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The primary energy is reconstructed in a standard approach at KASCADE-Grande based on a
correlation between the total shower size and the muon size that are estimated on an event by
event basis. In this paper we present a second approach to reconstruct the primary energy from
the S(500) observable which is the charged particle density at a fixed radial range from the shower
axis. CORSIKA simulations with QGSJet-II-2 model have shown that at this particular distance
the charged particle density becomes independent of the primary mass and can be used as a
primary energy estimator. A simulation-derived calibration is used to convert the recorded S(500)
values into primary energy. The comparison between the result of the described method and the
results of the standard approach reveals a systematic difference which cannot be explained entirely
by the associated systematic uncertainties. We conclude that the source of this discrepancy is the
inability of simulations to describe with sufficient accuracy the shape of the lateral distributions.
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1. Introduction

The primary energy is reconstructed in a standard approach at KASCADE-Grande [1] from
a correlation between the total shower size and the muon size which are recorded on an event by
event basis [2, 3, 4]. In this paper we present the result of a second approach in which the primary
energy is inferred from the recorded charged particle density at 500 m from the shower axis, S(500).
It has been shown [5] that for a given primary energy there exists a radial distance from the shower
axis where the charged particle density becomes independent of the primary mass and can be used
as a primary energy estimator. In the context of the KASCADE-Grande experiment, studies on
simulated showers [6] (with CORSIKA [7] and the QGSJet-1I-2 [8] hadronic interaction model)
have shown this effect for a radial distance of about 500 m (Fig. 1). The S(500) is therefore
characteristic to KASCADE-Grande and is also model-specific.
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Figure 1: Averaged simulated lateral distributions for p and Fe primaries with energy in a narrow range.

2. KASCADE-Grande

KASCADE-Grande was hosted by the Karlsruhe Institute of Technology - KIT, Campus Nord,
Germany (49°N, 8°E) at 110 m a.s.l. It had a roughly rectangular shape with a length of ~700 m.
The KASCADE-Grande detector was an extension of the smaller detector array KASCADE [9].
The extension was guided by the intention to extend the energy range for efficient EAS detection to
the energy interval of 10'°-10'® eV. The study described in this paper relies only on data recorded
by the Grande component (Fig. 2), a detector array of 37 scintillator stations with an area of ~10 m?
each.

3. Shower selection

Two sets of showers are analyzed in both reconstruction approaches: one simulated with the
CORSIKA tool (with the QGSJet-1I-2 model embedded for high energy hadronic interactions)

*Speaker.
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Figure 2: Schematic top-view of the KASCADE-Grande detector array (the Grande stations are shown as
square dots; the fiducial area with line contour; the area covered by KASCADE as shaded rectangle).

and an experimentally recorded shower sample. The reconstruction procedure and the shower
selection criteria are applied identically to simulated and experimentally recorded showers. The
simulated shower sample includes events simulated for 5 primary (p, He, C, Si and Fe in fairly
equal proportions) with continuous energy spectra between 10! - 3x10'® eV and with a spectral
index y=-2. A weighting is applied to simulated events in most of the subsequent studies to emulate
a softer energy spectrum y=-3 which is more similar to the one in the data. About 3x10° events
have been simulated for each primary. The arrival direction of showers is isotropical and the shower
cores are spread randomly on an area larger than the Grande array. For experimental data the total

25 sr. The main shower

acquisition time is 1503 days leading to an exposure of 1.66x10'3 m
selection criteria dictate that the showers are inclined up to 30°, a minimum of 25 stations are
triggered and a lateral particle density distribution is successfully parameterized with a 3-parameter
Linsley function [10]. The fiducial area used for shower core selection (Fig. 2) was chosen as in the
standard approach (to facilitate comparison between the two methods). Approximately 9.05x 10

experimental events have passed all imposed selection cuts.

4. The reconstruction procedure

To derive the primary energy, the S(500) observable is reconstructed first. The S(500) recon-
struction starts from the energy deposits of secondaries in the detector stations. The energy deposits
are converted into particle densities by employing lateral energy correction functions which take
into account the angle of incidence of particles in detectors. The recorded charged particle densi-
ties are then projected in the plane normal to the shower axis. The charged particle distribution is
then parameterized with a Linsley function and the charged particle density is inferred at 500 m
from the shower axis. For primary energies above log o[Eq/GeV]=7.5 the fraction of showers with
successfully reconstructed S(500) exceeds 95% (Fig. 3). On average, showers of identical primary
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(mass and energy) will be attenuated differently in the atmosphere depending on their angle of
incidence. To account for this effect, we correct the recorded S(500) values on an event by event
basis using the Constant Intensity Cut method [12]. The primary energy is derived from the S(500)
by employing a simulation-derived calibration (Fig. 4).
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Figure 3: Ratio between the number of simulated events for which S(500) was successfully reconstructed
and the total number of simulated events as a dependence with the primary energy.
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Figure 4: E - S(500) correlation; the dots are the profile of the scatter plot with box errors showing the
spread of data while errors of the mean are dot sized; the continuous line is a power law fit.

5. Comparison with the standard approach

We compare the reconstructed primary energy in the two approaches, for the same shower
samples. Fig. 5 shows the reconstruction quality for simulated showers. In this case there is rea-
sonable agreement between the two methods. In the case of experimental data the S(500)-derived
primary energy is systematically higher when compared to the values from the standard approach
(Fig. 6), a feature which diminishes towards higher energies. After evaluating the methods-specific
systematics we conclude that this discrepancy cannot be entirely explained by systematics. As the
reconstruction in both approaches is applied identically to simulated and recorded showers, we
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anticipate that the source of this discrepancy might be the inability of simulations to describe all
shower features with the same level of accuracy. When plotting simulated and experimental aver-
aged charged particle lateral density distributions for fixed S(500) values, the data appears outside
the p and Fe prediction of QGSJet-1I-2 (Fig. 7). Towards large radial ranges and for a given shower
size the simulated distributions are steeper than the measured one, which produces S(500) values
smaller than those observed in data. Fig. 8 shows this effect.
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Figure 5: Comparison between methods when reconstructing simulated events: ratio between the recon-
structed primary energy and the true energy as a function of the primary energy (the boxes show the spread
of data).
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Figure 6: Comparison between methods when reconstructing experimental data: ratio between the S(500)-
derived primary energy (Eg(soo)) and the reconstructed primary energy in the standard approach (ESIC’FN“ )
(the boxes show the spread of data).

6. Conclusions

The primary energy has been reconstructed at KASCADE-Grande using the S(500) as primary
energy estimator. The study has been applied on simulated and recorded showers and the results
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Figure 7: Averaged lateral charged particle density distributions for simulations (CORSIKA/QGS]Jet-11-2
p and Fe showers) and experimental data, for events with log 10[S(500)/m~2]€[-1, -0.8](above) and
log10[S(500)/m~2]1€[-0.2, 0.0](below); we show only events inclined at ~21° to avoid effects induced by
attenuation in the atmosphere; the continuous lines are of a Linsley-type function.
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Figure 8: The correlation between the shower size N, (as derived in the standard approach) and the S(500)
for p and Fe simulated events and for experimental data.

have been compared with the results of the standard reconstruction. The methods agree reason-
ably well when simulated events are analyzed. For experimental data the S(500)-derived primary
energy appears systematically shifted towards higher energies when compared to the result of the
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Figure 9: Averaged lateral charged particle density distributions for simulations (CORSIKA/EPOS 1.99 p
and Fe showers) and experimental data, for events with loglo[S(SOO)/m’z]e[— 1,-0.8].
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Figure 10: The correlation between the shower size N, (as derived in the standard approach) and the S(500)
for p and Fe simulated events (with EPOS 1.99) and for experimental data.
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Figure 11: Ratio between the S(500)-derived primary energy (Eg<500)) and the reconstructed primary energy

in the standard approach (Eg’"” N ) when the ES(SOO) is inferred using a calibration based on simulations with
EPOS 1.99.
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standard reconstruction. This effect is mostly caused by the inability of simulations to accurately
describe the shape of the charged particle lateral distribution. Reducing the data input to just one
parameter (S(500)), and in the light of various approximations, we have to envisage limitations of
the S(500) method. Compared to the standard approach (which extracts information from the entire
radial range of lateral density distributions) the method based on the S(500) is more sensitive to
fluctuations in the simulated shape of the lateral distribution. To improve the agreement between
the simulated lateral distributions and the measured one a solution is to flatten the simulated lateral
distributions at larger radial ranges. This can be achieved by increasing the overall muon content of
showers or by adjusting the muon spatial distribution. A preliminary test with simulations based on
EPOS 1.99 which introduces more muons than QGSJet-II-2, shows promising results (Fig. 9, 10,
11). Additional tests with more recent high energy hadronic interactions models (i.e. EPOS-LHC
and QGSJet-1I-4) are in progress.
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