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Predictions of the hadronic interaction model EPOS 1.61 as implemented in the air shower simulation program
CORSIKA are compared to observations with the KASCADE experiment. The investigations reveal that the
predictions of EPOS are not compatible with KASCADE measurements. The discrepancies seen are most likely
due to use of a set of inelastic hadronic cross sections that are too high.

1. Introduction

In the last decade significant progress has been
achieved in the interpretation of air shower data
and the main properties of the primary cosmic ra-
diation have been measured. At energies around
106 GeV the mass composition of cosmic rays has
been investigated and energy spectra for groups of
elements could be derived [1,2]. It could be shown
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that the knee in the all-particle energy spectrum
at about 4 · 106 GeV is caused by a cut-o" in the
energy spectra of the light elements (protons and
helium). Despite this progress, detailed investi-
gations indicate inconsistencies in the interpreta-
tion of air shower data [1,3–8]. Thus, one of the
goals of KASCADE (Karlsruhe Shower Core and
Array DEtector) is to investigate high-energy in-
teractions in the atmosphere and to improve con-
temporary models to describe such processes.

For air shower interpretation the understand-
ing of multi-particle production in hadronic in-
teractions with a small momentum transfer is es-
sential [9]. Due to the energy dependence of the
coupling constant, !s, soft interactions cannot be

Nuclear Physics B (Proc. Suppl.) 196 (2009) 235–238

0920-5632/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

www.elsevier.com/locate/npbps

doi:10.1016/j.nuclphysbps.2009.09.044



Author's personal copy

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
 number of hadrons lg(Nh)

re
l. d

ev
.  
!E

h [
Ge

V] Eh > 100 GeV

p Fe
EPOS 1.61 (FLUKA)EPOS 1.61 (FLUKA)
QGSJET 01 (FLUKA)QGSJET 01 (FLUKA) -1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
 number of hadrons lg(Nh)

re
l. d

ev
.  

E h m
ax    

[G
eV

]

p Fe
EPOS 1.61 (FLUKA)EPOS 1.61 (FLUKA)
QGSJET 01 (FLUKA)QGSJET 01 (FLUKA)

Figure 1. Relative hadronic energy sum (
!

Esim
h !

!
Emeas

h )/
!

Emeas
h (left) and relative maximum

hadron energy (right) as function of the reconstructed number of hadrons for two interaction models and
two primary particle species.

calculated within QCD using perturbation the-
ory. Instead, phenomenological approaches have
been introduced in di"erent models. These mod-
els are the main source of uncertainties in simu-
lation codes to calculate the development of ex-
tensive air showers, such as the CORSIKA pro-
gram [10]. Several codes to describe hadronic in-
teractions at low energies (E < 200 GeV; e.g.
GHEISHA [11] and FLUKA [12,13]) as well as
high energies (e.g. DPMJET [14], QGSJET [15–
17], SIBYLL [18], and EPOS [19,20]) have been
embedded in CORSIKA.

The test of interaction models necessitates de-
tailed measurements of several shower compo-
nents. The KASCADE experiment [21] with
its multi-detector set-up, registering simultane-
ously the electromagnetic, muonic, and hadronic
shower components is particularly suited for such
investigations. The information derived on prop-
erties of high-energy interactions from air shower
observations is complementary to measurements
at accelerator experiments since di"erent kine-
matical and energetic regions are probed.

In previous investigations [7,8] the models
QGSJET versions 98 and 01 [15], VENUS [22],
SIBYLL versions 1.6 [23] and 2.1 [18], DPM-

JET [14], and neXus [24] have been studied.
The analyses presented in this article focus on
the interaction model EPOS, version 1.61. This
model is a recent development, historically emerg-
ing from the VENUS and neXus codes.

For the present investigations shower simula-
tions were performed using CORSIKA. Hadronic
interactions at low energies were modeled us-
ing the FLUKA code [12,13]. High-energy in-
teractions were treated with EPOS 1.61 [19,20]
(E > 80 GeV) as well as QGSJET 01 [15] (E >
200 GeV). The latter has been chosen for refer-
ence in order to compare the results discussed in
the present article to previous publications [7,8].

This conference contribution is a short version
of Ref. [25].

2. Results

Predictions of air shower simulations using the
CORSIKA code with the hadronic interaction
models EPOS 1.61 and QGSJET 01 have been
compared to measurements of the KASCADE
experiment. Various observables of the electro-
magnetic, muonic, and hadronic component have
been investigated and the correlations between
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Figure 2. Inelastic cross sections for proton-air (left) and neutron-carbon (right) collisions as predicted
by various interaction models. The symbols represent experimental data, left: KASCADE prototype
calorimeter (dots) [26], Yodh et al. (squares) [27], ARGO-YBJ (triangles " 100 GeV) [28] and EAS-TOP
(triangle " 2000 GeV) [29]; right: Roberts et al. [30].

them have been analyzed. They have been used
to check the compatibility of the EPOS predic-
tions with the KASCADE measurements. The
findings can be summarized as follows.

The investigations of the hadronic observ-
ables exhibit that EPOS does not deliver enough
hadronic energy to the observation level and the
energy per hadron seems to be too small.

As an example, one of the most drastic dis-
crepancies between the model predictions and the
measured data is shown in Fig. 1. It depcits the
hadronic energy sum (left) and the maximum
hadron energy per shower (right). The predicted
values are plotted relative to the measured quan-
tities to visually magnify the di"erences between
the model predictions. In the figure the quantities
are plotted as a function of the number of hadrons
Nh. Due to the steeply falling energy spectrum
and the Nh!E0 correlation a sampling of the data
in Nh intervals yields an enrichment of light par-
ticles. Therefore, the data are expected to look
very “proton like”. Indeed, for QGSJET the pro-
ton predictions are very close to the “zero line”,
i.e. to the KASCADE measurements. It should

also be mentioned that, within the error bars, the
QGSJET predictions “bracket” the measured val-
ues. In contrast, the EPOS predictions for both
primary species are below zero for both observ-
ables shown in the figure. The EPOS predictions
for protons are at the lower bound of the 15% sys-
tematic uncertainty for the hadronic energy sum.
Thus, they are barely compatible with the data.
However, it should be stressed that the QGSJET
predictions for protons really are at values around
zero as expected. This indicates that the system-
atic e"ects might be smaller than estimated and
the EPOS predictions are not compatible with
the measurements.

In the Ne ! Nµ plane the EPOS showers are
shifted to lower electron and higher muon num-
bers relative to QGSJET 01. When the mass
composition of cosmic rays is derived from mea-
sured values this e"ect leads to a relatively light
mass composition. In summary, there is a sig-
nificant discrepancy between the EPOS (version
1.61) predictions and the KASCADE data. The
EPOS predictions are not compatible with the
measurements.
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Most likely the incompatibility of the EPOS
predictions with the KASCADE measurements
is caused by too high inelastic cross sections for
hadronic interactions implemented in the EPOS
code. To illustrate this, the proton-air and neu-
tron-carbon cross sections as predicted by di"er-
ent models are displayed in Fig. 2. It can be rec-
ognized that the EPOS 1.61 values mark the up-
per limit of the variations exhibited by the di"er-
ent models. Already at moderate energies in the
100 GeV regime a clear di"erence between the
models is visible. In particular, the example of
the neutron-carbon cross section illustrates that
even at energies accessible to today’s accelerator
experiments, the models contain di"erent descrip-
tions of the inelastic hadronic cross sections. Ac-
cording to the authors of the EPOS code, a new
version is in preparation with lower cross sections.
It is expected that the predictions of this version
will be in better agreement with air shower data.
Further studies will be presented in a follow-up
publication.

The results presented also underline the impor-
tance of measuring hadronic observables in air
shower experiments. They provide the most sen-
sitive available means of investigating the proper-
ties of hadronic interactions at very high energies
and kinematical ranges to complement accelera-
tor experiments.
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