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Abstract

KASCADE-Grande was an air-shower experiment aimed to investigate cosmic rays between 1016 and 1018 eV. The
instrument was located at the site of the Karlsruhe Institute of Technology, Germany at an altitude of 110 m a.s.l. and
covered an area of 0.5 km2. KASCADE-Grande consisted of several detector systems dedicated to measure different
components of the cosmic ray induced air showers, e.g. the muon content (Eth > 230 MeV) and the number of charged
particles (Eth > 3 MeV) at ground, which are the basis for several energy and composition studies of cosmic rays. In
this contribution, using these observables, the KASCADE-Grande data is divided into light and heavy mass groups
and their respective muon densities are reconstructed at different zenith angle intervals. The results are compared with
the expectations of the post-LHC hadronic-interaction models, EPOS-LHC and QGSJET-II-04, in order to test the
validity of the model predictions.

Keywords: Cosmic rays, KASCADE-Grande, extensive air showers, muon radial densities, hadronic interaction
models

∗Corresponding author: arteaga@ifm.umich.mx
∗∗Spokesperson KASCADE-Grande: haungs@kit.edu
1Now at: Istituto Nazionale di Ricerca Metrologica, INRIM,

Torino, Italy
2Now at: DLR Oberpfaffenhofen, Germany
3Now at: University of Duisburg-Essen, Duisburg, Germany

1. Introduction

Above ∼ 1 PeV, cosmic rays are studied by means of
indirect techniques as a consequence of their low flux
at the high-energy regime. These techniques are based
on the detection of the extensive air showers (EAS) that
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cosmic rays induce in the Earth’s atmosphere. For this
goal, air-shower observatories are equipped with seve-
ral kinds of detectors that are used to study the various
components of the EAS at different stages of their de-
velopment. However, the interpretation of the data is
not an easy task as it is hampered by the uncertainties of
the high-energy hadronic interaction models.

Recently, some hadronic interaction models used to
interpret the observations of EAS at high energies ex-
perienced an improvement by calibrating them with the
new data of the Large Hadron Collider (LHC) at TeV
energies [1, 2, 3]. Nevertheless, in spite of these updates
and the consequent reduction of uncertainties, post-
LHC models still show some incompatibilities with the
muon data from EAS (see, for example, [4, 5, 6, 7, 8]).
Muons are the direct messengers of the hadronic pro-
cesses occurring in the shower. Therefore, any discre-
pancy between the models and the measurements in this
sector could expose the deficiencies of the former in the
description of the hadronic physics relevant for EAS.
Even more, the study of the corresponding anomalies
could provide complementary information for model
builders to improve the hadronic interaction models.

Guided by these objectives, several tests of high-
energy hadronic interaction models have been carried
out at the KASCADE-Grande observatory with the
muon data from EAS [4, 5, 6, 9, 10, 11]. In regard to
post-LHC models, one of these tests has revealed that,
at energies between 1016.3 and 1017.3 eV, the post-LHC
models QGSJET-II-04 [1] and EPOS-LHC [2] predict
a smaller muon attenuation length, as defined with the
constant intensity cut method (CIC) [12], than the ex-
perimental one [4, 5]. In [4], it has been shown that sys-
tematic and statistical effects can not explain the effect
and that the discrepancy seems to be related to a defi-
ciency of the models to describe the zenith-angle depen-
dence of the local muon density distributions, ρμ(r), of
the measured data. However, in spite of the observed de-
viations, the actual ρμ(r) distributions along CIC curves
are still bracketed by the predictions of the post-LHC
models [4]. The reason behind the anomaly is unknown,
but it might be related with a wrong model description
of the energy spectra of muons in EAS at production site
[13]. The problem is complex. Thus all the information
that could be gathered in this regard might result useful
to find a way through it. In this sense, in this work we
have designed a preliminary analysis to find out whether
the abovementioned discrepancy observed between the
measurements and the post-LHC models QGSJET-II-04
and EPOS-LHC has a contribution from both the light
and heavy mass groups or just one of them. The analysis
and results will be presented in the following lines after

a brief description of the experiment, the systematic e-
rrors, the event selection and the MC data employed for
the tests.

2. The KASCADE-Grande observatory

KASCADE-Grande (110 m a.s.l.) was an air-shower
detector array designed to study cosmic-ray events with
energies in the range from 1015 to 1018 eV [14]. The de-
tector was composed by several detector systems aimed
to measure with high precision distinct components and
properties of the EAS, for example, the total number of
charged particles (electrons plus muons) for Eth > 3
MeV and of muons with Eth > 230 MeV. The for-
mer together with other gross shower variables like the
EAS core position and the angle of incidence were esti-
mated from data collected by the 0.5 km2 main array of
37 × 10 m2 scintillator detectors, while the latter, from
local muon density measurements performed with the
shielded detectors from the 200 × 200 m2 KASCADE
array (more details about the experiment can be found
in [14, 15]). At KASCADE-Grande systematic uncer-
tainties for the core and the arrival direction of vertical
EAS are of the order of 6 m and 0.8◦, respectively [14].
On the other hand, for the total number of charged parti-
cles (Nch) the estimated resolution is ≤ 15 % [14], while
for the total number of muons (Nμ), it is ≤ 25 % [16].

3. The Experimental and MC data

KASCADE-Grande was operated from December
2003 up to November 2012. The events analyzed in
this work correspond to a data sample registered du-
ring the full operation period of the experiment. This
data set is composed by selected events passing several
instrumental and reconstruction cuts. The aim is to re-
duce systematic effects in the final results. For instance,
to guarantee a data sample with stable detector perfor-
mance only events taken during stable data acquisition
runs and no hardware problems were accepted. Also
events from runs with no technical problems (like high
detector noise, inhomogeneous core distributions, low
counting rates, low statistics, etc.) were included in the
analysis. Furthermore, data from runs without missing
KASCADE detector clusters [15], and with more than
36 Grande working stations were considered. In addi-
tion, to exclude misreconstructed shower events affect-
ing the quality of the data, just events that have passed
successfully the full reconstruction chain [14] were in-
cluded. On the other hand, EAS which activated more
than 11 Grande stations and had sufficiently high muon
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