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The problem of chemical composition below the knee in the cosmic-ray energy
spectrum has not yet been solved due to low statistics collected from direct
experiments. In the HiSCORE experiment the lateral distribution functions (LDF) of
Cherenkov light of EASs with energy greater than hundreds of TeV can be measured
in detail for millions of individual events. A full steepness of LDF is sensitive to
the depth of shower maximum and as a result to primary particle type. In this
paper, we developed a parametric method of separation between heavy and light
groups of nuclei using the ‘knee-like” approximation of LDF and taking into account
measurement uncertainty.
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Cosmic rays (CR) are charged particles of extraterrestrial origin impinging on the Earth’s
atmosphere. They are mostly made up of protons, with a small fraction of other fully
ionized nuclei and electrons. The CR energy spectrum can be described by a power
law with two breaks: the knee (steepening at a few PeV) and the ankle (flattening at
a few EeV). The chemical composition of cosmic rays in the energy range below the
knee is a keystone in understanding the origin of the knee. However, the volume of
direct experimental data in the energy range 300—3000 TeV is very limited. On the
other hand, for most EAS experiments the region lower than 1000 TeV is below the
energy threshold. The HiSCORE (High Sensitivity Cosmic Ray and gamma-ray Explorer)
wide angle Cherenkov array, which is a part of the TAIGA experiment [1-3], allows
initiating this study, because at energy above 300 TeV the amount of tens of millions
of events can be collected during one year. The lateral distribution of Cherenkov light
from EAS initiated by various primary particles can be measured by the highly sensitive
HiSCORE stations. They also detect EAS front arrival times (with a ns accuracy) [4, 5].
In this paper, we developed a parametric method of separation between heavy and
light groups of nuclei using the 'knee-like” approximation of LDF [6-8] and taking into
account measurement uncertainty.

As it was shown previously, many years ago [9, 10], a full steepness of LDF is
sensitive to the depth of shower maximum and as a result to primary particle type.
In this paper, we developed a parametric method of separation between heavy and
light groups of nuclei using the ‘knee-like” approximation of LDF [6-8]. Simulation
with CORSIKA revealed which approximation parameters are most sensitive to primary
particle type. Measurement uncertainties were estimated and introduced in Monte
Carlo simulation. For preliminary testing of the approach we used data (one day of
exposition) obtained in the TAIGA-HiSCORE experiment during the season 2016-2017.

In our previous works [6-8] we developed a fitting routine for lateral distribution of
Cherenkov light Q(R) using the so called ‘knee-like approximation’, the name reflecting
the presence of a plateau-like peak (in double logarithmic scale) with a position of the
knee determined by the Cherenkov angle and shower maximum depth. We studied
the properties of the knee-like fitting and its applications using CORSIKA simulations
in [8-10], earlier [11] this function was used for description of the knee in the cosmic
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ray spectrum, F(E). It has five free parameters C, y1, y2, Ro and o, where R0 is the knee
position, y1 is the slope of the LDF below the knee, and y2+y1 is the slope of the LDF
above the knee. Parameter o determines the sharpness of the knee.

F(R) = CR"' (1 + (R/R0)*)"?« (1)
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Figure 1: Dependence of RO on the distance to the shower maximum (X,
particle types, denoted by different colours.

-X,5)/cos0 for different primary
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We started this work using Monte Carlo simulated data, and have finally revealed
that the most sensitive to primary particle type parameter is R0. At energy 300 TeV,
R, shows an almost linear dependence on the distance to the shower maximum (X,
X,»,)/cosB (Figure 1) for 4 primary particle types from gamma to proton to Fe. Param-
eters y, and o are also sensitive to primary particle type. However, further study
showed that the accuracy of free parameters estimation depends on the accuracy
of Q(R) reconstruction in experiment. Therefore, we need to take into consideration all

details of Q(R) measurement procedure as well as the event reconstruction process.

We use the experimental sample of showers accumulated in the TAIGA-HiISCORE exper-
iment during one day 01.02. 2017. The TAIGA-HISCORE array is under development;
during the season 2016-2017 it had 28 stations operational, each with a field of view
of 0.6 sr and a light collecting area o.5 m?, placed 106 m apart and distributed over
0.25 km?. Only events with the number of triggered stations greater than 15 were
selected for the analysis of the experimental LDF. The standard procedure of core
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position and arrival direction reconstruction [4, 5] was applied to the selected events,
therefore, in each event we calculated the distance of each station to the shower core
R (in the shower plane). These points were approximated by the ‘knee-like” fitting
function (1) to obtain fitting parameters: R,, y,, y,, &. The accuracy of LDF parame-
ters estimation depends on the absolute threshold of the Cherenkov photon number
detection, and on accuracy of Q-value measurement. We carried out an additional
study of the distribution of experimental points deviation from fit, dlgQ, for small
intervals of Q. Our study showed that for small intervals of @ the distribution F(dlgQ)
can be adequately approximated by a normal distribution whose standard deviation,
sigma, falls rapidly with an increase in Q value. The appropriate distortion function
was developed and added to the MC simulations. To test the method, we selected
experimental and Monte Carlo simulated events that satisfy the following conditions:
the energy 8oo—1300 TeV, azimuth angle 6<25., the number of hit detectors N,;, >13.
Seeing the RO parameter strong dependence on the distance to the shower maximum,
its dependence on primary particle type is worth considering only for events within a
small angular interval.

When we add experimental uncertainties in Q(R) reconstruction to the MC simulations,
we realize that the difference between R, for the two groups of nuclei, heavy and
light ones, become smaller. For that reason we use for selection two parameters
simultaneously, RO and y,, the latter reflecting the steepness of the LDF and also
sensitive to primary particle type. In Figure 2 (left) we present the scatter plot of
parameters R, and y, for two groups of primary nuclei: Pr+He and CO+Fe. We calculated
the number of events between the lines (in the rotated coordinate system) and draw
its histogram for the both groups, Figure2 (right).

At the next step we tested different (from 0.1 to 0.9) proportions of light nuclei
to all events, calculating the Chi2 value for each case. The best agreement between
experiment and simulation was found for the proportion 0.5—0.7. In Figure 3 we show
the histogram for experimental and simulated events with the optimal proportion of
light nuclei (50%).We see that the mixed composition of primary nuclei at energies
around 1000 TeV is preferred. An abrupt change of composition in this region has a
small probability.
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Figure 2: Left: scatter plot of parameters Ro and y1 for two groups of primary particles Pr+He (black points)

and CO+Fe (red points). Right: histograms of the number of events located between the lines of the left
plot.
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Figure 3: Left: histograms of the number of events located between the lines of the left plot of Figure
2 for experimental (black) and simulated events with 50% proportion of light nuclei (grey). Right: Chi2
dependence (for 24 bins) on the proportion of light nuclei.

We propose a method of separation between light (Pr+He) and heavy (CO+Fe) groups
of primary nuclei. It's based on parametric analysis of lateral distribution of Cherenkov
light in the atmosphere. LDF are approximated by the ‘knee-like’ fitting function (1)
proposed earlier in [6-8]. We used a tested sample of experimental events collected
during one day of observation at the TAIGA-HiISCORE observatory in the energy range
around 1000 TeV, and obtained a good agreement between experiment and MC sim-
ulation. At this stage we could not draw a conclusion about mass composition of
cosmic rays in the energy range 300—1000 TeV, but we hope to achieve this aim after
refinement of the method.
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