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Abstract: Since about one decade, air shower simulations based on the hadronic interaction models
QGSJET and SIBYLL predict very similar results for the main observables. For instance, the mean depth
of the shower maximum Xmax agrees within 5% between the different models and are in relative good
agreement with the measurements. However the number of muons at ground differs substantially between
these 2 models and the data. Recently a new hadronic interaction model EPOS has been introduced
in air shower simulation programs. This model has originally been used to analyse hadron-hadron as
well as heavy ion physics at RHIC and SPS energies, and it gives veryinteresting results in air shower
simulations: we find for example a large increase in the number of muons at ground as compared to the
former models. Results will be discussed in detail, in particular the role of thebaryons and anti-baryons
in the air shower development.

Introduction

Air shower simulations are a very powerful tool
to interpret ground based cosmic ray experiments.
However, most simulations are still based on
hadronic interaction models being more than 10
years old. Much has been learned since, in par-
ticular due to new data available from the SPS and
RHIC accelerators.

In this paper, we discuss air shower simulations
based on EPOS, the latter one being a hadronic in-
teraction model, which does very well compared to
RHIC data [1, 2], and also all other available data
from high energy particle physic experiments (ISR,
CDF and especially SPS experiments at CERN).

EPOS is a consistent quantum mechanical mul-
tiple scattering approach based on partons and
strings [3], where cross sections and the particle
production are calculated consistently, taking into
account energy conservation in both cases (un-
like other models where energy conservation is not
considered for cross section calculations [4]). A
special feature is the explicit treatment of projec-
tile and target remnants, leading to a very good de-
scription of baryon and antibaryon production as

measured in proton-proton collisions at 158 GeV at
CERN [5]. Nuclear effects related to Cronin trans-
verse momentum broadening, parton saturation,
and screening have been introduced into EPOS [6].
Furthermore, high density effects leading to collec-
tive behavior in heavy ion collisions are also taken
into account [7].

EPOS Basics

One may consider the simple parton model to be
the basis of high energy hadron-hadron interac-
tion models, which can be seen as an exchange
of a “parton ladder” between the two hadrons. In
EPOS, the term “parton ladder” is actually meant
to contain two parts [3]: the hard one, as dis-
cussed above, and a soft one, which is a purely
phenomenological object, parameterized in Regge
pole fashion.

In additions to the parton ladder, there is another
source of particle production: the two off-shell
remnants, see fig. 1. We showed in ref. [5] that
this “three object picture” can solve the “multi-
strange baryon problem” of conventional high en-
ergy models, see ref. [8].
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Figure 1: Elementary parton-parton scattering: the
hard scattering in the middle is preceded by parton
emissions attached to remnants. The remnants are
an important source of particle production even at
RHIC energies.

Multiple scattering is introduced based on Gribov’s
multiple scattering theory, as in other models, in
order to ensure unitarity. In EPOS, however, we
explicitly care about the fact that the total energy
has to be shared among the individual elementary
interactions. This is usually ignored, although it is
required by theoretical consistency.

A consistent quantum mechanical formulation of
the multiple scattering requires not only the con-
sideration of the (open) parton ladders, discussed
so far, but also of closed ladders, representing elas-
tic scattering.The closed ladders do not contribute
to particle production, but they are crucial since
they affect substantially the calculations of partial
cross sections. Actually, the closed ladders sim-
ply lead to large numbers of interfering contribu-
tions for the same final state, all of which have
to be summed up to obtain the corresponding par-
tial cross sections. It is a unique feature of our
approach to consider explicitly energy-momentum
sharing at this level (the “E” in the name EPOS).

Energy momentum sharing and remnant treatment
are the key points of the model concerning air
shower simulations because they directly influence
the multiplicity and the inelasticity of the model.
Some other new features – not discussed here but
important for particle physic and accelerator data
comparisons – are the treatment of high density ef-
fects, described in [6, 7].

Air Shower Simulations

In the following, we discuss air shower simula-
tions, based on the shower programs CORSIKA[9]
or CONEX[10], using EPOS or QGSJET II-3[11]
(as a reference) as interaction model.
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Figure 2: Total number of charged particles (up-
per plot) and muons (lower plot) at ground divided
by the primary energy as a function of the primary
energy for proton and iron induced shower using
EPOS (full lines) and QGSJET II-3 (dotted lines)
as high energy hadronic interaction model.

Air shower simulations are very important to an-
alyze the two most common type of high energy
cosmic ray experiments: fluorescence telescopes
and surface detectors. In the first ones, one ob-
serves directly the longitudinal shower develop-
ment, from which the energy and the depth of
shower maximumXmax can be extracted. Com-
paring the latter with models allows us to have in-
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formations on the mass of the primary. EPOS re-
sults concerningXmax are in good agreement with
former models and experimental data as shown in
[12].

Concerning particles measured at ground by air
shower experiment, the situation is quite different.
Whereas the number of charged particles is very
similar for EPOS and QGSJET II-3 (see fig. 2),
EPOS produces a much higher muon flux, in par-
ticular at high energy. At10

20 eV EPOS is more
than 40% higher and gives even more muons with a
primary proton than QGSJET II-3 for iron induced
showers.

The muon excess from EPOS compared to other
models will affect all experimental observables de-
pending on simulated muon results. In the case
of the Pierre Auger obervatory (PAO), this will
affect mostly the results on inclined showers, for
which the electromagnetic component is negligi-
ble at ground. It is interesting to notice that the
PAO claims a possible lack of muons in air showers
simulated with current hadronic interaction models
[13].

The muon production process

During the hadronic air shower development, the
energy is shared between neutral pions which con-
vert their energy into the electromagnetic compo-
nent of the shower, and charged hadrons which
continue the hadronic cascade producing muons
[14]. The ratio of the two (referred to asR) is a
measure of the muon production.

Comparing EPOS to other models, this ratioR of
neutral pions to charged hadrons produced in indi-
vidual hadronic interactions is significantly lower,
especially for pi-air reactions, as seen in fig. 3.
This will increase the muon production, as dis-
cussed above.

Furthermore, the reduced ratioR is partly due to
an enhanced baryon production, as shown in fig. 4.
This will increase the number of baryon initiated
sub-showers. Since the ratioR is much softer in
case of proton-air interactions compared to pion-
air interactions, as shown in fig. 5, this will even
more reduceR, providing a significant additional
source of muons. Indeed, simulations show that
a pion induced shower produces about 30% less
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Figure 3: Ratio of the number ofπ0 over the num-
ber of charged particles as a function of the energy
of the secondary particles at10

5 GeV kinetic en-
ergy with EPOS (full line) or QGSJET II-3 (dashed
line) in pion-air.
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Figure 4: Model comparison: longitudinal mo-
mentum distributions of protons in pion carbon
collisions at 100 GeV from EPOS (full) and
QGSJET II-3 (dashed) compared to data[15].
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Figure 5: Ratio of the number ofπ0 over the num-
ber of charged particles as a function of the energy
of the secondary particles at10

5 GeV kinetic en-
ergy in proton-air (full line) or pion-air (dashed
line) for EPOS.

muons than a proton induced shower. This feature
of the air shower development is in fact model in-
dependent and can easily be understood because of
the leading particle effect [16].

Summary

EPOS is a new interaction model constructed on a
solid theoretical basis. It has been tested very care-
fully against all existing hadron-hadron and hadron
nucleus data, also those usually not considered im-
portant for cosmic rays. In air shower simula-
tions, EPOS provides more muons than other mod-
els, which was found to be linked to an increased
baryon production.
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