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Tests of hadronic interaction models with the KASCADE-Grande muon data
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Abstract: The KASCADE-Grande experiment is an air-shower ground-based observatory designed to study in detail
the energy spectrum and composition of primary cosmic rays in the region of1016

− 1018 eV. These analyses are based
on precise measurements of the charged, electron and muon numbers of the cosmic ray air-showers performed through
different detector systems which come into play simultaneously in KASCADE-Grande during the data acquisition. Due
to the quality of the data and the number of air-shower observables at disposal through the experiment the collected
data proves to be also useful to test hadronic interaction models used for air-shower simulations. In this contribution,
predictions of the QGSJET II-2, SIBYLL 2.1 and EPOS 1.99 hadronic models are confronted with the KASCADE-
Grande muon data. Besides, the influence of these models on the all-particle energy spectrum derived from the muon size
is also investigated.
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1 Introduction

The interpretation of high-energy cosmic ray data relies on
the extensive air shower (EAS) simulations in which an im-
portant source of uncertainty is the description of hadronic
interactions. The main problem is that for the physics of air
showers the relevant processes lie in the kinematical region
of small transverse momenta where QCD cannot be applied
perturbatively and, in most of the cases, where no data
is available. In this way, phenomenological models and
parametrizations of accelerator data at low energies must

be invoked. These models are later extrapolated to high en-
ergies where they are used as valuable tools to understand
the EAS observations at cosmic ray observatories [1]. Ac-
tually, air shower experiments can also help as laboratories
to test and improve the modern hadronic interaction models
in energy regions which at the moment are not reachable in
particle accelerators. This task requires the measurement
of as many EAS properties as possible with enough preci-
sion, such as the ones performed with the KASCADE ex-
periment [2]. In the energy interval of1014

− 1016, tests of
early versions of the hadronic interaction models QGSJET,
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Figure 1: Left: Mean values of the muon correction function shown against the reconstructed muon numberNµ. Right:
Fluctuations for the muon number after using the correctionfunction versus the corrected muon number (N ′

µ) assuming a
mixed primary composition. MC results for different hadronic interaction models are presented.

EPOS, DPMJET and SIBYLL have been carried out with
the KASCADE observatory (see [3] and references therein)
through detailed studies involving the hadron, electron and
muon contents of air showers. None of the above mod-
els was able to describe simultaneously all the KASCADE
EAS data in the energy region around 1 PeV. Now, with
the enhanced detector KASCADE-Grande [4], the possi-
bility to extend these tests to the1016

− 1018 eV interval is
opened.

First investigations on this subject have been already per-
formed with KASCADE-Grande. For example, in [5] it has
been shown that predictions with QGSJET 01 about the
muon production height (Hµ) distributions for EAS with
zenith angles belowθ < 18◦ have a discrepancy with the
measured data. On the other hand, in [6] measurements on
the muon lateral distributions (ρµ) of EAS performed with
KASCADE-Grande were confronted with the expected re-
sults of QGSJET II-2 and EPOS 1.99 finding an agreement
between experiment and model predictions [6]. Some tests
regarding the sensitivity of the KASCADE-Grande results
to the QGSJET II-2 and EPOS 1.99 hadronic models have
also been done, in particular, associated with the compo-
sition and the all-particle energy spectrum of cosmic rays
derived from theρµ and the charged particle number (Nch)
analyses, respectively [6]. EPOS 1.99 favors an abundance
of light primary particles in the data and predicts a higher
flux (∼ 33%) in comparison with QGSJET II-2 [6].

In this work, the hadronic interaction models QGSJET II-
2 [7], SIBYLL 2.1 [8] and EPOS v1.99 [9] are tested with
the KASCADE-Grande muon data. The advantage of using
muons is that in an air shower these particles undergo less
atmospheric interactions than the electromagnetic compo-
nent and, in consequence, they reflect directly the physics
of the first hadronic interactions in EAS. Other tests and
comparisons employing theρµ distributions and the all-
particle energy spectrum, derived by combining the in-
formation from theNch − Nµ observables, are done in
[10, 11].
In KASCADE-Grande, measurements of the total muon
number in EAS (Nµ, number of muons greater than

100 MeV) are performed with an array of192 × 3.2 m2

shielded scintillator detectors belonging to the former
KASCADE experiment [2]. On the other hand, arrival
times and charged particle densities, employed for estima-
tions of the EAS arrival direction,Nch content and core
position, are measured with an enhancement, called the
Grande array, which is composed by37 × 10 m2 plastic
scintillator detectors scattered on a surface of0.5 km2 [4].

2 Description of data sets

For the present analysis, all air shower simulations were
performed with CORSIKA [12] using Fluka [13] to treat
hadronic interactions in the low energy regime. At high
energies, the hadronic interaction models QGSJET II-2,
SIBYLL 2.1 and EPOS v1.99, subjects of this investiga-
tion, were employed. The response of the detector was
simulated with a GEANT 3.21 based code. Sets with spec-
tral indexesγ = −2.8,−3,−3.2 were produced for several
primary particle assumptions: H, He, C, Si, Fe and a mixed
composition scenario (all single primaries in equal abun-
dances).

Selection cuts were applied to both experimental and MC
data. They were chosen according to MC studies to avoid
as much as possible the influence of systematic uncertain-
ties in the measurements of the EAS parameters. The se-
lected data were composed of events with more than 11
triggered stations in Grande, shower cores inside a central
area of1.52 × 105 m2 and with arrival directions confined
to the zenith angle interval of∆θ = 0◦−40◦. These events
were registered during stable periods of data acquisition
and passed successfully the standard reconstruction proce-
dure of KASCADE-Grande [4]. Additionally, only show-
ers withlog Nµ > 5.1 were considered for this work. Both
the experimental and simulated data were analyzed and re-
constructed with the same algorithms. With the above qual-
ity cuts, the effective time of observation with KASCADE-
Grande was equivalent to 1424 days. The threshold for full
efficiency was found atlog10 Nµ ≈ 5.4.
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Λµ (g/cm2)
γ = −2.8 γ = −3.0 γ = −3.2

Model H Mixed Fe H Mixed Fe H Mixed Fe
EPOS 1.99 445 ± 26 624 ± 31 636 ± 37 459 ± 23 607 ± 30 624 ± 31 476 ± 25 614 ± 30 604 ± 30
QGSJET II 824 ± 33 832 ± 31 690 ± 43 900 ± 40 833 ± 31 693 ± 42 897 ± 100 825 ± 50 750 ± 62
SIBYLL 2.1 546 ± 44 657 ± 29 681 ± 46 637 ± 39 672 ± 29 688 ± 38 725 ± 44 681 ± 29 699 ± 40

Table 1: Muon attenuation lengths extracted from Monte Carlo data. The first column represents the hadronic interaction
model. The corresponding composition scenario and spectral index,γ, of the MC sample under study are specified in the
upper lines of the table.

3 Description of the analysis and results

To start with, all muon data was corrected for systematic
uncertainties using muon correction functions derived from
MC simulations for each hadronic interaction model as-
suming mixed composition andγ = −3. The functions
were parametrized with respect to core position, azimuthal
and zenithal angles, and muon size. In Fig. 1 the mean
value of the muon correction function for different hadronic
interaction models is plotted against the uncorrectedNµ. In
general, after correction the systematic error on the muon
number above threshold is found to be almost independent
of the corrected muon size,N ′

µ, and smaller than6%. Fluc-
tuations onN ′

µ were also investigated. They are shown in
Fig. 1 for a scenario with mixed composition andγ = −3.
Note that although fluctuations exhibit the same tendency
independently of the hadronic model under consideration,
they present slight differences in magnitude, as it is the case
for the correction functions. Therefore, some differences
are expected when interpreting the same muon experimen-
tal data with the hadronic interaction models under consid-
eration.

In a second step, to test the hadronic interaction models
with the KASCADE-Grande muon data, predictions on the
evolution of the muon content with the arrival zenith an-
gle of the EAS were confronted with observations. The
task was done comparing the expected and observed val-
ues of the muon attenuation length,Λµ. This quantity
was extracted by applying the Constant Intensity Cut (CIC)
method to the data as described in reference [14] but using
a global fit to the attenuation curves,log10 N ′

µ(θ), with the
known formula

N ′

µ = N ′0

µ exp[−X0sec(θ)/Λµ], (1)

whereX0 = 1023 g/cm2 is the average atmospheric depth
for vertical showers andN ′0

µ is a normalization parameter
to be determined for each attenuation curve. The results
for Λµ are presented in Tables 1 and 2, showing the dis-
crepancies between the experimental values and the sim-
ulation results for the studied models. The differences do
not disappear when modifying the primary composition or
spectral index. As a consequence, the predicted behav-
ior of the muon component with the zenith angle,N ′

µ(θ)
(see equation 1) shows also a disagreement with the obser-
vations. The percentage of deviation forN ′

µ(θ) between
experiment and simulations (mixed composition scenario

Λµ (g/cm2)
Model
EPOS 1.99 1851 ± 142
QGSJET II 1383 ± 84
SIBYLL 2.1 1443 ± 86

Table 2: Muon attenuation lengths extracted from
KASCADE-Grande data under the framework of different
hadronic interaction models. When comparing MC and ex-
perimental data it should be understood that the same cor-
rection function was employed.

with γ = −3) inside the frameworks of QGSJET II-2,
EPOS 1.99 and SIBYLL 2.1 is presented in Fig. 2. For-
mula 1 was employed to calculate the curves of Fig. 2 us-
ing the values forΛµ of Tables 1 and 2 and normalizing
data in such a way that the predictedN ′

µ at θ = 0◦ agrees
with the measured value. Several factors, which are model
dependent, may come into play in the observed differences:
from the predicted muon correction function (see graphs in
Fig. 1), up to the description of the production, evolution
and fluctuations of the shower.

To finalize this analysis, the KASCADE-Grande energy
spectra were reconstructed using QGSJET II-2, EPOS 1.99
and SIBYLL 2.1, under the assumption of a mixed compo-
sition scenario and a spectral indexγ = −3, and were com-
pared with each other to test the influence of the hadronic
interaction model on the KASCADE-Grande muon data.
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Figure 2: Relative deviation of measurements from model
predictions for the dependence of the muon content with
the zenith angle at fixed primary energy in the framework
of three hadronic interaction models.
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Figure 3: Primary energy as a function of the corrected
muon number estimated from MC simulations for a mixed
composition scenario withγ = −3 using QGSJET II-2,
EPOS 1.99 and SIBYLL 2.1.

Details about the method of reconstruction can be found
in [14]. One important difference with respect to refer-
ence [14] is that in the present work, the energy spectra
were unfolded using the Gold algorithm [15]. As it was
the case in [14] the primary energy was calculated using
a calibration function of the formE = αµ[N ′

µ(θref )]βµ ,
whereN ′

µ(θref ) is the corrected muon number of the EAS
that is expected atθref according to the CIC method.
θref = 23.3◦ is a zenith angle of reference. On the other
hand,αµ andβµ are model dependent parameters, which
are determined from a fit to the MC data presented in Fig.
3. Note that at a fixed energy, the predictions of EPOS 1.99
for the mean number of muons in the intervalθ = 20◦−26◦

give values higher by1.1% comparing to QGSJET II-2, and
1.6% to SIBYLL 2.1. The reconstructed energy spectra are
shown in Fig. 4 for the full efficiency region.

As seen in Fig. 4, the all-particle energy spectrum derived
with QGSJET II-2 is smaller than the spectra calculated
with SIBYLL 2.1 but bigger than the flux estimated with
EPOS 1.99. In particular, atE = 108 GeV, the above dif-
ferences are of the order of23% and 36%, respectively.
These values are comparable to those derived from refer-
ence [6] (∼ 30%) where the charged particle number is
used instead to reconstruct the energy spectra within the
QGSJET II-2 and the EPOS 1.99 frameworks. In this case,
however, the EPOS 1.99 fluxes are shifted to higher en-
ergies in comparison with those estimated with QGSJET
II-2.

4 Conclusions

Three hadronic interaction models: QGSJET II-2, EPOS
1.99 and SIBYLL 2.1 were tested in this paper by compar-
ing their predictions for the attenuation of the muon con-
tent of EAS in the atmosphere with the observations of
KASCADE-Grande. It was found that the above hadronic
interaction models do not describe this aspect of the mea-
sured muon data. The sensitivity of the all-particle en-
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Figure 4: Energy spectra derived from KASCADE-Grande
muon data using several hadronic models and assuming a
mixed composition scenario withγ = −3.

ergy spectrum derived from theNµ measurements to the
hadronic interaction models was investigated. The spec-
trum reconstructed using EPOS 1.99 is lower (∼ 36%) in
comparison with that from QGSJET II-2. The latter being
smaller (∼ 23%) than the spectrum derived with SIBYLL
2.1
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