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Model assessment of accuracy of the Tunka-Grande array data

reconstruction
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The work is devoted to a model assessment of the accuracy of reconstructing the EAS and CR parameters

according to the data of the Tunka-Grande array. The technique for reconstructing events and results of processing

artificial showers are presented. The comparison of the obtained accuracy of EAS and CR parameters reconstruction

with the results of the experimental assessment is made.
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Introduction

The Tunka-Grande scintillation array [1] is located in

the Tunka Valley, 50 km from the lake Baikal. It

consists of a network of 19 observation stations de-

ployed over an area of about 0.5 km2. The array is

part of the TAIGA astrophysical complex [2] and is

designed for studying cosmic rays (CR) and search-

ing for diffuse gamma radiation in the energy range

from 10PeV to 1EeV by detecting electron-photon
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and muon components of extensive atmospheric showers

(EAS).
The analysis of the accuracy of the reconstruction of

the EAS and CR parameters is an important stage in the

processing of experimental data. Two main approaches

are used to assess the quality of parameter recovery:

experimental and model-based.

The first method is based on a comparison of the data

processing results of the studied and reference arrays and

is suitable for experiments located on the same site and

recording the same wide atmospheric showers. Within the

framework of this approach, the accuracy of reconstruction

of the parameters of EAS and CR according to the

Tunka-Grande array was estimated using the analysis of

EAS registered simultaneously with the Cherenkov arrays

Tunka-133 [2,3] and TAIGA-HiSCORE [2,4], assuming

that the accuracy of reconstruction of the characteristics

of EAS according to the Cherenkov arrays is higher,

than according to the data of the scintillation array. All

other things being equal, this is achieved due to the

nature of the observed phenomena and the density of the

detectors. The key advantage of the Cherenkov arrays

is the registration of the light flux integrated over all the

depths of the EAS development in the atmosphere, which

provides significant smoothing of fluctuations inherent in

the charged component of the EAS. Based on this, the

values of the EAS and CR parameters, restored according

to the Cherenkov arrays, were accepted as reference values.

But, strictly speaking, this approach allowed us to obtain

only upper limits on the errors in reconstructing the EAS

parameters according to the Tunka-Grande array [3,4], since
Cherenkov arrays have their own errors in reconstruc-

tion.

The second alternative method for estimating the ac-

curacy of the recovery of EAS parameters is based on

modeling the processes of EAS development in the at-

mosphere and the interaction of secondary particles with

the detectors of the array. In the simulation process,

a bank of artificial showers is formed, containing the

results of the interaction of the EAS with the detectors

of the array. The simulated events are processed using a

software package for processing experimental data. The

accuracy of reconstruction of the EAS and CR parameters

is determined by comparing the reconstructed and initial

values.

The model estimation of the accuracy of the reconstruc-

tion of the parameters of EAS and CR according to Tunka-

Grande data was performed by a comparative analysis of

the reconstructed and initial parameters of artificial showers

generated using CORSIKA [5] and Geant4 [6].

1. Simulation of the Tunka-Gande array

The simulation of the Tunka-Grande array’s response

to secondary EAS particles was performed in two stages.

In the first step using the CORSIKA software package

(model of electromagnetic interactions — EGS4, models of

hadron interactions — QGSJET-II-04, Geisha) [5] 1,600,000
artificial showers were modeled (50,000 for each variation

of zenith angle and energy). Simulation parameters: primary

particle — proton, energy range 15 ≤ lg(E/1 eV) ≤ 16.75

in increments of 0.25, zenith angles are 0◦, 15◦, 30◦, 45◦,

the range of azimuthal angles 0◦−360◦, the position of the

EAS axis is uniformly played out inside a circle with a

radius of 800m with the coordinate center coinciding with

the coordinates of the Tunka-Grande central station. At the

second stage, the responses of scintillation stations to EAS

particles were modeled in the digital model of the Tunka-

Grande array [7], implemented using the Geant4 toolkit [6].

2. Reconstruction and analysis of
simulated data

The Tunka-Grande experimental data reconstruction pro-

gram was used to process the simulated EAS. The algorithm

for reconstruction of EAS parameters based on Tunka-

Grande data is described in detail in Ref. [3,8]. Section 2

provides only a brief overview specifying those stages of

reconstruction that are associated with the restoration of the

spatial distribution of charged particles of EAS and energy.

The direction of arrival and the position of the shower

axis, the number of charged particles in the EAS, the age

parameter of the showers, and the energy are recovered

from the energy release and response times of ground-

based detectors using an iterative procedure involving 3

stages. In the first step, the number and corresponding

density of particles trapped in the detectors are calculated.

The direction of arrival of the downpour is restored using

the triangle method based on the response times of the

ground detectors. This procedure uses up to four detectors

with the maximum density of detected particles. The initial

coordinates of the position of the shower axis at the array

site x , y are calculated using the center of mass method, the

number of charged particles in the shower Ne is estimated

in the zero approximation as the average weighted by

particle density and the value of the spatial distribution

function of particles at a fixed age of the shower s = 1

in triggered ground detectors. At the second stage, the

direction of arrival of the shower is adjusted by taking into

account the curvature of the front of the EAS [8]. The

coordinates of the axis x , y and Ne are specified by the

maximum likelihood method by minimizing the function of

two variables x and y by the modified simplex method [9.10]
with a fixed shower age parameter s = 1. At the last stage,

the maximum likelihood method is also used, but with three

free parameters — x , y , and s . The results of the previous

stage are used as input values. Finally, the density of charged

particles is calculated at a distance of 200m from the EAS

axis ρ200 and the primary energy is restored [8].

The key point of the reconstruction procedure is to restore

the spatial distribution of secondary particles in the EAS.

Technical Physics, 2025, Vol. 70, No. 12



2190 International Conference PhysicA.SPb, 20−24 October, 2025

–0.5 0.5 1.0 1.5
–0.5

1.5

2.0

2.5

5.5

1.0

lg (r,  m)

2
lg

 (
a
ve

ra
g
e 
ρ

, 
p
ar

ti
cl

es
/m

)
ch

4.0

4.5

2.5 3.00 2.0

0

–0.5

3.0

3.5

5.0

lg (E, eV)

15.5 (simulation data)
16.0 (simulation data)
16.5 (simulation data)
15.5 (reconstraction data)
16.0 (reconstraction data)
16.5 (reconstraction data)

a

–0.5 0.5 1.0 1.5
–0.5

1.5

2.0

2.5

5.5

1.0

lg (r,  m)

2
lg

 (
a
ve

ra
g
e 
ρ

, 
p
ar

ti
cl

es
/m

)
ch

4.0

4.5

2.5 3.00 2.0

0

–0.5

3.0

3.5

5.0

lg (E, eV)

15.75 (simulation data)
16.25 (simulation data)
16.75 (simulation data)
15.75 (reconstraction data)
16.25 (reconstraction data)
16.75 (reconstraction data)

b

Figure 1. The density of particles in the ground-based detectors of the array as a function of the orthogonal distance to the EAS axis for

energies lg(E/1 eV) 15.5, 16, 16.5 ( it a) and 15.75, 16.25, 16.75 (b).

The spatial distribution of charged particles in the EAS is re-

stored using a variation of the Nishimura−Kamata−Greisen

function, obtained empirically at the EAS-MSU array [11].

The Greisen function is used as the spatial distribution

function (SDF) of muons [12]. Otherwise, the restoration

of the number of muons in the EAS Nµ according to the

muon detector data is performed using the same algorithm,

in parallel with the analysis of ground-based detector data.

The recovery procedure was applied to all EAS events

with three or more triggered ground-based detectors.

Fig. 1, a, b shows a comparison of the average modeled and

calculated densities of charged particles for showers with

fixed energy in the range of 15.5 ≤ lg(E/1 eV) ≤ 16.75.

The circles correspond to the distribution of the simulated

particle densities in ground-based detectors as a function

of the distance to the simulated EAS axis, and the squares

correspond to the distribution of calculated particle densities

as a function of the distance to the reconstructed shower

axis. The reconstructed densities of charged particles were

obtained by solving the inverse problem using the SDF

values calculated for each detector and the reconstructed Ne

in EAS.

The simulation results confirmed the experimental esti-

mate of the threshold energy for registering EAS on the

array area — the efficiency of registering artificial showers

with E = 10 PeV in a circle with a radius of 400m was

≈ 95%. The radius of the effective registration circle

increases with increase of the EAS energy, and for showers

with E = 30 PeV reaches 650m, which significantly exceeds

the size of the array itself. However, a comparison of the

restored and initial parameters of the external EAS showed

that in the current configuration of the Tunka-Grande array,

the analysis of showers that fell outside it requires separate

consideration. First of all, it concerns vertical EAS. In such

events, the position of the shower axis is restored inside

the array, being attracted to the local maximum of particle

EAS parameter reconstruction errors

lg (E/eV) 15. 15.25 15.5 15.75 16. 16.25 16.5 16.75

ψ68,
◦ 3.4 2.8 2.2 1.7 1.4 1.2 1.1 1

R68, m 81 68 50 31 21 15 12 10

σE , % 86 73 55 43 36 34 30 26

density, which can be observed both in the station of the

outer and in the station of the inner circle.

Additional selection conditions have been introduced to

exclude such events: 1) if less than 6 stations operated in

the event, the number of internal triggered stations exceeds

or is equal to the number of external triggered stations;

2) if the station with the maximum density of charged

particles belongs to the outer circle, the number of particles

registered in it is not less than 50; 3) the distance between

the restored position of the EAS axis and the station with

the maximum number of charged particles ≤ 150m.

The accuracy of reconstruction of the position of the axis

and the direction of arrival of EAS and primary energy

was estimated from the remaining showers after additional

thinning.

3. Model assessment

The angular resolution of the Tunka-Grande array was

estimated by 68th percentile in the event distribution de-

pending on the flat angle ψ between the reconstructed and

the original direction of arrival of the EAS, the accuracy of

reconstruction of the position of the EAS axis was estimated

by 68th percentile in the event distribution depending on

the distance R between the reconstructed and the original

position of the shower axis. The energy restoration error σE

was calculated from the standard deviation σ in the event

Technical Physics, 2025, Vol. 70, No. 12
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Figure 2. Event distributions (E = 10 PeV, 0◦ — 45◦, the position of the axis in a circle with a radius of 400m) according to the

parameters — ψ (a), R (b) and lg(Erestored/Einitial) (c).

distribution according to the logarithm of the ratio of the

restored energy to the set one (σE = (10σ − 1) · 100%).
Fig. 2 demonstrates the accuracy of reconstruction of the

direction of arrival (Fig. 2, a), the position of the axis

(Fig. 2, b) and energy (Fig. 2, c) of simulated showers with

an energy of 10 PeV, arriving at an angle of 0◦−45◦ on

the array area bounded by a circle with a radius of 400

m. The vertical dashed lines in Fig. 2, a, b correspond to

the values of the parameters ψ and R, which contain 68%

of the values of the corresponding desired distributions.

A model estimate of the accuracy of reconstruction of

the parameters of the EAS with energies in the range of

15. ≤ lg(E/1 eV) ≤ 16.75 using the Tunka-Grande array

data is presented in the table.

4. Comparison with experimental
evaluation results

An analysis of the joint Tunka-Grande events with

the Cherenkov Tunka-133 and TAIGA-HISCORE arrays

showed that when reconstruction of events with energy

of E ≥ 10 PeV, limited by the zenith angle of arrival 45◦,

the angular resolution of the scintillation array is 2.3◦, the

accuracy of reconstruction of the axis position is not worse

than 26m, the energy resolution is 36% [8]. The results

of the model evaluation (see table) are slightly better than

the results obtained experimentally. This is because the

experimental evaluation allows us to obtain only the total

error, including the errors of each of the arrays involved in

the analysis.

Conclusion

According to the results of the model assessment, when

recording showers with energy E > 10 PeV, which entered

the Tunka-Grande array area at an angle up to 45◦, the

current technique allows reconstructing the position of

the EAS axis with an error of no more than 26m, the

direction of arrival with an accuracy of no worse than

1.4◦ and primary energy with an error of no more than

36%. The obtained values demonstrate good agreement

with the results of the experimental evaluation and prove

the effectiveness of using the Tunka-Grande array as a tool

for studying primary cells and searching for diffuse gamma

quanta in the energy range of 10 PeV−1EeV.
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