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KASCADE-Grande, the extension of the multi-detector setup of KASCADE, was devoted to
measure the properties of extensive air showers initiated by high-energy cosmic rays in the primary
energy range of 1 PeV up to 1 EeV. The observations of the energy spectrum and mass composition
of cosmic rays contribute with great detail to the understanding of the transition from galactic
to extragalactic origin of cosmic rays, and furthermore to validate the properties of hadronic
interaction models in the air shower development. Although the experiment is fully dismantled,
the analysis of the entire KASCADE-Grande data set continues. We have recently investigated
the impact of different post-LHC hadronic interaction models, QGSJETII-04, EPOS-LHC, Sibyll
2.3d, on air shower predictions in terms of the reconstructed spectra of heavy and light primary
masses, including systematic uncertainties. In addition, the conversely discussed evolution of the
muon content of high-energy air showers in the atmosphere is compared with the predictions of
different interaction models. In this contribution, the latest results from the KASCADE-Grande
measurements will be discussed.
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Results from the KASCADE-Grande

1. Introduction

The KASCADE [1] and its extension KASCADE-Grande [2] experiments were dedicated to
understand the chemical mass composition, energy spectrum and arrival direction of high-energy
cosmic rays. These measurements are, in particular, contributed to identifying the transition region
of galactic and extragalactic cosmic rays. The experiments were located at the Karlsruhe Institute of
Technology, Karlsruhe, Germany (49.1° north, 8.4° east, 110 m a.s.l.) and measured extensive air
showers in the energy range of PeV to EeV. One remark is that a multi-detector setup of KASCADE
allowed us to reconstruct the number of electrons and muons, separately, for individual air showers.
Detailed analysis of more than 20 years of measured data presents fruitful results: The reconstructed
all-particle energy spectrum measured by KASCADE shows a knee-like structure, mainly, due to
a steepening of spectra of light (H and He) elements [3]. In respect of the KASCADE-Grande
observation, the all-particle energy spectrum [4] reveals a concave behavior just above 10'° eV and
a break at around 10'7 eV, where a knee-like feature would be expected as the knee of the heavy
primaries, mainly, iron, in accordance with the rigidity dependence. The knee-like structure in the
spectrum of the heavy-mass group is observed significantly at around 80 PeV [5]. Furthermore, an
ankle-like structure is observed at an energy of 100 PeV in the energy spectrum of light primary
cosmic rays [6].

The data collection was completed at the end of 2013, though analysis of more than 20
years measured data is still performed. In particular, we use the data to investigate the validity
of new and updated hadronic interaction models. Moreover, the KASCADE and KASCADE-
Grande experiments were able to measure the number of muons with high accuracy. Measurements
of KASCADE-Grande on the muon number suggest that the attenuation length of muons in the
atmosphere is larger than the predictions from the hadronic interaction models. In order to investigate
the muon anomalies, we also estimated the number of muons as a function of the primary energy at
different zenith angles using the data from KASCADE-Grande.

In this paper, we will discuss on recently ongoing studies related to the updated energy spectra
of heavy and light mass composition groups including systematic uncertainties and the study of the
muon content [7].

2. Spectra of heavy and light mass groups

2.1 Data sets

The analysis presented here is only based on the KASCADE-Grande data. After applying
quality cuts, a total of 1.7 x 107 events for a measuring time of 1865.62 days were used in this
analysis. The zenith angle is used up to 40°. Full trigger and reconstruction efficiency for the
shower size (N.j,) is reached at the number of charged particles of around 10, which corresponds
to a primary energy of about 10'° eV. For the air shower simulations, the CORSIKA [8] program
has been used, applying different embedded hadronic interaction models. The FLUKA (E < 200
GeV) model has been used for hadronic interactions at low energies, while high-energy interactions
were treated with QGSJET-11-04 [9], EPOS-LHC[10] and SIBYLL 2.3d [11]. Air showers induced
by five different primaries (H, He, C, Si, and Fe nuclei) have been simulated. The simulations cover
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Figure 1: The ycjc as a function of the primary energy for QGSJET-1I-04 (left), EPOS-LHC (middle), and
SIBYLL 2.3d (right). The dashed line represents the selection criteria for heavy and light mass groups. The
open squares are the average values of the silicon and CNO mass components.

the energy range of 10'* - 10'® eV with zenith angles in the interval 0°- 42°. The spectral index in
the simulations was -2 and for the analysis it is weighted to a slope of -3.

2.2 Separation into mass groups

To reconstruct energy spectra for individual mass groups, the full dataset is divided into two
subsets of heavy and light primary groups, according to the yc;c cut method [4]. This cut is based
on the shower size ratio of the attenuation-corrected muon and charged particle numbers: ycjc
= logio(Ny,c )€ [ 1og1o(Ne,p) 1€, where the total muon number is corrected for systematic
biases. The Constant Intensity Cut (CIC) technique is applied to correct the number of muon and

the number of charged particles for the attenuation effect in the atmosphere. The events satisfying

thr
CIC

(electron-rich) events. The value of the selection criteria of y

the condition (ycyc > !/ ) are defined as heavy (electron-poor) events and the remaining as light

thr
CIC

and it is defined to be between the CNO and the silicon elements for each models. Therefore, the
heavy component consists mainly of silicon and iron primaries, whereas the light mass groups are

depends on the interaction models

proton, helium and carbon nuclei. Figure 1 shows the ycj¢ as a function of the primary energy for
the hadronic interaction models QGSJET-1I-04, EPOS-LHC, and SIBYLL 2.3d. The dashed line
in Fig. 1 is the separation criteria for heavy and light mass groups.

2.3 Energy calibration

Figure 2 presents the energy calibration function for light and heavy induced showers. With the
assumption of a linear dependence in logarithmic scale (logo(E /GeV) = a-logio(N¢r) +b), alinear

Models Heavy Light

a b a b
QGSJET-II-04 0.885 +0.003 1.863 +0.023 0.936 +£0.006 1.285 + 0.039
EPOS-LHC 0.885 +£0.004 1.847 £0.023 0.919 £0.005 1.388 +0.035
SIBYLL 2.3d  0.892 +£0.004 1.802 +£0.024 0.943 £0.005 1.216 +0.035

Table 1: The coefficients of the energy calibration for QGSJET-II-04, EPOS-LHC, and SIBYLL 2.3d for
heavy and light primaries, respectively.
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Figure 2: Left: The primary energy as a function of the number of charged particles for the hadronic
interaction model QGSJET-II-04, along with the linear fit (lines). Right: A comparison of the energy
calibration function of heavy (dashed lines) and light (solid lines) primaries for QGSJET-1I-04, EPOS-LHC
and SIBYLL 2.3d.

fit is applied in the range of full trigger and reconstruction efficiencies. The resulting coefficients of
the energy calibration for QGSJET-11-04, EPOS-LHC and SIBYLL 2.3d are summarized in Table 1.

2.4 Spectra of heavy and light mass groups

The energy spectra of heavy and light mass groups are reconstructed by means of the relation
E(N_.p) for two separated samples. I.e. we converted the attenuation corrected shower size into the
reconstructed energy, using the model-dependent energy calibration function (Table 1). Figure 3
shows the resulting reconstructed energy spectra for light and heavy initiated showers with statistical
and systematic errors. The all-particle spectrum of primary cosmic rays is obtained by summing
the light and heavy components. Systematic uncertainties in flux are discussed in the next section.
The bin-to-bin migration effect is not taken into account yet, but the effect is expected to be small.

A broken power-law fitting has been performed for the heavy spectra (Fig. 4). Table 2
summarizes the positions of the spectral breaks, and the slopes before and after the heavy knee. All
features observed by the previous analysis are well confirmed. The spectrum of heavy primaries,
i.e. electron-poor (Si+Fe) events, shows a clear knee-like structure at around 10'®7 eV for all three
models, where the power spectral index changes from y ~ 2.7 to y ~ 3.3 for all models. A
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Figure 3: The resulting primary energy spectra for heavy (Si+Fe) and light (H+He+CNO) primaries based
on QGSJET-II-04 (left), EPOS-LHC (middle), and SIBYLL 2.3d (right). All means the all-particle spectrum
of primary cosmic rays, which is the sum of the light and heavy mass components.
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Figure 4: Left: A comparison of the interaction models QGSJET-II-04, EPOS-LHC, and SIBYLL 2.3d for
the reconstructed energy spectra of heavy (Si+Fe) and light (H+He+CNO) primaries. Right: The all-particle
energy spectrum based on the three models (top) and the ratio with respect to the QGSJET-11-04 model
(bottom).

remarkable feature is that the concave structure at about 10! eV is significantly visible in the
spectrum of electron-poor components. In the energy spectrum of the light primaries, a hardening
feature above about 10'6-> eV is observed and the spectral slope changes smoothly.

The comparison of the reconstructed energy spectra of the electron-poor and electron-rich mass
groups to other post-LHC models of QGSJET-11-04, EPOS-LHC, and SIBYLL 2.3d is shown in
Fig. 4, where all spectra were reconstructed by applying the CIC technique. The energy spectra of
QGSJET-II-04 and SIBYLL 2.3d show a very similar tendency, while the total flux of EPOS-LHC
is shifted by about 10% due to the different ratio of N.,/N,. In particular, the EPOS-LHC model
predicts more muons than the other post-LHC models, so that the data interpretation leads to a
more light composition. In general, the electron-rich sample is always more abundant due to the
separation around the CNO mass group. The muon content might also affect some difference of
absolute abundances. However, all the spectra turn out a similar feature of the energy spectrum. In
Fig. 4 (right), the all-particle energy spectrum, which is obtained from the sum of the individual
heavy and light spectra, is displayed. The ratio of EPOS-LHC and SIBYLL 2.3d spectra with
respect to the QGSJET-II-04 model are shown as well. It presents a small difference among the
post-LHC hadronic interaction models over the whole energy range.

electron-poor  logjo(Ex/GeV) Y1 v Ay  x*mdf
QGSjet-11-04 7.78 £ 0.05 280+0.01 3.33+£0.06 053 3.92
EPOS-LHC 7.71 £0.04 273+001 328+0.06 055 196
SIBYLL 2.3d 7.69 + 0.04 279+0.01 340+0.06 0.61 270

Table 2: The positions of the spectral breaks and the spectral slopes after applying a broken power law fit to
the spectra of electron-poor (heavy) events.
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3. Systematic uncertainties

The possible sources of systematic uncertainties on the reconstructed energy spectrum are
uncertainties introduced by the analysis method and procedure, e.g. each fit parameter has an
associate error and gives an influence on the energy spectrum. Some uncertainties could be
introduced by the nature of the cosmic rays and the extensive air showers, such as the shower
fluctuations. In addition, the reconstruction accuracy of the arrival direction could give systematic
uncertainties to the estimation of the energy spectrum.

In the application of the CIC method, a global fit of the attenuation curves are performed, in
order to correct the zenith angle dependence of the number of charged particles. Each fit parameter
has an associated error and it results in uncertainties in the determination of the number of charged
particles for the reference angle of 20°. Since the fit parameters are correlated with each other, the
propagation errors are calculated to estimate the systematic uncertainty induced by the attenuation
curve fit. Systematic errors induced by the attenuation curve fit for the corrected log 10N§2° are
estimated to be less than 1% in the full energy range for heavy and light primaries.

The conversion relation is determined with a fit on the distribution of the true primary energy
as a function of the number of charged particles (see Fig. 2), which have uncertainties due to
the fluctuation of number of charged particles in the MC simulations. Uncertainties from the fit
parameters are used to determine the systematic effect on the reconstructed energy spectrum. In the
same way of uncertainties of the attenuation curves, the propagation error of the energy conversion
function is used.

The shower fluctuations are another source of systematic uncertainties, which is basically
caused by the nature of the development of extensive air showers. The influence of these fluctuations
on the primary energy spectrum is estimated by using simulation data. The primary energy spectrum
of the form E? follows the power law with the spectral index of y = -3, whereas the true primary
energy spectrum is characterized by the spectral index of y = -2 in the Monte Carlo simulation
data. Therefore, the influences of changing the spectral index of the true primary energy spectrum
from y = -2 to y = -3 are estimated here. In order to obtain the distribution of a true primary

QGSIJET-II-04 EPOS-LHC SIBYLL 2.3d
Light(%) Heavy(%) Light(%) Heavy(%) Light(%) Heavy(%)

Spectral index:

v =-2.8 2.66 1.78 2.54 3.21 3.96 0.63
y=-32 5.32 9.32 0.28 2.67 5.41 7.13
CIC method:
Attenuation fit <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Orer = 10° 9.80 7.03 9.29 7.22 9.91 6.34
Orer =30° 14.1 10.0 17.5 14.2 114 0.48
Energy conversion 0.79 0.51 0.58 0.51 0.23 1.35
Total +14.1 +10.1 +17.7 +14.5 +9.89 +1.43
—11.5 -11.8 -9.32 -1.71 -13.9 —9.66

Table 3: Systematic uncertainties in flux at 10!”eV. The total systematic uncertainty is the sum in quadrature
of all terms.
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Figure 5: A comparison of the reconstructed all-particle energy spectrum ESA-TOP, IceCube/IceTop, Pierre
Auger Observatory, Telescope Array. The markers of red circles, blue squares and green triangles are the
spectra of QGSJET-11-04, EPOS-LHC and SIBYLL 2.3d, respectively.

energy spectrum with a power law of E~3, the original simulation data were weighted with a slope
of y = -3. By varying the spectral index of +0.2, i.e. changing the effect of fluctuations on the
reconstructed spectrum, the systematic uncertainty is estimated. The systematic deviation due to the
shower fluctuation is evaluated by this procedure, e.g. for QGSJET-1I-04, to be about 5% and 9%
for light and heavy primaries, respectively. For the energy calibration based on the simulation, we
selected events only for the zenith angle range of around the reference angle. The reason is that the
peak, which was chosen as the reference angle, at the zenith angle distribution has large statistics,
so that the systematic effects can be reduced. To estimate the zenith angle uncertainties, simulation
data were selected around two different reference angles of 10° and 30°. The differences with a
comparison of energy spectrum of 6,.. s = 20° are included into the total systematic uncertainty.

All these individual systematic contributions were considered to be uncorrelated, and combined
thus in quadrature to obtain the total systematic uncertainty (see Table 3). The systematic uncertainty
(i.e. sum in quadrature of all terms discussed above except the energy resolution) in the flux is of

the order of about *11-1% for light and *1%-1%ofor heavy primaries at the primary energy of 10'7 eV.

A comparison of the resulting all-particle energy spectra based on the different post-LHC
interaction models with other experiments ESA-TOP, IceCube/IceTop, Pierre Auger Observatory
(PAO) and Telescope Array (TA) is presented in Fig. 5. As shown in Fig. 4, the KASCADE-Grande
results show relatively small dependencies among the hadronic interaction models in use. Though,
in terms of the absolute flux, there is for KASCADE-Grande an up to 20% lower flux compared to
the other measurements. This might be due to the measurements close to see level. Moreover, as
KASCADE-Grande measures the total number of electrons and muons, separately, these differences
are related to the absolute normalization of the energy scale by the various models. All experiments
operates at different observation levels, use different analysis techniques and different hadronic
interaction models to interpret their data, nevertheless, a good agreement between the results of
the KASCADE-Grande experiment and others is shown in the energy range of PeV to EeV. At the
higher energy (~ 10'8 eV), the KASCADE-Grande result is statistically in agreement with the result
of Pierre Auger Observatory.
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4. Muon content studies

The muon number of cosmic-ray air showers measured by the KASCADE-Grande experiment
is investigated in the primary energy between 10'® and 10'8 eV for three zenith angle ranges. The
hadronic interaction models QGSJET-1I-04, EPOS-LHC and SIBYLL 2.3d are used. For the energy
calibration, the observed muon-number distributions with respect to Monte Carlo predictions from
the data-driven model Global Spline Fit (GSF) and the Pierre Auger energy scale are compared.
The estimation of the total number of muons as a function of the primary energy at ground level
with KASCADE-Grande has shown that the muon content for vertical showers is likely to be
overestimated by the post-LHC models QGSJET-11-04, EPOS-LHC and SIBYLL 2.3d. However,
for more inclined events up to 40°, the data shows a reasonable agreement with the MC expectations.
Further details on the analysis method and the result can be found in Ref. [7].

5. Conclusion

By means of the shower size measured by KASCADE-Grande and the Y¢;¢ technique, the
energy spectra of heavy and light mass groups were reconstructed based on the post-LHC hadronic
interaction models QGSJET-II-04, EPOS-LHC, and SIBYLL 2.3d. All structures of the energy
spectra confirmed by previous measurements are shown: observation of a heavy knee at around
10'7 eV accompanied by a flattening of the light component at the same energy. This might be
a sign of an extra-galactic component and it is already dominant below the energy of 10'7 eV
for all post-LHC models. Lastly, KASCADE Cosmic-ray Data Centre (KCDC) [12] is a web-
based platform (https://kcdc.iap.kit.edu), in which scientific data of the completed KASCADE and
KASCADE-Grande experiments are made available for the astroparticle community and interested
general public. A detailed discussion on the latest release of KCDC can be found in Ref. [13].
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