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Muons in extensive air showers (EAS) are a sensitive probe for the primary cosmic ray mass
and the physics of hadronic interactions at very high energies, hence it is important to precisely
measure and carefully analyze this particular shower component. In practice, however, such
measurements are difficult to carry out due to the penetrating nature of muons and their low
density in the shower. This way just in a few experimental facilities the shower muon component
has been measured event-by-event in combination with other EAS observables. One of them was
the multicomponent air shower experiment KASCADE-Grande, which was designed to study
cosmic rays in the energy interval from 1 PeV to 1 EeV and was located at the site of the Karlsruhe
Institute of Technology, Germany at 110 m a.s.l. In this work, we will present an analysis of the
KASCADE-Grande data in terms of the muon content (£, > 230 MeV) of cosmic-ray induced air
showers as a function of the primary energy (E = 10 PeV —1 EeV) and the zenith angle (< 35°).
We test also the predictions on the shower muon content of the post-LHC hadronic interaction
models EPOS-LHC, QGSJET-1I-04, SIBYLL 2.3 and SIBYLL 2.3c by comparing the model
expectations with experimental results.
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1. Introduction

At high-energies, cosmic ray collisions with the Earth’s upper atmosphere produce an ex-

tensive air shower (EAS) of particles (s, et

’s, muons, hadrons, etc.), whose study can give us
information about the characteristics of the primary radiation and the physics of hadronic interac-
tions at energies and phase space regions not accessible yet to man-made accelerators. Among the
air shower observables that are measured to get access to the composition of cosmic rays and the
hadronic processes that occurs in the cascade of particles, we find the muon content.

In this work, the total muon number in cosmic-ray induced EAS was investigated with the
KASCADE-Grande experiment. Measurements were performed as a function of the primary en-
ergy in the range E = 10'6 eV —10'8 eV, for three different zenith angle intervals: [0°,19.34°),
[19.34°,27.93°) and [27.93°,35°]. The results will be presented in this paper in comparison with
the predictions of four post-LHC hadronic interaction models. A discussion will be also shown,
where it will be seen the implications of the muon data for the composition of cosmic rays and the

performance of the hadronic interaction models.

2. The KASCADE-Grande experiment, measured data and MC simulations

KASCADE-Grande was a ground-based air-shower observatory dedicated to investigate the
energy spectrum, composition and arrival direction of cosmic rays in the energy range from 10'3
to 10'3 eV [1]. The experiment was located at the Karlsruhe Institute of Technology (110 m a.s.l.,
1022 g/cm? atmospheric depth) in Karlsruhe, Germany, and consisted of several particle detector
systems aimed to measure with high precision different components and properties of the EAS.
One of the main detector systems of the experiment was the Grande array (0.5km? of area). It
was composed of 37 scintillator detectors and was employed to estimate the shower core position
at ground, the angle of incidence and the shower size or total number of charged particles of the
event, N, i.e. e™’s plus u’s (E., > 3MeV for vertical incidence). Another important detector
system was the set of 192 shielded scintillator detectors from the KASCADE array (200 x 200m?)
[2], which provided information about the total number of muons, N, with E, > 230MeV in the
shower. More details about the experiment and the reconstruction procedures can be found in [1].

The present study was carried out with data collected during the full data acquisition period
of the experiment, i.e., from December 2003 up to November 2012. In order to diminish the effect
of systematic uncertainties in the results, several selection cuts were applied to the data. For the
analysis, events measured during stable data acquisition runs with no hardware problems were
considered. In addition, data that passed successfully the full reconstruction chain were included
[1]. Besides, EAS cores were required to be located within the limits of a central area of 2.25 x
10° m? of the experiment and within radial distances R = [150m, 650 m| measured from the center
of the KASCADE array (see fig. 1, left). Besides, events with 8 > 35° were rejected. Finally, low
energy events with N, < 3 x 10* and Ny <1.1x 10%, and activated less than 11 Grande stations
were removed. With the above selection cuts, we got 1.13 x 107 experimental events.

For this study, MC simulations were generated. The production and development of the EAS
were simulated without thinning with CORSIKA v7.5 [3] and the passage of the shower particles

*Speaker.
THead of KIT Division V - Physics and Mathematics
Ffor collaboration list see PoS(ICRC2019)1177



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Muon content of EAS with KASCADE-Grande J.C. Arteaga-Velazquez

= ~ 100
F KASCADE array X E
100/ o ) hd ° . 8o
= O e ——— Z =
o o H = 60—
= o ©° 3 Z °F
100~ e < r
100: Grande stations: ° 40
e F o : © oo =
E £ : H C
o —200— o : 20|~ * * l
© = (o4 H =
£ F ° : ° © o i o oF l S S S S S
2 -a00— i i SR A S S G G t
3 £ H : F
> _4000- o i © ° °© i e -20—
B -40—
—500- ° 0. o o ° o F All (8 =0.00° - 35.00°)
F L | —60— .
—600— ° C ® No correction
C o) ] ° _go—
_700E 80: O Corrected
Bl b b b b b b L L qool v L L L L 1
~700 600 500 —400 -300 -200 -100 0 100 200 55 5

X coordinate (m)

A CF
IOglO(NU )

Figure 1: Left: Layout of the KASCADE-Grande experiment. Small circles represent the Grande stations.
The KASCADE array is seen at the upper right hand of the figure. KASCADE detectors are arranged in 16
clusters (big squares). The outer 12 clusters (red squares) contain the 192 shielded plastic scintillator stations
used for muon measurements. The dotted region shows the effective area selected for the present analysis.
Right: The relative bias on the reconstructed (corrected) muon number as a function of the reconstructed
(corrected) muon number for SIBYLL 2.3c. The full circles represent the bias before applying the correction
for systematic errors, and the open circles, the bias of the corrected muon number. The error bars (band) are
(is) the 10 statistical errors of the relative systematic uncertainties for the reconstructed (corrected) muon
size.

through the detectors, with GEANT 3.21 [4]. At low energies (E; < 200GeV), hadronic interac-
tions of the EAS were simulated with Fluka 2011.2 [5], while at higher energies, QGSJET-11-04
[6], EPOS-LHC[7], SIBYLL 2.3 [8] and SIBYLL 2.3c [9] were employed. In each case, MC
events were generated for < 42° and E = [10'*eV,3 x 10'8eV] using an EY primary spectrum
with spectral index Yy = —2. For the analysis, the MC events were weighted in order to simulate
a power-law spectrum with y = —2.8,—3.0 and —3.2. MC data samples were produced for five
primary nuclei: H, He, C, Si and Fe, each of them with roughly the same number of events. Besides
two additional samples were generated, one called the mixed data set with all primary elements on
equal abundances, and another one called the GSF data sample, where individual cosmic ray abun-
dances and spectra were modeled after the Global Spline Fit model described in [10]. The latter
was obtained from fits to cosmic ray data of different experiments as KASCADE-Grande. All MC
data sets were processed with the same reconstruction algorithm employed with the experimental
events [1]. For the analysis we also applied the same quality cuts for both MC and measured data.

According to MC simulations the maximum efficiency for the selected data is reached at
log;o(E/GeV) = 7.1 £0.2 depending of the primary nuclei and the arrival direction of the EAS.
On the other hand, the mean shower core and angular biasses are < 10m and < 0.6°, respectively,
while the bias (AN, = N, —Ng "¢} in the muon size is smaller than 20% (see, for example, fig. 1,
right). In addition, by comparing experimentally measurements performed independently with the
KASCADE and the Grande arrays, it was found out that the systematic uncertainty in the shower
size is < 15%.

Finally, we have improved the accuracy of N, for both MC and measured data, by correcting
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Figure 2: Left: The mean logarithmic energy as a function of the logarithm of the shower size predicted
by SIBYLL 2.3c for iron nuclei (red squares) and protons (blue circles). The respective fits with eq. (2.1)
are shown with red and blue lines, respectively. Right:. The mean logarithm of the N, /N, ratio against
the logarithm of the shower size expected from SIBYLL 2.3c for iron nuclei (red squares) and protons (blue
circles). The results of the fits a power law formula are shown with red and blue lines, correspondingly. The
left and right panels were done for vertical data with zenith angles less than 19.34°.

the reconstructed muon number for systematic biasses using a correction function defined as in
[11]. The correction function is a parameterization of the systematic uncertainties of Ny in terms
of the arrival direction, the muon content and the core position of the EAS. It was estimated from
MC simulations for each post-LHC model using the mixed data set for an E~3 primary spectrum.
The muon correction function was applied to both the MC simulations and the measured data.
MC simulations and correction functions from different post-LHC models were not mixed. In the
same way, only KASCADE-Grande data and MC simulations treated with the same correction
function were compared in the following analysis. After correcting the muon data for systematic
uncertainties, the final bias on N, becomes smaller than 8% (e.g. fig. 1, right).

In order to calibrate the primary energy of each event, the procedure described in [11] was
followed. First, data are divided in different 0 intervals and then in each of them, energy is assigned
with a power-law formula calibrated with MC simulations,

log,o(E/GeV) = [ag + (ar. — an) - k] - 10g,o Nep, + [br + (bre — by - K, 2.1

where k depends on the N, /N, ratio. It takes the value O for protons and 1 for iron nuclei. In
eq. (2.1), the coefficients a, b are obtained from fits to model predictions (see, for example, fig. 2,
left). For this study, data was separated according to the following zenith angle bins: [0°,19.34°),
[19.34°,27.93°) and [27.93°,35°].

3. Results and discussions

The mean of the logarithm of the total muon number of EAS measured with KASCADE-
Grande as a function of the logarithm of the estimated primary energy is shown in fig. 3 for our three
zenith angle intervals. The data are compared with predictions of the four post-LHC models for
iron nuclei and protons, which are shown with bands. The mean values of the data were estimated
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Figure 3: The mean total muon content of EAS as a function of the estimated primary energy as estimated
from measurements with the KASCADE-Grande experiment (data points). The total systematic errors are
shown with square brackets and the statistical errors (errors on the mean) with error bars. The data are com-
pared with the predictions of the post-LHC models: QGSJET-11-04, EPOS-LHC, SIBYLL 2.3 and SIBYLL
2.3c, for hydrogen and iron nuclei, which are shown with the lower blue and an upper red bands, respec-
tively. The bands covers the range of variations of the MC expectations. Data is presented for three different
zenith angle intervals.

as an average of the different values obtained after correction and calibration of the experimental
measurements with the different post-LHC hadronic interaction models. Statistical and systematic
uncertainties were also estimated and are displayed in the above figure. The systematic errors
include different uncertainty sources added in quadrature, in particular, the uncertainties in the
muon correction function and the muon lateral distribution function, the biasses of the corrected
Ny, the shower size and the estimated energy and uncertainties on the primary spectral index. It is
seen from the plot 3 that the muon data above 230 MeV at sea level measured with KASCADE-
Grande in the primary energy range 10'® eV to 10'® eV lies between the model predictions for
protons and iron nuclei.

In fig. 4, the muon number has been divided by the primary energy in order to appreciate the
details of the evolution of N, with E. The data have been compared with the H and Fe predictions
of the post-LHC models in different panels. In each of them, the model used for the comparison
and to correct/calibrate the MC/measured data is shown. For reference, the expectations from the
GSF composition model were also added in the plot. From the graphs on fig. 4, it is observed that
the measured N, does not follow a power-law behaviour with the energy as expected from MC
simulations for pure composition. That seems to be a consequence of an evolution in the relative
abundances of cosmic ray nuclei in the data, behavior which is also seen in the predictions from
the GSF composition model. Differences in the inferred composition from the KASCADE-Grande
data using the distinct post-LHC models are also observed. The lightest composition was obtained
when using EPOS-LHC, and the heaviest, when employing SIBYLL 2.3c. Those differences seem
to be due to distinct predictions in the muon content of EAS: more muons for EPOS-LHC and fewer
for SIBYLL 2.3c in comparison with the other post-LHC models [12]. Even more, differences in
composition within the framework of the same hadronic interaction models are also appreciated for
different zenith angle bins.
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Figure 4: Measured (solid circles) and predicted (lines) mean values of the logarithm of the ratio
Ny /E(GeV) as a function of the estimated primary energy for different post-LHC hadronic interaction mod-
els and three zenith angle ranges. The red upper lines represent the expectations for iron nuclei, and the
lower blue lines, for protons. The dashed lines are the predictions from the GSF composition model. The
total systematic errors of the data are given by the gray band, and the statistical errors on the mean, by the
error bars.
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Figure 5: Measured (solid circles) and predicted (lines) mean values of z = [In(N;") —In(N{})] /[In(N}¢) —
ln(Nﬁ )] as a function of the estimated primary energy for different post-LHC hadronic interaction models
and three zenith angle ranges. The red upper lines represent the expectations for iron nuclei (z = 1), and the
lower blue lines, for protons (z = 0). The dashed lines are the predictions from the GSF composition model.
The total systematic errors of the data are given by the gray band, and the statistical errors on the mean, by
the error bars.
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To study in more detail the dependence of N, with the primary energy, the z-value, as defined
in [14] (i.e., z = [In(Ng") —In(N})] /[In(N}) — In(N,])]) was estimated. Here, N, is the exper-
imental value, and Nf Fe the expectations from the model. The mean values of this quantity are
plotted in fig. 5 against the estimated EAS energy and different 6 intervals using the measured
data and the models QGSJET-II-04, EPOS-LHC, SIBYLL 2.3 and SIBYLL 2.3c. The results are
compared with the predictions for pure iron and hydrogen nuclei, for which z = 1 and 0, respec-
tively. In this figure, it is observed that the inferred cosmic ray composition is slightly heavier for
high zenith angles and high energies, which implies a problem within the models to describe Ny, at
different 6 and E values. These plots seem to support previous results from KASCADE-Grande,
which show that several high-energy hadronic interaction models are not able to describe the zenith
angle evolution of the shower muon content of EAS [13]. Finally, in fig. 5, the same tendency in
the energy evolution of z is observed independently of the post-LHC model: z grows up to ~ 10!
eV, and then it seems to decrease, which implies an evolution towards a heavier composition from
10 PeV to 100 PeV and towards a lighter one above 100 PeV. The latter seems to be in agreement
with the light/heavy composition studies of cosmic rays performed with KASCADE-Grande [15].
The same tendency is observed in the GSF model.

4. Conclusions

KASCADE-Grande muon data above 230 MeV at sea level in the primary energy range from
10 PeV to 1 EeV were compared with predictions of the QGSJET-1I-04, EPOS-LHC, SIBYLL 2.3
and SIBYLL 2.3c hadronic interaction models. It was found that the measured muon number lies
between model predictions for hydrogen and iron nuclei and it was also observed that the inferred
cosmic ray composition from the muon data shows a dependence with the model, zenith angle and
energy (slightly heavier for inclined EAS and high energy showers). The results seem to support
previous findings of KASCADE-Grande about a problem in the predicted evolution of Ny, with the
zenith angle.
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