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Study of the muon content of high-energy air showers with KASCADE-Grande
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Abstract.

In this work, we report measurements on the muon content (£, > 230MeV) of extensive air

showers (EAS) induced by cosmic rays with primary energy from 10PeV up to 1 EeV performed with the
KASCADE-Grande experiment. The measurements are confronted with SIBYLL 2.3. The results are focused
on the dependence of the total muon number and the lateral density distribution of muons in EAS on the zenith
angle and the total number of charged particles in the shower. We also present updated results of a detailed
study of the attenuation length of shower muons, which reveal a deviation between the measured data and the
predictions of the post-LHC hadronic interaction models SIBYLL 2.3, QGSJET-11-04 and EPOS-LHC.

1 Introduction

At very high-energies, collisions of cosmic rays with the
Earth’s upper atmosphere produce an extensive air shower
(EAS) of particles (y’s, e*’s, muons, hadrons, etc.) in
the forward direction, whose study can provide valuable
information over the main properties of the primary par-
ticle. Unfortunately, the interpretation of the EAS data
relies on the employment of hadronic interaction models,
which are subject to theoretical and experimental uncer-
tainties that may hamper composition studies of cosmic-
rays. Recently, a lot of progress has been done towards
the reduction of such uncertainties motivated, in part, by
the results of measurements at the LHC [1]. In this re-
gard, several models were updated, for instance, SIBYLL
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2.3 [2], QGSJET-1I-04 [3] and EPOS-LHC[4]. To check
the reliability of such models at the energies relevant for
EAS studies, the predictions of the models can be com-
pared with data from air shower observatories. In this re-
gard, the study of the shower muons becomes extremely
useful, since they are sensitive to the hadronic interactions
that occur in the early phases of the EAS development [5].
Hence, a failure of the models to describe the shower muon
data may imply a problem in our phenomenological de-
scription of the hadronic physics of EAS. In this paper,
we present preliminary results obtained from three tests
of the above post-LHC models using shower muons mea-
sured with the KASCADE-Grande observatory.

KASCADE-Grande was a ground-based air-shower
observatory dedicated to investigate the energy spectrum,
the composition and the arrival direction of cosmic rays in
the energy range from 10'3 to 10'® eV [6]. The instrument
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was located at the Karlsruhe Institute of Technology, Cam-
pus North (110 m a.s.1., 1022 g/cm? atmospheric depth) in
Karlsruhe, Germany and took data from December 2003
up to November 2012. It consisted of several detector
systems aimed to measure with high precision different
components and properties of the EAS. One of the main
systems of the observatory was the Grande array (0.5 km?
of area), which was composed of 37 scintillator detectors
separated by a mean distance of 137 m. The data collected
with Grande was employed to estimate the shower core po-
sition at ground, the angle of incidence and the shower size
or total number of charged particles (i.e. e*’s plus y’s with
E,;, > 3MeV for vertical incidence) of the event. Another
important detector system of the observatory was the set
of 192 shielded scintillator detectors from the KASCADE
array (200 x 200 m?), which provided local muon density
measurements (E,, > 230 MeV) of the EAS and, hence,
information about the total number of muons, N, in the
shower.

2 Experimental and simulated data

The present studies were carried out using events collected
from zenith angles 6§ < 40° and during the full data ac-
quisition period of the experiment. In addition to reduc-
ing the effect of systematic uncertainties in the results,
several selection cuts were applied to the data (see [7]
for a detailed description). For example, to avoid border
and punch-through effects, only events with cores located
within the limits of a central area of 2.2 x 10° m? inside
the KASCADE-Grande array and within radial distances
in the interval R = [100 m, 600 m] were selected. After ap-
plying selection cuts, systematic uncertainties for N, and
N, were found to to be < 15% and < 20%, respectively,
in the region of maximum efficiency, i.e. log,((E/GeV) >
7.2+0.3.

On the other hand, MC data sets were built for differ-
ent combinations of the abovementioned post-LHC mod-
els and Fluka 2011.2 [8]. The former were used to describe
the high-energy (E; > 200 GeV) hadronic interactions in
the EAS, while the latter, the corresponding low-energy
regime. The production and development of the EAS were
simulated with CORSIKA 7.5 [9] and the response of the
detector to the passage of the shower, with a GEANT 3.21
[10] based program. MC events were generated for zenith
angles @ < 42° and the energy interval from E = 10'*eV
to 3 x 10'8 eV using an E” primary spectrum with spec-
tral index y = —2. For the analysis, the MC events were
weighted in order to simulate an E~* power-law spectrum.
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. Finally, all of them were processed with
the same reconstruction algorithm employed with the ex-
perimental events [6] and were subject to the same cuts
that were applied to the measured data.

3 Results of the model tests
3.1 Muon radial density distributions

The purpose of this analysis is to compare the predic-
tions of SIBYLL 2.3 and the KASCADE-Grande measure-

ments on the mean muon lateral distributions at the shower
plane, p,(r), at different zenith angles and log,(N.;) in-
tervals. In fig. 1, upper panel, the results for vertical EAS
(60 =[0°,16.71°]) and three distinct shower size ranges are
presented. The mean p,(r) distributions were obtained at
shower disk coordinates and were built neglecting correc-
tions due to atmospheric absorption when projecting on
the shower disk plane. From fig. 1, it is seen that the
measured distributions are in general within the MC pre-
dictions for pure protons and iron nuclei. However, the
shape of the predicted lateral density distributions seems
to be flatter than the measured one. The results for inclined
events will be analyzed elsewhere [7].

3.2 The total muon number

The aim of this study is to confront the measurements on
N, as a function of the shower size (as a proxy of the pri-
mary energy) versus the expectations from SIBYL 2.3 for
hydrogen and iron nuclei and different 6 ranges. As a first
step, for this analysis, the accuracy of N,, was improved by
correcting both the MC and measured N, data for system-
atic biases. This was achieved using a correction function
calibrated with SIBYLL 2.3 predictions (see, e.g., [12] for
a description of this function). This way, the final bias
on N, became smaller than 8%. The experimental results
and the SIBYLL 2.3 predictions for the dependence of N,
on N, are presented in the lower panel of fig. 1 for three
zenith angle intervals: [0.0°,16.71°], [23.99°,29.86°] and
[35.09°,40°]. From this figure, in general, it is observed
that the measured N, is in agreement with the predictions
of the SIBYLL 2.3 model. However, there are a few ex-
ceptions at high-zenith angles and high shower sizes for
two data points. The reason could be the poor statistics for
the respective log,,(N.;,) bins or misreconstructed events
that passed the selection cuts. The cause is under study.
Finally, it is noticed that fig. 1 also shows an incre-
ment towards heavier nuclei of the measured data for in-
clined EAS. This effect could be attributed to a mismatch
between the predicted and the measured #-evolution of N,
for EAS, which has been observed before when testing
other hadronic interaction models [12]. This point is in-
vestigated in the analysis of the next subsection.

3.3 The muon attenuation length

In order to investigate the behaviour of the corrected N,
with @ for air showers, the attenuation length of muons
in the Earth’s atmosphere, A,, was investigated using the
method described in [12]. This parameter is especially
useful for cross-checking hadronic interaction models and
is sensible to shower properties such as the inelasticity,
spectrum and production of pions, among others. Recent
analyses performed in [12] have shown that A, as pre-
dicted by QGSJET-1I-2, QGSJET-1I-04, EPOS-LHC and
SIBYLL 2.1 [13], deviates from the measured value at
KASCADE-Grande for the primary energy interval E ~
[10'63,10'] eV and zenitn angles < 40°. From the results
of the last subsection it is suspected that also the predic-
tion of SIBYLL 2.3 could deviate from the experimental
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Figure 1. Upper panel: Mean muon lateral density distributions of EAS measured with KASCADE-Grande (points) compared with the
predictions of SIBYLL 2.3 for iron (red upper lines) and proton (lower blue lines) primaries. Statistical error bars in measured data are
smaller than the size of the markers. From MC simulations the energy scale of the above data spans the interval E ~ [1072, 10%] GeV.
Lower panel: Logarithm of the corrected muon size versus the logarithm of the total number of charged particles in air showers as
measured with the KASCADE-Grande detector (black points). Measurements are confronted with predictions of SIBYLL 2.3 for
iron nuclei (upper red lines) and protons (lower blue lines). Vertical error bars represent the systematic errors (corrected N, bias
from reconstruction added in quadrature with an experimental bias that depends on the core position). Data is shown for the interval
N = 10° — 107, which roughly corresponds to mean primary energies in the range E ~ [10%8,10%1]GeV for the measured data.
The primary energy for both panels was estimated event-by-event from both N, and the corrected N, using a formula calibrated with

SIBYLL 2.3 simulations (following the procedure of [11]).

result. To test this hypothesis an analysis like the one de-
scribed in [12] was applied here. Also, the full data set of
KASCADE-Grande was used to reduce the statistical error
of the measurement in comparison with that presented in
[12]. This also allowed to update the tests of A, presented
in [12] for QGSJET-II-04 and EPOS-LHC.

Now, in order to reduce the systematic uncertainties
of the expected A, due to the unknown cosmic ray com-
position a composition model derived from the data itself
was applied to the MC data. The model was obtained by
comparing, for each hadronic interaction model, a linear
combination of templates for five mass groups (H, He,

C, Si and Fe) with the measured log,y(N,)/ log;,(N¢;) vs
log,y(N,) distribution. The MC templates for each mass
group were weighted using double power-law formulas
to model features of the individual spectra. The best pa-
rameters of these expressions were obtained by applying
a loglikelihood fit using data with log,y,(N,) > 4.8. Be-
fore weighting, the MC energy spectra resemble an E~3
power-law function. It is worth mentioning that the mea-
sured and simulated N,, data were corrected using the same
correction function calibrated with the post-LHC model
under consideration. An example of the result of the fit for
SIBYLL 2.3 is presented in figure 2. We applied the re-
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o and within an area of 8 X 10* m? located at the center of
i’-’-> E KASCADE-Gran:T-I (SIBYLL 2.3) the KASCADE-Grande array, as they further reduce the
8 E : H systematic bias on N,. Then, to obtain A,, we applied
S L!"e the constant intensity cut (CIC) method [14] to the data
6107 ight . . .
- Eel T, o Z23 as described in [12]. The same procedure was applied to
n,m o0 8 o the measured data sets and the MC models derived above.
5102 B o ; Results are presented in fig. 3. We observe that the predic-
u§ E = s WA tions of the post-LHC hadronic interaction models for A,
2 B = 2 s . : are in general below the measured value.
W 1oL
§ KASCADE(QGSJET 01): All [App 24(2005)] 4 Conclusions
i ‘ In this work, the SIBYLL 2.3 predictions on the muon con-
1 10° 10° tent of EAS with primary energies around E = 10'7 eV
E(GeV) have been tested using data from the KASCADE-Grande
observatory. The results show that the measured data is
Figure 2. Results of the loglikelihood fit to the measured in agreement with the predictions of the model. However,

log,((N,)/log,((N.p) distributions using SIBYLL 2.3 templates
for five mass groups (H, He, C, Si and Fe) each of them following
a double power-law energy spectrum. The fitted all-particle spec-
trum (black dots) and mass group spectra (H: solid blue squares,
He: open sky blue circles and C+Si+Fe: open red squares) are
shown for E = 10 PeV - 1 EeV. The light component (H+He:
gray triangles) is also displayed.
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Figure 3. Muon attenuation length measured with the

KASCADE-Grande experiment (upper point) compared with
predictions (lower points) of QGSJET-II-02 (from [12]) and post-
LHC high-energy hadronic interaction models using our fitted
composition models. Estimations for pure protons and iron nu-
clei (spectrum E~%) are also shown (blue circles and red squares,
respectively). The total uncertainty (statistical and systematic er-
rors added in quadrature) are shown with squared brackets. Error
bars represent statistical uncertainties (see [12] for a description
of the uncertainties).

sulting weights to the respective MC simulations and use
them to estimate A, for each model.

To obtain the muon attenuation length, we followed the
procedure of [12]. In particular, we selected a sub-sample
of data with radial distances, R, between 270 m and 440 m

the actual muon lateral density distributions seems to be
steeper than the model expectations. In addition the at-
tenuation length of shower muons in the atmosphere was
measured using the CIC method. It was found that the
result is above the predictions of the post-LHC models
SIBYLL 2.3, QGSJET-1I-04 and EPOS-LHC.
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