60 hours of good quality data 

• Dedicated proton and helium MC were produced (different interaction models, see 
slide 10) with precisely tuned distribution of telescope pointing directions
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VER J2019+368

Mrk 421

MC with data-tuned pointing



Proton spectrum reconstruction
• 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)


• Likelihood ratio test of Broken power-
law vs power-law spectral shapes => 
BPL with spectral break at 13.87 +/- 
0.93 TeV strongly preferred

Best fit parameters

Γ1 = 2.57 ± 0.04
Γ2 = 3.00 ± 0.06
N0 = (9.67 ± 1.80) × 10−9 1/(cm2 s TeV)

Ebreak = 13.87 ± 0.93 TeV
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ΔAIC = 22, ΔBIC = 19

BPL vs. PL

IRFs  
• proton (Aeff, migration matrix 

and PSF) and helium (bkg) 
MC


• GSF (Dembinski 2025) 
spectrum assumed for the 
helium bkg


• EPOS LHC-R model of 
hadronic interactions in MC

ΔTS = 2(ln ℒBPL − ln ℒPL) = 26.0

Corresponding to 4.7σ under Wilks’ 
theorem with 2 d.o.f.

PRELIMINARY



Evaluation of systematic uncertainties
Interaction models: 
EPOS LHC-R / QGSJET III 1.0

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


• Tuned MC with QGSJET III 1.0 only 
available for the VER J2019 dataset -> 
smaller sample, only comparison of PLs

Norm_sys = 2%

index_sys = 0.02
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Residual bkg from 
different models

• Full analysis with different bkg 
models in the IRFs (all fixed in the 
gammapy analysis)


• Both data samples, EPOS LHC-R 
only

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 
reasonable range of protoness


• Both data samples, EPOS LHC-R only



Summary
• The first proton spectrum derived from the 

SST-1M data looks promising


• Broken power-law spectrum with a spectral 
break at 13.87 +/- 0.93 TeV 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. 


• SST-1M proton spectrum consistent with the 
other instruments within the uncertainties

Name of the project: MSCA Fellowships CZ FZU III 
Registration number: CZ.02.01.01/00/22_010/0008598
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Jakub Jurysek 
jurysek@fzu.cz

Thank you 

Name of the project: MSCA Fellowships CZ FZU III 
Registration number: CZ.02.01.01/00/22_010/0008598
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Back up slides



Gamma-ray performance

• Given large FoV and low altitude, SST-1M probes the highest 
gamma-ray energies among existing IACTs


• Significant improvement of stereo over mono reconstruction
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SST1-M performance at low altitude

• Systematics effects well 
understood:

- Energy scale: < 10%

- Flux normalisation ≈ 23%

- Spectral index ≈ 3%

Crab Nebula

SST-1M performance paper - 
2025A&A…699A.255A

SST-1M performance studies:

Jurysek et al., 2019, arXiv:1907.08061

Jurysek, et al., 2023, arXiv:2307.09799



Detailed 
comparison of 
DL2s in MC/data

• Dragonfly sample, MC 
QGJSJET III


• All events (after basic 
quality cuts)


• Except for hmax, the 
agreement in the rest 
is fine


• Relatively strong cut 
on CoG is required to 
reach good agreement 
in h_max (not yet 
understood)
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A&A 672, A58 (2023)

(DAMPE+LHAASO, ICRC 2025)

Galactic diffuse gamma-ray flux
Distribution of protoness, including diff 
gammas classified with p/He classifier 
(multiplied with 1e3)


Expected DL2 stereo event rate after all 
cuts (protoness > 0.8)

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


=> should be negligible 

l ~ 77 deg, b ~ 1 deg

Comparison of the spectra (not folded with SST-1M IRFs)
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