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This paper is devoted to the analysis of simulation results of TAIGA-IACT in stereo mode of
observations and describes the technique of gamma-ray detection with energies higher than several
TeV.
TAIGA-IACT is part of the TAIGA astrophysics complex. Installation currently consists of three
operating telescopes located 300-500 m apart. Two additional telescopes will begin operation in
the next two years. We describe a new gamma-hadron separation technique for point-like source
observations.
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1. Introduction

Generation of gamma-rays with energies above 100 TeV in some sources of Galaxy have now
obtained experimental confirmation[1–3]. This may indicate that in such objects cosmic rays are
accelerated to PeV energies, but it is still unclear what mechanism of hadronic or lepton nature is
responsible for the generation of such gamma-rays. In this regard, the search for and study of the
so-called Pevatrons is one of the most urgent tasks of high-energy astrophysics.

The TAIGA Astrophysical complex (Tunka Advanced Instrument for cosmic ray and Gamma
Astronomy)[4] is designed to study gamma radiation and charged cosmic rays in the energy range
of 1013 − 1018 eV. The complex includes installations aimed both at studying charged cosmic
rays: Tunka-133[5], Tunka-Grande[6], and for gamma-ray astronomy in the TeV-PeV energy range:
TAIGA-Muon[6], TAIGA-HiSCORE[7] and TAIGA-IACT[8]. The TAIGA-IACT installation con-
sists of three atmospheric Cherenkov telescopes (IACTs) with a mirror diameter of 4 m, their energy
threshold is 2-3 TeV. In the next two years, two more telescopes of the installation will start working
(Fig. 1).

The analysis of the Crab Nebula observations by TAIGA-IACT01 was carried out independently
by the Moscow and German groups. Both of them obtained source spectrum consistent with
observations from other high-energy observatories, and the significance of the gamma-ray excess
was 12𝜎[9] and 8.5𝜎[10], respectively. TAIGA-IACT01 data also obtained a gamma-ray signal
from MRK421 at the 5𝜎 level[11].

The data from TAIGA-IACT can be analyzed in stereo mode - that is, when one event is
detected by at least two telescopes. This approach is widely used in most IACT observatories.
When extensive air shower (EAS) is detected jointly by two or more telescopes, the accuracy of
the reconstructed parameters of the primary particle increases significantly. For example, in stereo
mode observations it is possible to achieve an energy resolution of 15% for the recorded gamma-
rays, while in stand-alone observations it is 30%. The energy threshold for this approach is 8 TeV.
According to the joint work of the two telescopes, the energy spectrum of gamma-rays from the
Crab Nebula in the range of 8 - 70 TeV was reconstructed[12].

Further in this paper we evaluate the possibility of gamma-ray detection from a point-like
source by the TAIGA-IACT with 5 telescopes in the stereo observing mode with new approach.

2. TAIGA-IACT

According to the CTA[13] classification, the telescopes of the TAIGA-IACT installation are
small size telescopes (SST). The reflector diameter is 4.3 meters and the viewing angle is 9.6
degrees[14] The size of a single pixel is 0.36 degrees. The final configuration of the installation will
include 5 telescopes: one in the center and 4 at a distance of 250 meters from the central telescope.
The telescopes’ detecting cameras include 600 PMT XP1911 grouped into 22 clusters, each of
which is controlled by a specialized MAROC3 integrated circuit. Trigger generation occurs when
the amplitude of 10 p.e. is exceeded by two neighboring PMTs of the same cluster.
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Figure 1: TAIGA astrophysical complex setup

3. Monte-Carlo simulation

To develop a new gamma-ray extraction technique, gamma-rays with energies from 2 to 200
TeV and protons with energies from 1 to 400 TeV were simulated with CORSIKA [15] version
7.35 using the QGSJET-II-04 [16] model for high-energy interactions and GHEISHA-2002d [17]
for low-energy interactions. The particles were thrown over an area of 3 𝑘𝑚2 over a range of zenith
angles of 30-40 degrees, which corresponds to the observation angles of the Crab Nebula at the
Tunka valley site. The slope of the spectrum of the modeled events was mostly -1 (Fig. 2a), and
therefore a weighting procedure was performed for further analysis: for gamma-rays, the modeled
energy spectrum was fit to the Crab Nebula spectrum obtained by HAWC [18], for protons the
spectrum was fit to DAMPE [19] observations (Fig. 2b).

The simulated events were passed through the TAIGA-IACT optical properties simulation
program (taiga_optics[20]), and then through the telescope trigger simulation program (Fig. 2c).
The PMT amplitudes are chosen randomly based on the single-photoelectron distribution obtained
for XP1911 in [21], where afterpulses are taken into account. The night sky background(NSB)
level was estimated from experimental data and was 𝜎𝑁𝑆𝐵 = 2.5𝑝.𝑒., which was accounted for in
the simulated events as the additional random amplitude of the NSB of each pixel, from a Gaussian
distribution.

4. Reconstruction of EAS parameters

Procedure for preprocessing and geometric parameter reconstruction such as EAS core position
and arrival direction has been described in [22]. The 𝑋𝑚𝑎𝑥 is reconstructed on the basis of
simulation. It is taken into account that the observed 𝑋𝑐ℎ𝑒𝑟𝑒𝑛𝑘𝑜𝑣

𝑚𝑎𝑥 should be corrected depending on
the distance to the EAS core position to match 𝑋

𝑐ℎ𝑎𝑟𝑔𝑒𝑑
𝑚𝑎𝑥 [23]. The energy of the primary particle
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Figure 2: a) simulated spectra of hadrons and gamma-rays; b) simulated spectra after weighting procedure;
c) spectra of simulated protons and gamma-rays after passing events through the telescopes trigger

is reconstructed on the basis of a lookup table, where the energy value is related to the previously
reconstructed 𝑋𝑚𝑎𝑥 , distance to the EAS core, and full number of photoelectrons of image (𝑠𝑖𝑧𝑒).
Both 𝑋𝑚𝑎𝑥 and energy are reconstructed individually for each triggered telescope. The parameter
value averaged over the number of triggered telescopes characterizes the stereo event. As a result,
the accuracy of 𝑋𝑚𝑎𝑥 reconstruction in the energy region above 50 TeV reaches 28 𝑔/𝑐𝑚2, and the
energy resolution is ∼ 15% (Fig. 3). The standard deviations of these parameters in each event are
used for gamma-hadron separation.

5. Gamma-hadron separation

The gamma-hadron separation used in this work is based on the calculation of normalized
parameters [24]. However, in contrast to [24], in addition to the normalized width, a number of
other normalized parameters such as length, ellipticity, concentration, number of pixels, 3rd and 4th
order momentum along the major and minor axes of the ellipse are calculated. Another distinctive
feature is that this approach involves normalization not only as a function of the distance to the
EAS axis position, but also as a function of the reconstructed 𝑋𝑚𝑎𝑥 value and the zenith angle of
the observation. In addition to the normalized parameters, standard deviation of the reconstructed
energy and 𝑋𝑚𝑎𝑥 are also used for classification.

Thus, 9 parameters are used to perform gamma-hadron separation. As a classifier we use Light-
GBM - gradient boosting framework that uses tree based learning algorithms[25]. Preliminarily,
the parameters of all events are scaled so that all values lie in the range from 0 to 1. This procedure
is necessary to correctly perform back propagation of the error at the model training step. Since the
number of simulated protons is much larger than gamma-rays, weights are assigned to the events of
the training sample so that the distribution of events by the reconstructed energy is uniform and the
sum of gamma-ray and proton weights is equal.
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Figure 3: a) The accuracy of 𝑋𝑚𝑎𝑥 reconstruction. 𝜎𝑟68 of 𝑋𝑚𝑎𝑥 has the meaning of the value of deviation
of 𝑋𝑚𝑎𝑥 from the simulated value, within which 68% of events are contained relative to all events in a given
energy bin for which 𝑋𝑚𝑎𝑥 was reconstructed; b) Event-by-event comparison of the primary true energy and
the reconstructed energy for simulated gamma-rays.

To assess the quality of classification we used cross-validation - resampling method that uses
different portions of the data to test and train a model on different iterations. This approach allows
to use the whole dataset as both test and training samples. The result of the LGBM classifier is a set
of values - gammaness - that make sense of the probability that an event is a gamma-ray (Fig. 4a).

Figure 4: a) Distribution of gammaness - parameter which make sense of the probability that an event is a
gamma-ray; b) distribution of 𝜃2 parameter - square of the angular distance between the direction of event
arrival and the position of the source in the IACT's FoV. Both of them are used for gamma-ray selection in
different energy bins.

To select the gamma-like sample of events, in addition to gammaness, we also use 𝜃2 parameter,
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which determines the square of the angular distance between the direction of event arrival and the
position of the source in the IACT's FoV (Fig. 4b). For different energy ranges, the constraints on
gammaness and 𝜃2 were chosen to maximize the Q-factor. As a result, the relative suppression of
protons in the energy range from 2 to 200 TeV was 1 × 10−4. The effective area reaches 0.8 𝑘𝑚2 at
an energy of 100 TeV (Fig. 5). The calculation of the differential sensitivity is under development,
since the remaining fraction of protons after suppression does not represent significant statistics
(0-4 events per energy bin).

Figure 5: Effective area of the TAIGA-IACT installation

6. Conclusion

In this work, a new technique for detecting gamma-rays from the hadronic background has been
developed. The approaches to the reconstruction of the 𝑋𝑚𝑎𝑥 parameter and the energy of primary
particles were modernized. Thus, at energies above 100 TeV the effective area of TAIGA-IACT
reaches 0.8 𝑘𝑚2, the energy resolution is 15% and the accuracy of 𝑋𝑚𝑎𝑥 reconstruction is 28 𝑔/𝑐𝑚2.
The methodology will be tested on experimental data of the Crab Nebula observation for 3 seasons
of observation by two and three TAIGA-IACTs in the near future.

7. Acknowledgments

The work was performed at the UNU “Astrophysical Complex of MSU-ISU” (agreement
13.UNU.21.0007). The work is supported by the Russian Science Foundation (grant 23-72
00019(sections 3 – 5)).

The authors would like to thank Irkutsk Supercomputer Center of SB RAS for providing the
access to HPC-cluster «Akademik V.M. Matrosov» (Irkutsk Supercomputer Center of SB RAS,
Irkutsk: ISDCT SB RAS; http://hpc.icc.ru, accessed 13.07.2023).

6



P
o
S
(
I
C
R
C
2
0
2
3
)
6
8
6

Gamma-hadron separation in stereo observations using TAIGA-IACT R. Togoo

References

[1] Tibet AS𝛾 Collaboration collaboration, First detection of photons with energy beyond
100 tev from an astrophysical source, Phys. Rev. Lett. 123 (2019) 051101.

[2] A. Abeysekara, A. Albert, R. Alfaro, J.A. Camacho, J. Arteaga-Velázquez et al., Multiple
galactic sources with emission above 56 TeV detected by HAWC, Physical Review Letters 124
(2020) .

[3] Z. Cao, F. Aharonian, Q. An, Axikegu, Y.X. Bai et al., The First LHAASO Catalog of
Gamma-Ray Sources, arXiv e-prints (2023) arXiv:2305.17030 [2305.17030].

[4] L.A. Kuzmichev, I.I. Astapov, P.A. Bezyazeekov, M. Blank, E.A. Bonvech et al., Cosmic
Ray Study at the Astrophysical Complex TAIGA: Results and Plans, Physics of Atomic Nuclei
84 (2021) 966.

[5] S. Berezhnev, D. Besson, N. Budnev, A. Chiavassa, O. Chvalaev et al., The tunka-133 eas
cherenkov light array: Status of 2011, Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 692 (2012) 98.

[6] R. Monkhoev, I. Astapov, P. Bezyazeekov, A. Borodin, M. Brueckner et al., Tunka-grande
and taiga-muon scintillation arrays: status and prospects, Journal of Physics: Conference
Series 1697 (2020) 012026.

[7] M. Tluczykont, D. Hampf, D. Horns, D. Spitschan, L. Kuzmichev et al., The HiSCORE
concept for gamma-ray and cosmic-ray astrophysics beyond 10tev, Astroparticle Physics 56
(2014) 42.

[8] N. Budnev, I. Astapov, P. Bezyazeekov, E. Bonvech, A. Borodin et al., TAIGA-A hybrid
array for high energy gamma-ray astronomy and cosmic-ray physics, Nuclear Instruments
and Methods in Physics Research A 1039 (2022) 167047.

[9] L. Sveshnikova, P. Volchugov, E. Postnikov, I. Astapov, P. Bezyazeekov et al., Energy
spectrum of gamma rays from the crab nebula, according to data from the taiga astrophysical
complex, Bulletin of the Russian Academy of Sciences: Physics 87 (2023) 904–909.

[10] M. Blank, M. Tluczykont, A. Porelli, R. Mirzoyan, R. Wischnewski et al., Detection of the
crab nebula using a random forest analysis of the first TAIGA IACT data, Monthly Notices of
the Royal Astronomical Society (2023) .

[11] L. Sveshnikova, I. Astapov, P. Bezyazeekov, M. Blank, A. Borodin et al., Detecting gamma
rays with energies greater than 3–4 ev from the crab nebula and blazar markarian 421 by
imaging atmospheric cherenkov telescopes in the taiga experiment, Bulletin of the Russian
Academy of Sciences: Physics 85 (2021) 398.

[12] P. Volchugov, L. Sveshnikova, E. Postnikov, I. Astapov, P. Bezyazeekov et al., Detection of
tev emission from the crab nebula using the first two iacts in taiga in stereo mode of
observation, Physics of Atomic Nuclei 86 (2023) .

7

https://doi.org/10.1103/PhysRevLett.123.051101
https://doi.org/10.1103/physrevlett.124.021102
https://doi.org/10.1103/physrevlett.124.021102
https://doi.org/10.48550/arXiv.2305.17030
https://arxiv.org/abs/2305.17030
https://doi.org/10.1134/S1063778821130172
https://doi.org/10.1134/S1063778821130172
https://doi.org/https://doi.org/10.1016/j.nima.2011.12.091
https://doi.org/https://doi.org/10.1016/j.nima.2011.12.091
https://doi.org/10.1088/1742-6596/1697/1/012026
https://doi.org/10.1088/1742-6596/1697/1/012026
https://doi.org/10.1016/j.astropartphys.2014.03.004
https://doi.org/10.1016/j.astropartphys.2014.03.004
https://doi.org/10.1016/j.nima.2022.167047
https://doi.org/10.1016/j.nima.2022.167047
https://doi.org/10.31857/S0367676523701697
https://doi.org/10.1093/mnras/stad276
https://doi.org/10.1093/mnras/stad276
https://doi.org/10.3103/S1062873821040365
https://doi.org/10.3103/S1062873821040365
https://doi.org/10.1134/S1063778823040385


P
o
S
(
I
C
R
C
2
0
2
3
)
6
8
6

Gamma-hadron separation in stereo observations using TAIGA-IACT R. Togoo

[13] B. Acharya, M. Actis, T. Aghajani, G. Agnetta, J. Aguilar et al., Introducing the cta concept,
Astroparticle Physics 43 (2013) 3.

[14] TAIGA Collaboration, N. Lubsandorzhiev, I. Astapov, P. Bezyazeekov, V. Boreyko et al.,
Camera of the first taiga-iact: Construction and calibration, Proceedings of Science Part
F135186 (2017) .

[15] D. Heck et al., CORSIKA: a Monte Carlo code to simulate extensive air showers, Technical
Report FZKA-6019, Forschungszentrum Karlsruhe (1998).

[16] S. Ostapchenko, Monte Carlo treatment of hadronic interactions in enhanced Pomeron
scheme: QGSJET-II model, Phys. Rev. D 83 (2011) 014018 [1010.1869].

[17] H. Fesefeldt, The simulation of hadronic showers: physics and applications, Tech. Rep.
Physikalisches Institut, Technische Hochschule Aachen (PITHA) (1985).

[18] A.U. Abeysekara, A. Albert, R. Alfaro, C. Alvarez, J.D. Á lvarez et al., Measurement of the
crab nebula spectrum past 100 TeV with HAWC, The Astrophysical Journal 881 (2019) 134.

[19] Q. An, R. Asfandiyarov, P. Azzarello, P. Bernardini, X.J. Bi et al., Measurement of the
cosmic ray proton spectrum from 40 GeV to 100 TeV with the DAMPE satellite, Science
Advances 5 (2019) .

[20] E. Grinyuk, N. Postnikov and L. Sveshnikova, Monte Carlo Simulation of the TAIGA Hybrid
Gamma-Ray Experiment, Physics of Atomic Nuclei 83 (2020) 262.

[21] R. Mirzoyan, E. Lorenz, D. Petry and C. Prosch, On the influence of afterpulsing in pmts on
the trigger threshold of multichannel light detectors in self-trigger mode, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 387 (1997) 74.

[22] A. Grinyuk, E. Postnikov, P. Volchugov, I. Astapov, A. Awad et al., Stereoscopic and
monoscopic operation of the five iacts in the taiga experiment, p. 713, 07, 2021, DOI.

[23] A.G.D. Giler, L.B. Arbeletche, R. Bird, R.A. Ong and V. de Souza, Measuring the depth of
shower maximum of extensive air showers using cherenkov light, Astroparticle Physics 124
(2021) 102508.

[24] H. Krawczynski et al., Gamma-Hadron Separation Methods for the VERITAS Array of Four
Imaging Atmospheric Cherenkov Telescopes, Astropart. Phys. 25 (2006) 380.

[25] G. Ke, Q. Meng, T. Finley, T. Wang, W. Chen et al., Lightgbm: A highly efficient gradient
boosting decision tree, Advances in neural information processing systems 30 (2017) 3146.

8

https://doi.org/https://doi.org/10.1016/j.astropartphys.2013.01.007
https://doi.org/10.1103/PhysRevD.83.0https://www.overleaf.com/project/60d089d0b1769b02cab0c15414018
https://arxiv.org/abs/1010.1869
https://doi.org/10.3847/1538-4357/ab2f7d
https://doi.org/10.1126/sciadv.aax3793
https://doi.org/10.1126/sciadv.aax3793
https://doi.org/10.1134/S106377882002012X
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00964-3
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00964-3
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00964-3
https://doi.org/10.22323/1.395.0713
https://doi.org/https://doi.org/10.1016/j.astropartphys.2020.102508
https://doi.org/https://doi.org/10.1016/j.astropartphys.2020.102508
https://doi.org/10.1016/j.astropartphys.2006.03.011


P
o
S
(
I
C
R
C
2
0
2
3
)
6
8
6

Gamma-hadron separation in stereo observations using TAIGA-IACT R. Togoo

Full Authors List: TAIGA Collaboration

I. I. Astapov2 P. A. Bezyazeekov3 A. Blinov4 E. A. Bonvech1 A. N. Borodin4 N. M. Budnev3 A. V. Bulan1 A. Chiavassa5 D. V. Chernov1

A. N. Dyachok3 A. R. Gafarov3 A. Yu. Garmash6,7 V. M. Grebenyuk4,8 O. A. Gress3 E. O. Gress3 T. I. Gress3 A. A. Grinyuk4 O. G.
Grishin3 A. L. Ivanova3,7 M. Ilushin3 N. N. Kalmykov1 V. V. Kindin2 S. N. Kiryuhin3 R. P. Kokoulin2 N. Kolosov3, K. G. Kompaniets2

E. E. Korosteleva1 V. A. Kozhin1 E. A. Kravchenko6,7 A. P. Kryukov1 L. A. Kuzmichev1 A. A. Lagutin9 M. Lavrova4 Y. E. Lemeshev3

B. K. Lubsandorzhiev10 N. B. Lubsandorzhiev1 S. D. Malakhov3 R. R. Mirgazov3 R. D. Monkhoev3 E. A. Osipova1 E. A. Okuneva1 A.
L. Pakhorukov3 A. Pan4 L. V. Pankov3 A. D. Panov1 A. A. Petrukhin2 D. A. Podgrudkov1 E. G. Popova1 E. B. Postnikov1 V. V. Prosin1

V. S. Ptuskin12 A. A. Pushnin3 R. I. Raikin9 A. Y. Razumov1 G. I. Rubtsov10 E. V. Ryabov3 V. S. Samoliga3 I. Satyshev4 A. A. Silaev1

A. A. Silaev(junior)1 A. Yu. Sidorenkov10 A. V. Skurikhin1 A. V. Sokolov6,7 L. G. Sveshnikova1 V. A. Tabolenko3 A. A. Tanaev3 M.
Y. Ternovoy3 L. G. Tkachev4,8 R. Togoo13 N. Ushakov10 A. Vaidyanathan6 P. A. Volchugov1,2,15 N. V. Volkov9 D. Voronin10 A. V.
Zagorodnikov3 I. I. Yashin2 D. P. Zhurov3,14

1Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, 119991 Russia 2National Research Nuclear
University MEPhI, Moscow, 115409 Russia 3Research Institute of Applied Physics, Irkutsk State University, Irkutsk, 664003 Russia
4Joint Institute for Nuclear Research, Dubna, Moscow oblast, 141980 Russia 5Physics Department of the University of Torino and
Istituto Nazionale di Fisica Nucleare, Torino, 10125 Italy 6Novosibirsk State University, Novosibirsk, 630090 Russia 7Budker Institute
of Nuclear Physics, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia 8Dubna University, Dubna, Moscow
oblast, 141980 Russia 9Altai State University, Barnaul, Altai krai, 656049 Russia 10Institute for Nuclear Research, Russian Academy of
Sciences, Moscow, 117312 Russia 11Space Science Institute, Magurele, 077125 Romania 12Pushkov Institute of Terrestrial Magnetism,
Ionosphere and Radio Wave Propagation, Russian Academy of Sciences, Troitsk, Moscow, 142190 Russia 13Institute of Physics and
Technology Mongolian Academy of Sciences, Ulaanbaatar, Mongolia 14Irkutsk National Research Technical University, Irkutsk, Russia
15Department of Physics, Lomonosov Moscow State University, Moscow, 119991, Russia

9


	Introduction
	TAIGA-IACT
	Monte-Carlo simulation
	Reconstruction of EAS parameters
	Gamma-hadron separation
	Conclusion
	Acknowledgments

