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Using the correlations of the hadronic, electromagnetic, and muonic components of extensive air showers mea-
sured with the experiment KASCADE the influence of hadronic interaction models on the simulation of air showers
is investigated. For the simulations CORSIKA with GHEISHA and FLUKA as low-energy models and DPMJET,
SIBYLL, and QGSJET as high-energy models have been used.

1. Introduction

An analysis of the correlations between the
hadronic, electromagnetic, and muonic compo-
nents of extensive air showers has been performed
to check the reliability of air shower simulations.
The interpretation of air shower measurements is
usually based on such simulations. The major un-
certainty of the simulations is the description of
high-energy hadronic interactions.

In the simulation program CORSIKA [1] dif-
ferent hadronic interaction models are used for
high-energy (Elab � 100 GeV) and low-energy
(Elab � 100 GeV) interactions. The high-energy
model controls especially the first few interactions
of an air shower and, therefore, the overall shower
development. On the other side, most of the par-
ticles detected at ground level are produced in
low-energy interactions.
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Since the mass composition of cosmic rays in
the energy range investigated in this analysis
(5 · 1014–5 · 1016 eV) is not well known, proton
and iron primaries are taken as extreme assump-
tion for the primary particles. It is checked if the
measurements are bracketed by the proton and
iron hypothesis.

2. The experiment KASCADE

The experiment KASCADE [2] is a multi de-
tector setup. A 200 × 200 m2 array of 252 detec-
tor stations, equipped with scintillation counters,
measures the electromagnetic and muonic part of
extensive air showers. The array data are used
to determine the position and direction of the
showers as well as the number of electrons and
muons. KASCADE usually uses the truncated
muon number N tr

µ (the muons in the distance
range 40–200m). In the center of the detector ar-
ray an iron sampling calorimeter (with an area of
16×20 m2) detects the hadrons in the shower core.
The calorimeter is equipped with 11 000 warm-
liquid ionization chambers in nine layers [3]. Due
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to the fine segmentation (25×25 cm2) energy, po-
sition, and angle of incidence can be measured for
individual hadrons (energy threshold 50GeV).

3. Simulations

For the air shower simulations the program
CORSIKA has been used. For the description of
the high-energy hadronic interactions the models
DPMJET (versions 2.55 and 2.5) [4], QGSJET
(versions 98 and 01) [5], and SIBYLL (version
2.1) [6] have been applied. GHEISHA (Elab ≤
80 GeV) [7] and FLUKA 2002 (Elab ≤ 200 GeV)
[8] have been used to check the influence of the
low-energy models. In case of GHEISHA two ver-
sions have been compared: The version used in
GEANT 3 (called GHEISHA 600 in this analy-
sis) and a version including correction patches [9]
(GHEISHA 2002) which improve energy and mo-
mentum conservation. The detector response has
been determined by a detector simulation pro-
gram based on GEANT 3 [10].

4. Low-Energy Models

An overview of different low-energy interaction
models can be found in [11]. Both, the properties
of the individual interactions and the influence
on the shower development are discussed there.
In the following the dependence of observables
measured by the KASCADE experiment on the
low-energy model are investigated.

Due to the energy threshold of 50GeV most of
the hadrons detected in the KASCADE calorime-
ter are generated in interactions treated by the
high-energy model in CORSIKA (projectile en-
ergy above 80/200GeV). Therefore, no influence
of the low-energy model on the hadron compo-
nent is expected. This is confirmed by the results
of the simulations. Also the total number of elec-
trons Ne at ground level does not differ within the
statistical errors for the low-energy models used.

For the muon content of air showers it is
found that simulations using FLUKA predict
smaller muon numbers N tr

µ than GHEISHA. This
is shown in Fig. 1 where the difference of N tr

µ

for GHEISHA 2002 and FLUKA relative to
GHEISHA 600 is plotted using QGSJET 01 as
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Figure 1. Low-energy interaction models. Plot-
ted are the relative differences of the muon num-
ber N tr

µ for GHEISHA 2002 and FLUKA relative
to GHEISHA 600 vs. the primary energy E0. As
high-energy model QGSJET 01 had been used.

high-energy model. Whereas no significant dif-
ference between GHEISHA 600 and 2002 can be
found FLUKA give 3-5% smaller values. This
reduction of the muon number N tr

µ for FLUKA
depends also on the high-energy model. Using
SIBYLL 2.1 a decrease of only about 2% is found.

5. High-Energy Models

In earlier investigations it was found that the
hadronic interaction models used show some de-
ficiencies in the simultaneous description of all
aspects of the air showers [12–14]. For example,
showers simulated with DPMJET 2.5 penetrate
too deep into the atmosphere. This causes an
overestimation of the electron and hadron compo-
nents at ground level which can be seen in Fig. 4
where the measured data for large muon num-
bers N tr

µ are below the range for proton and iron
predicted by the model. On the other hand, the
correlation between hadrons and electrons is de-
scribed reasonably well by the model. Overall it
was found that QGSJET 98 is the best model
available for the simulation of air showers. In the
meantime new versions of the interaction mod-
els are available. Some results of them will be
discussed in the following (see also [15]). As low-
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Figure 2. Comparison of the versions 01 and 98 of
QGSJET (GHEISHA 600 as low-energy model).
Shown is the correlation between the hadronic en-
ergy sum ΣEh and the muon number N tr

µ . To
improve the visibility for QGSJET 98 only pa-
rameterizations of the data points are shown.

energy model GHEISHA 2002 has been used if
not stated otherwise.

In QGSJET 01 the treatment of diffractive pro-
cesses was improved leading to a slightly lower
elasticity than in QGSJET 98 and a faster shower
development. A comparison of both model ver-
sions with the KASCADE data is plotted in
Fig. 2. The hadron component is reduced by 10-
15%, the muon number N tr

µ is not changed signif-
icantly by the model modification. Both model
versions are in agreement with the measured data.

In Fig. 3 results of SIBYLL 2.1 simulations are
compared with QGSJET 01 and measured data.
SIBYLL 2.1 simulations predict about 8% smaller
muon numbers N tr

µ and 10-20% larger hadron and
electron numbers than QGSJET 01. These differ-
ence add up to the relative large effect in Fig. 3.
Despite of this large difference the measured data
are inside of the range between proton and iron
induced showers given by each model.

The correlation between the number of hadrons
Nh and the muon number N tr

µ for DPMJET 2.55
is shown in Fig. 4. The overestimation of hadrons
and electrons by DPMJET 2.5 mentioned above
has been corrected in version 2.55. The range for
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Figure 3. Correlation of the hadronic energy sum
ΣEh and the muon number N tr

µ for SIBYLL 2.1
compared with the measurements. As reference
results of QGSJET 01 are plotted.
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Figure 4. Comparison of DPMJET 2.55 with the
old version 2.5 and the measured data. Shown
is the correlation of the number of hadrons Nh

above 200GeV with the muon number N tr
µ .

proton and iron induced showers predicted by the
model is now compatible with the measurements.
As in case of SIBYLL 2.1 for DPMJET 2.55 there
are fewer muons (about 6%) and more hadrons
and electrons (10-15%) at detector level than for
QGSJET 01.
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Figure 5. Correlation between the most ener-
getic hadron Emax

h and the electron number Ne

for SIBYLL 2.1, DPMJET 2.55, and QGSJET 01.

As example for the correlation of the hadronic
and electromagnetic components of air showers
the dependence of the most energetic hadron
Emax

h on the electron number Ne is shown in
Fig. 5. All three models predict similar values.
They describe the measured data reasonably well.

Besides the correlations of the integral observ-
ables measured with KASCADE also energy spec-
tra and lateral distributions of the hadrons have
been investigated. The shape of these distri-
butions predicted by the models QGSJET 01,
SIBYLL 2.1, and DPMJET 2.55 are very similar
and compatible with the measurements. Only the
absolute normalization is different corresponding
to the differences in the integral shower sizes.

6. Conclusion

The correlations of different components of air
showers measured with the KASCADE experi-
ment have been investigated using several com-
binations of low-energy and high-energy interac-
tion models in CORSIKA. It is found that there
is an influence of the low-energy model on the
muon number N tr

µ . But, this difference is small
compared to discrepancies between different high-
energy models used.

For the high-energy models (Elab � 100 GeV)

this analysis shows that the differences between
the models have become smaller during the last
years. Nevertheless, there are significant discrep-
ancies between DPMJET 2.55 and SIBYLL 2.1
on the one hand and QGSJET 01 on the other
hand. Despite of these differences, the range pre-
dicted by the models for proton and iron initiated
showers are compatible with the measured values
of the observables used in this analysis.
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8. A. Fassò et al., FLUKA: Status and Prospec-

tive of Hadronic Applications, Proc. Monte
Carlo 2000 Conf., Lisbon, A. Kling et al. eds.,
Springer (Berlin) 955 (2001).

9. R.E. Cassell and G. Bower (SLAC), private
communication to D. Heck (2002).

10. GEANT, Detector Description and Simula-
tion Tool, CERN Program Library Long
Writeup W5013, CERN (1993).

11. D. Heck, Nucl. Phys. B (Proc. Suppl.) (these
proceedings); D. Heck et al., Proc. 28th Int.
Cosmic Ray Conf., Tsukuba 1 (2003) 279.

12. T. Antoni et al., J. Phys. G 25 (1999) 2161.
13. T. Antoni et al., J. Phys. G 27 (2001) 1785.
14. J. Milke et al., Nucl. Phys. B (Proc. Suppl.)

122 (2003) 388; J. Milke et al., Proc. 27th Int.
Cosmic Ray Conf., Hamburg 1 (2001) 241.

15. J. Milke et al.,Acta Phys.Pol.B35 (2004) 341.

J. Milke et al. / Nuclear Physics B (Proc. Suppl.) 151 (2006) 469–472472




