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The study of the muon content in extensive air showers (EAS) is relevant for understanding the
origin and nature of cosmic rays. Moreover, muons serve as a sensitive observable to hadronic
interactions in air showers, offering insight into high-energy physics processes. However, discrep-
ancies between measured and predicted shower muon content have been reported by some EAS
observatories, hinting to deficiencies of high-energy hadronic interaction models. In this work,
we study the muon content of EAS with KASCADE-Grande data for primary energies between
10 PeV and 1 EeV, considering showers with zenith angles of 6 < 40°. In particular, we estimate
the local muon density at fixed radial distances from the shower core and explore its dependence
on atmospheric depth. Adapting the energy scale from the Pierre Auger Observatory (PAO) we
compare the data against predictions of the QGSJet-11-04, EPOS-LHC and SIBYLL-2.3d hadronic
interaction models. While good agreement is found in a large parameter space, a discrepancy
between the measured and predicted local muon densities can be seen, especially for high primary
energies and vertical events and here increasing for large radial distances of the measured muons
from the EAS core. This could indicate an inadequate description of the attenuation of muons in
the atmosphere.
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Muon Densities from KASCADE-Grande Data

1. Introduction

Extensive air showers of hadronic origin, i.e. produced by cosmic-ray collisions in the Earth’s
atmosphere, are composed by electrons, muons, photons, hadrons and atomic nuclei, whose relative
abundances, energy spectra and space-time distributions are sensitive to the mass, charge and energy
of the primary cosmic-ray particle [1]. A study of these observables with ground-based shower
detectors allows to extend the investigations of cosmic rays beyond 10 TeV and to investigate the
properties of hadronic collisions at energies not reachable by modern particle physics accelerators.
It also opens the possibility of testing models on high-energy hadronic interactions with data of
EAS detectors [2]. One EAS component that is important to analyze and understand due to its
sensitivity to the cosmic-ray composition and to the properties of hadronic interactions is the muon
cascade. In the last years, several experiments have reported differences between the measurements
and the predictions of the post-LHC hadronic interaction models on the muon content of EAS [3].
The Pierre Auger (875 g/cm? of atmospheric overburden), for example, has reported an excess of
muons in comparison with the expectations at ultra-high energies [4, 5]. Previous measurements
of KASCADE-Grande (1022 g/cm? of atmospheric depth) on the muon size of EAS for energy
thresholds of E, > 230 MeV (vertical incidence) as a function of the zenith angle have also find
discrepancies with MC simulations, in particular that the attenuation length of muons is larger than
the predictions of the post-LHC hadronic interaction models QGSJet-11-04 and EPOS-LHC [6]. In
addition, if the primary energy in KASCADE-Grande data is calibrated using the energy scale of
the PAO then the muon excess is not observed [7]. Since muons are measured at various energy
thresholds, observation levels, and radial distances from the shower core, it should be noted that
comparing the results of various experiments can be difficult. To further investigate these results in
KASCADE-Grande, here, we have performed an analysis of the mean muon density in hadronic air
showers using the data of the detector at radial distances from 300 to 600 m from the shower axis in
shower coordinates. We studied the muon densities as a function of the primary energy, calibrated
to the energy scale of the PAO. To explore the dependence on atmospheric depth, the data were
divided into three zenith angle intervals: [0.0°,21.78°), [21.78°,31.66°), and [31.66°,40.0°].

2. The KASCADE-Grande Experiment

The KASCADE-Grande cosmic-ray experiment was situated on the Campus North of the
Karlsruhe Institute of Technology (49.1° N, 8.4° E) in Karlsruhe, Germany, at a height of 110
meters above sea level [8]. The electromagnetic, muon, and hadron components of EAS originated
by cosmic rays with primary energy ranging from 1 PeV to 1 EeV were measured by a complex of
different systems of particle detectors. A calorimeter, scintillator and muon detector array, multi-
wire proportional chambers, underground tracking detectors, and streamer tubes were among the
various detector types that made up the original design of the experiment. The primary detection
systems of the experiment were the Grande and KASCADE arrays (see Fig. 1, left). The primary
array of KASCADE was made up of a 200 x 200 m? square grid of 252 liquid scintillator detectors
arranged 13 m apart from each other and grouped into 16 detector clusters. It was used to monitor
shower electrons and photons (with a threshold energy of 5 MeV for vertical incidence). In contrast,
a set of 192 shielded plastic scintillator detectors situated below the electromagnetic detector units
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of the outer clusters of the KASCADE array were used to detect shower muons with energies
E > 230 MeV for vertical incidence. The Grande array was composed of 37 particle scintillator
detector units distributed over an area of 0.5 km? and provided measurements of charged particles,
the direction of the shower and the EAS core position. The total number of shower electrons (N.),
muons (N,), and charged particles (N ) were measured event by event using the combined shielded
and unshielded detectors from KASCADE and the scintillator detectors from Grande.

3. KASCADE-Grande Data

The dataset comprises 1.276x 107 events collected over almost nine years with the KASCADE-
Grande air shower array. Events were selected using cuts from previous analyses [7] to reduce
systematic uncertainties. This selection includes showers that were successfully reconstructed
and that were measured during stable runs for which neither hardware problems nor anomalies
in the energy deposits at the Grande stations were observed. We also chose events with zenith
angles smaller than 40°, with reconstructed EAS cores located in a central fiducial area within
Grande at radial distances from the KASCADE center between 150 and 650 m. To be included
in the selected data sample, EAS events must have muon sizes N, > 3 X 10%, electron numbers
N, > 1.1 x 10*, shower ages in the interval [—0.385, 1.485] and more than 11 triggered Grande
stations. In KASCADE-Grande, the measured muon densities p,, are provided for radial bins of
Ar = 20 m width at shower disk coordinates. For this analysis, we only kept events which have p,,
data within radial distance intervals around » = 600, 500, 400 and 300 m.
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Figure 1: Left: Schematic layout of the KASCADE-Grande detector. Circles denote the Grande stations,
squares in the upper right-hand side indicate the KASCADE array. The analysis region is outlined by the
blue dashed line [7]. Right: Energy spectra for the H, He, C and Fe mass groups of cosmic rays for the
cosmic-ray nominal composition model used in this work (GFS model with an energy shift which allows to
match its total energy spectrum with that of the Pierre Auger Observatory [15]).

4. Monte-Carlo Simulations

Monte-Carlo (MC) simulations were performed using CORSIKA v7.5 [9], considering the
following primary nuclei: H, He, C, Si, and Fe. Hadronic interactions at E;, < 200 GeV were
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simulated with Fluka 2011.2 [10] and, at higher energies, with QGSJet-1I-04 [11], EPOS-LHC [12],
and SIBYLL 2.3d [13]. The primary spectra follow an E~2 power law. Showers were produced with
primary energies in the interval from E = 10'5 to 3.16 x 10'® eV. A detailed detector simulation
is carried out with GEANT for each CORSIKA shower generated. As a cosmic-ray composition
model, we adopted the GSF model [14], which was simulated by introducing appropriate weights
to the data. An energy shift (E = 0.9328 X Egsr) was also applied to the MC simulations to match
the total spectrum of the model with the one measured with the PAO [15]. This procedure was done
to calibrate our cosmic-ray model with the PAO energy scale. The energy spectra from our nominal
composition model are plotted in the right panel of Fig. 1.

5. Analysis Method

To estimate the muon density at a specific radial distance r for a given shower event, we used
the corresponding N, value provided by the KASCADE-Grande database along with the muon
lateral distribution function (LDF) defined in [8]:

0.28 Pi1 P2 pP3
p#(r)=zvﬂ.r_2(:—0) (1+:—0) (1+(10r_r0)) , (1)

0

which was used to estimate the shower muon size of the event from the measured muon densities
by means of a maximum likelihood procedure. In the above equation, p; = —0.60, p, = —2.39,
p3 = —1.0and rg = 320 m, according to [8]. For the main analysis, the muon density was calculated
event-by-event at » = 600 m. This quantity will be referred to as p, (600). Fig. 2 displays the muon
densities for a individual Monte-Carlo event compared with the corresponding muon LDF given by
eq. (1).
To estimate p,(600) as a function of
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Figure 3: Both panels show histograms of the same dataset: Left: experimental muon densities (dots) and
the corresponding QGSJet-1I-04 predictions (lines) at 600 m for vertical events (§ < 21.78°). Right: Results
after applying the y? fitting procedure, including the resulting y?/ndf.

are related by means of the following equation:
dN [py© (600)]/dp; < (600) x dpl© (600)/dp};"" (600)
= dN[p;;"" (600)/R]/dp}“ (600) x 1/R. )

dN " (600)] /dpf;*" (600)

By plotting the mean R, pﬁ” €(600) vs E, we then provide an estimate of the muon density content

in KASCADE-Grande as a function of the primary energy. This approach was chosen because
KASCADE-Grande lacks of an energy scale independent of simulations.

To obtain the factor R,,, first, we constructed a histogram for log,, p,(600) for each zenith
angle interval for both the measured data and the nominal MC model. The histogram range spans
from —2.25 to 0.5 and was divided into m = 14 bins, resulting in a bin width of approximately 0.2.
As an example, the left panel of Fig. 3 displays the measured histogram for vertical events alongside
the predicted distribution from QGSJet-1I-04 using our nominal cosmic-ray composition model.

Next, the factor R, is parameterized, in logarithmic scale, using the piecewise parabolic

function
ag+aj - (log;y E — 8.0) + a3 - (log,o E — 8.0)%, log,o E > 8.0,
3)

where a = (ag, a1, a,as) is a vector that contains the free parameters of the formula and E is

ou(E;a) =log)o[Ry(E;a)] = {

expressed in GeV. The a; parameters are obtained with the minimum y? method:

U (Nexp,i = Nac,i(a))?
X2=Z( exp,i MC,l( ) , (4)
i=1

oMC,i

in such a way that the predicted p,(600) histogram is able to match the measured distribution.
In the above equation N, ; is the number of events at the i-bin of the measured distribution,
Nuc,i(a) is the expected number of events at the same bin after applying the factor R, to the MC
simulations, while oy ; is the corresponding statistical error.

Once, the best-fit a parameters are obtained, the corresponding correction 6, (E; a) is calculated
and is then applied to the MC densities in the following way:

logjg £ (600) =log g p, < (600) + 6, (E;a). (5)
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Here, E is known from MC simulations. p,(600) represents our estimation of the experimental
muon density. The right panel of Fig. 3 shows, as an example, the muon density histograms after
performing the fitting procedure with the QGSJet-1I-04 model. With the MC data sets already
calibrated, we estimated the mean p,(600)/E in KASCADE-Grande versus the primary energy.

6. Results

For each high-energy hadronic interaction model and zenith angle interval, we compute the
mean of p,(600)/E as a function of the logarithm of the primary energy log;,(E). The results are
shown in Fig. 4. They are compared with the original model predictions for pure protons and iron
nuclei, as well as for a mixed composition scenario, which was estimated with our nominal cosmic-
ray composition model. The data are shown with statistical errors and systematic uncertainties.
The statistical errors are estimated by varying the fitted parameters within their 68% confidence
level interval. The systematic errors include the uncertainties on the energy scale of the PAO [15],
which was evaluated by modifying the energy scale of the nominal model by +14%, and the relative
abundances of cosmic rays. The latter was estimated by increasing/reducing the relative abundance
of the heavy (C+Fe) to light (H+He) nuclei by the factors 1.83 and 0.62 in the model to have relative
abundances as those found in [18]. The systematic errors were added in quadrature.
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Figure 4: Experimental data (circles) and predictions for the QGSJet-11-04, EPOS-LHC and SIBYLL 2.3d
model (lines) for log,o[p,(600)/E] as a function of log,y E. Each column corresponds to a zenith angle
interval, and each row to a different hadronic interaction model. The blue line represents Fe predictions, the
red lines, proton expectations, and the middle dotted line the prediction from the nominal cosmic-ray model.
Vertical error bars indicate the statistical uncertainties, the teal band the total systematic uncertainty.
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From the plots in Fig. 4, we observe that, for § < 21.78°, our muon density estimations from the
KASCADE-Grande measurements, calibrated with the PAO energy scale, are within the predictions
of the hadronic interaction models QGSJet-11-04, EPOS-LHC and SIBYLL 2.3d for protons and
iron primaries at energies between 10'6 eV and 10'7 eV. At higher energies, where it is expected
that the heavy component dominates the composition, the KASCADE-Grande results for g, (600)
at sea level are overestimated by the hadronic interaction models, more significant for EPOS and
SIBYLL than for QGSJet. This discrepancy becomes smaller at larger zenith angels and vanishes
for the third zenith angular range.

As a consequence, if we compare the estimated p,,(600) with the predictions of the nominal
cosmic-ray composition model, we observe a disagreement between the experimental estimations
and the expectations for vertical showers, which increases with the primary energy and decreases
with the zenith angle. For inclined showers, the predictions of the nominal model are in good
agreement with the p,,(600) estimations.

Therefore, it can be concluded that the evolution of the atmospheric depth of the muon density
estimated from the KASCADE-Grande data is probably not well described by the models of the
high-energy hadronic interaction, since the experimental data show a lower atmospheric attenuation
compared to the simulations. This result is independent of the energy scale considered. The
KASCADE-Grande collaboration reported a similar behavior for the muon number N, in hadronic-
induced air showers [6].

As a further test, we have investigated the muon densities for inclined and vertical showers
for three additional radial distances using the QGSJet-I11-04 model. It can be seen (Fig. 5) that the
agreement tends to improve closer to the shower core. That is, the MC overestimation of the muon
density increases at larger distances, supporting a deficiency in the shape of the muon LDF for
hadronic air showers.

In addition, we studied effects on the results by the systematic uncertainties in azimuth (due to
the EAS-asymmetric measurements of the muons at KASCADE-Grande), zenith angle and shower
core reconstruction. Some variations have been observed in p,,(600) close to 1 EeV, which may
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Figure 5: Similar plots as in Fig. 4, now for the radial distances of 500, 400 , and 300 m (only QGSJet-1I-04).
Each column corresponds to a fixed radial distance, and each row to a given zenith angle interval.
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increase the systematic uncertainty band at highest energies, but does not change the general picture.
Further investigations in this direction are ongoing.

7. Conclusions

The density of muons at sea-level with an energy threshold of 230 MeV, measured by
KASCADE-Grande at radial distances from 300 to 600 m from the shower core, were analyzed
and compared to the predictions from the hadronic interaction models QGSJet-11-04, EPOS-LHC
and SIBYLL 2.3d in the energy range from 10 PeV to 1 EeV and for zenith angles smaller than 40°.
A good agreement is observed for inclined showers at all lateral distances; however, in the case of
more vertical showers at high primary energies, the data reveal a deficit of low-energy muons at
large distances relative to the Monte-Carlo predictions. This discrepancy is reduced when compared
to muons located closer to the shower core. This hints to a mismatch in the attenuation of the muons
with the atmospheric depth. The origin of these findings are not related with systematic errors in
the reconstruction of the arrival direction and the core position of the EAS, as well as not by the
assumption of a certain composition model or the energy scale of the primary cosmic ray spectrum.
In addition to hitherto unexamined systematic uncertainties, the source of the disagreement might
be related with the predicted muon energy spectrum and/or the muon lateral distribution. Further
studies are ongoing, and can also be performed by the public as all the KASCADE-Grande data is
publicly available via KCDC [19, 20].
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