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KASCADE-Grande and its original array of KASCADE were dedicated to measure individual air
showers of cosmic rays with great detail in the primary energy range of 100 TeV up to 1 EeV. The
experiment has significantly contributed to investigations of the energy spectrum and chemical
composition of cosmic rays in the transition region from galactic to extragalactic origin of cosmic
rays as well as to the further development of hadronic interaction models through validity tests
using the multi-detector information from KASCADE-Grande. Though the data accumulation
was completed in 2013, the data analysis is still continuing. Recently, we investigate the reliability
of the new hadronic interactions model of the Sibyll version 2.3d with the combined data from
KASCADE and KASCADE-Grande, and compare it to the predictions of different hadronic
interaction models. In addition, we update the web-based platform of the KASCADE Cosmic Ray
Data Centre (KCDC), where now full datasets from KASCADE and KASCADE-Grande and the
corresponding Monte-Carlo simulated events are available.
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Results from KASCADE-Grande

1. Introduction

KASCADE [1] with its extension KASCADE-Grande [2], measuring individual air showers of
cosmic rays, were located at the Karlsruhe Institute of Technology, Karlsruhe, Germany (49.1° north,
8.4° east, 110 ma.s.l.). These experiments measured the energy spectrum, mass composition and the
arrival direction of cosmic rays in the primary energy range of PeV to EeV. The data accumulation
was fully completed at the end of 2013 and all experimental components were dismantled.

KASCADE and KASCADE-Grande reveal important messages to understand the transition
from galactic to extra-galactic cosmic rays: The all-particle energy spectrum measured by KAS-
CADE shows a knee-like structure due to a steepening of spectra of light elements [3]. The
all-particle energy spectrum reconstructed by the KASCADE-Grande data [4] shows structure,
which does not follow a simple power law: a concave behavior just above 10'° eV and a knee-like
feature due to heavy primaries, mainly iron, at around 10!7 eV. In mass composition studies, the
knee-like feature in the heavy primary spectrum is observed more significantly at an energy of
80 PeV [5] in the reconstructed energy spectrum of heavy primary cosmic rays. In addition, an
ankle-like structure is observed at around 100 PeV in the energy spectrum of light primary cosmic
rays [6].

Investigations on the mass composition and energy spectrum of cosmic ray air showers require
to understand high-energy interactions in the Earth’s atmosphere, since the properties of the primary
particles by means of extensive air shower measurements refers from simulations of the air shower
development, in which the hadronic cascade in the atmosphere is described. Therefore, one
of perennial analyses after the completeness of measurements is the test of hadronic interaction
models with KASCADE and KASCADE-Grande data.

Recently, we use full data sets taken by KASCADE-Grande to investigate the validity of a
new version of hadronic interaction model Sibyll 2.3d [7]. In this contribution, we discuss a
validity test of Sibyll 2.3d and its application to the cosmic ray mass composition measured by
KASCADE-Grande.

2. Hadronic interaction model Sibyll 2.3d

A new version of the hadronic interaction model Sibyll, Sibyll 2.3d, is recently released [7].
Sibyll is one of event generators for extensive air showers and it is based on the dual parton and the
minijet models. The interaction cross sections are updated from high-precision measurements of
experiments at the LHC to improve the description of extensive air showers, in particular, the depth
of shower maximum and the muon content, which affect the interpretation of the mass composition
of the primary cosmic rays. Regarding the impact on extensive air showers, the muon number in
the updated model increased by more than 20% compared to Sibyll 2.1, since it predicted too less
muons.

Compared to the other interaction models EPOS-LHC and QGSjet-1I-04, Sibyll 2.3d has a
higher number of muons, but only by about 5%. Further details can be found in Ref. [7].

For the air shower simulations the program CORSIKA [8] has been used, where the FLUKA
(E < 200 GeV) model has been used for hadronic interactions at low energies and high-energy
interactions were treated with Sibyll 2.3d. Showers initiated by five different primaries (H, He,
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Figure 1: Left: The 2-dimensional shower size distribution measured by KASCADE-Grande, overlaying
proton and iron induced showers for different hadronic interaction models. Right: Residual plots for
simulations (proton and iron) comparing three different models with respect to Sibyll 2.3d.

CNO, Si, and Fe nuclei) have been simulated. The simulations covered the energy range of 104
- 10'8 eV with zenith angles in the interval 0° - 42°. For the analysis we used zenith angles only
up to 40°, where full efficiency is reached. The spectral index in the simulations was -2 and for the
analysis it is converted to a slope of -3.

3. Data analysis

3.1 Shower size

Using the shower size measured by KASCADE-Grande data, initial tests of Sibyll 2.3d were
performed. Figure 1 (left) shows the 2-dimensional shower size measured by KASCADE-Grande,
including the full detector response by simulation, together with proton and iron induced showers
predicted by different interaction models: Sibyll 2.3d (red), Sibyll 2.3 (blue), EPOS-LHC (green)
and QGSjet-11-04 (pink). The errors of mean values are plotted in Fig. 1. Sibyll 2.3d has a similar
tendency compared to the other interaction models above the threshold (N, 2 5, No, 2 6), whereas
it shows some deviations below the threshold for iron showers.

On the right panel of Fig. 1 residual plots for simulations compared to different interaction
models with respect to Sibyll 2.3d can be seen. The top plot is for iron shower and the bottom
for proton. QGSjet-11-04 and Sibyll 2.3 present a similar deviation of about 30% relative to Sibyll
2.3d. EPOS-LHC shows the smallest difference from Sibyll 2.3d. In addition, EPOS-LHC has
more statistics than other models by a factor of 1.5, so that smaller statistical error bars are shown.

Figure 2 presents comparisons of the number of charged particles (N.;) and the number of
muons (N,) of Sibyll 2.3d to other previous interaction models. The upper plots are N., and
the lower N,,. The iron induced showers fluctuate less than the proton showers. Sibyll 2.3 shows
the smallest difference from Sibyll 2.3d for all cases. The largest difference shows the case of
QGSjet-1I-04, however it is about the level of 5% differences.
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Figure 2: Comparison of the number of charged particles (N.j,) and the number of muons (V) of Sibyll
2.3d to other previous interaction models for proton (left) and iron (right) primaries, respectively.

3.2 Separation into mass groups

In this analysis electron-rich and -poor samples are separated by using the shower size ratio of
Ycrc = 1g(Nyu)/1g(Ncp), where the Constant Intensity Cut (CIC) technique is used to correct the
muon and charged particle numbers for attenuation effects in the atmosphere. The events which

satisfy the condition (Yc;c > Yg;rc) are defined as electron-poor events and the remaining ones

as electron-rich events. The dotted line in Fig. 3 represents the selection criteria of Y, g}rc The
value is model dependent and it is defined to be between the silicon and the CNO element for each

interaction model.

3.3 Energy calibration

The energy calibration function for light and heavy induced showers is shown in Fig. 4 (left).
On the right of Fig. 4 the comparison with the different versions of Sibyll is shown. Under the
assumption of a linear dependence in logarithmic scale: 1gE = a-1g(N.p) + b and a particular primary
composition, the fitting is applied in the range of full trigger and reconstruction efficiencies. The
energy calibration depends on simulations, i.e. interaction models, so that the fits are performed
individually and the resulting coefficients of the calibration for Sibyll 2.3d are a = 0.891 + 0.004,
b = 1.802 + 0.024 and a = 0.943 + 0.005, b = 1.216 + 0.035 for heavy and light primaries,
respectively. The slope of Sibyll 2.3d is quite similar to the one of Sibyll 2.3. Using this fit function,
we converted the attenuation corrected shower size into the reconstructed energy.
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Figure 3: Shower size ratio of Yc;c = Ig(N,)/Ig(Ncy) as a function of true energy, where N, and N,
are corrected for attenuation effects in atmosphere using the CIC technique. The dotted line is the separation
criteria for heavy and light mass groups.
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Figure 4: Left: The true energy as a function of the number of charged particles (N.j) for light and heavy
primaries for Sibyll 2.3d. Right: Comparison of the energy calibration function of light and heavy primaries
for previous Sibyll models.

4. Spectra of heavy and light mass groups

The energy is assigned using the relation E(N.j,) for the two separated samples, using calibra-
tion functions which are model dependent.

Figure 5 shows the resulting reconstructed energy spectra of heavy and light mass group
based on the Sibyll 2.3d model, with only statistical errors. Systematic uncertainties are under
investigation, however, they are expected to be about 25% on the flux. The fit of a broken power
law has been performed for the spectra. Resulting slopes before and after the heavy knee and the
breaking positions are indicated in Table 1. All features observed by the previous analysis are well
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Figure 5: The resulting energy spectra of heavy and light primaries based on the Sibyll 2.3d model, fitting
with a broken power law.
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Figure 6: Comparisons of the reconstructed energy spectra for four hadronic interaction models. The left
plot is for the heavy mass group and the right one is for light primaries. The error bars show the statistical
uncertainties.

confirmed. The spectrum of heavy primaries, i.e. electron-poor events, shows a clear knee-like
0'67 eV. A remarkable feature is that the concave structure at about 10'® eV is more

visible in the spectrum of electron-poor components. In the light primary spectrum, the spectral
016.5

structures at 1

slope changes smoothly and a hardening feature above about 1 eV is observed.

Reconstructed energy spectra of the electron-poor and electron-rich groups, based on differ-
ent post-LHC models of QGSjet-11-04, EPOS-LHC, Sibyll 2.1, Sibyll 2.3 and Sibyll 2.3d, were
compared in Fig. 6, in which all spectra were reconstructed by applying the Constant Intensity Cut
technique. All spectra shown in Fig 6 are not corrected yet for shower fluctuations.

In the comparison of the energy spectra based on the Sibyll 2.1 model, the flux of heavy
primaries of Sibyll 2.3d shows differences by a factor of about 3. The total flux is shifted about
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electron-poor [g(Er/GeV) 0% 0%) Ay  x*mdf
QGSjet-1I-04 7.73+0.05 2.89+0.01 3.18+0.04 029 2.16
EPOS-LHC 7.79+0.03 2.87+0.01 3.20+0.03 033 4.72
Sibyll 2.1 7.75+0.09 2.87+0.03 3.15+0.05 0.28 1.28
Sibyll 2.3 7.71+£0.05 283+0.01 3.18+0.05 035 0.96
Sibyll 2.3d 7.69+£0.04 282+0.01 3.14+003 032 147

Table 1: The breaking positions and the spectral slopes after applying a broken power law fit to the spectra
of electron-poor events

10-20%, but the general structure are similar. The muon content might affect the difference of
absolute abundances and detailed studies can be found in Ref. [9].

5. Conclusion

Based on the new hadronic interaction model Sibyll 2.3d and the shower size measured by
KASCADE-Grande, the energy spectra of different mass groups were reconstructed. It was com-
pared with the spectra based on the different post-LHC models. All features of the energy spectra
confirmed by previous measurements are shown: observation of a heavy knee at around 10'7 eV
and flattening of the light component at about 10'7 eV. This might be a sign of an extra-galactic
component and it is already dominant below the energy of 10'7 eV for the case of Sibyll 2.3d model.

According to the comparison of the shower size of the new model Sibyll 2.3d, it is observed
that Sibyll 2.3d has a higher number of muons compared to other models as this model expected.
In addition, this model gives the lowest flux of heavy primaries of all models, i.e. the lightest
composition. Detailed studies including estimation of systematic uncertainties and the correction
of shower fluctuations are in progress.

Lastly, the full experimental data sets and the simulations with detector responses can be found
in KASCADE Cosmic Ray Data Centre (KCDC) [10], which is a pioneering work in public access
of astroparticle physics data.
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