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To investigate the impact of uncertainties in the knowledge of properties of individual hadronic interactions
on the development of extensive air showers, the inelastic proton-proton cross section and the elasticity of inter-
actions have been modified within the interaction model QGSJET. Air shower simulations are performed using
the CORSIKA code. The influence of the modifications on observables like the number of electrons, muons,
and hadrons registered at ground level are investigated. The predictions are compared to measurements of the
KASCADE experiment.

1. Introduction

The uncertainties in the simulation of exten-
sive air showers in the atmosphere are dom-
inated by the limited understanding of high-
energy hadronic interactions. To evaluate the
effect of uncertainties in the description of in-
dividual interactions on the development of air
showers, the inelastic proton-proton cross section
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and the elasticity of interactions have been var-
ied within the error bounds given by accelerator
measurements [1]. For the studies parameters in
the hadronic interaction model QGSJET 01 [2]
have been modified.

The inelastic proton-proton cross section has
been lowered from 57 mbarn to 51 mbarn at
106 GeV. In the model a change of the proton-
proton cross section influences all other hadronic
cross sections as well. For example, the proton-
air cross section is changed from 385 mbarn to
364 mbarn at 106 GeV. The modified version of
QGSJET 01 is labeled model 3 in the following.
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Figure 1. Number of electrons as function of the
number of muons as measured with KASCADE
compared with predictions of simulations for pri-
mary protons and iron nuclei using the interac-
tion model QGSJET and a modified version with
lower inelastic cross sections (model 3).

Another parameter to describe the interactions is
the elasticity, i.e. the ratio of energy carried away
by the most energetic secondary particle. For
the modification with the reduced cross section
(model 3) also the elasticity has been increased by
about 10%; this version is referred to as model 3a.

The influence of these changes on the integral
multiplicity of high-energy muons and the average
depth of the shower maximum are discussed in an
accompanying article [3]. In the present article
the influence of the modifications on the electro-
magnetic, muonic, and hadronic shower compo-
nents as measured by the KASCADE experiment
are investigated.

Objective of the Karlsruhe Shower Core and
Array DEtector (KASCADE) is the investigation
of the origin of cosmic-rays in the energy range
from several 1013 eV to above 1017 eV [4]. It has
been operating continuously since 1996, detect-
ing simultaneously the three main components of
air showers: The electromagnetic component is
detected with a 200 × 200 m2 scintillator array.
The energy, as well as point and angle of inci-
dence for hadrons with energies Eh > 50 GeV
are measured in a sampling calorimeter. Muons
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Figure 2. Relative deviation of the predicted
number of electrons from the values measured by
KASCADE as function of the number of muons.
Shown are results for primary protons and iron
nuclei for the original QGSJET and a modifica-
tion with lower inelastic cross sections (model 3).

are registered with different thresholds in lead
shielded detectors in the scintillator array (Eµ >
230 MeV), as well as in the calorimeter with a
layer of scintillators (Eµ > 490 MeV) and below
it with three layers of position sensitive detec-
tors (Eµ > 2.4 GeV). In addition, high-energy
muons are measured by an underground muon
tracking detector equipped with limited streamer
tubes (Eµ > 0.8 GeV).

To evaluate the impact of the modified param-
eters in the air shower development the simula-
tion tool CORSIKA [5] is used. The electromag-
netic component is modeled with the EGS4 code
[6]. Hadronic interactions above 200 GeV are de-
scribed with QGSJET 01 and with FLUKA [7] at
lower energies. All particles reaching ground level
are considered in a detector simulation program
based on GEANT [8].

2. Results

One of the most frequently used observables in
air shower arrays is the number of electrons Ne

studied as function of the number of muons. The
corresponding results as derived with KASCADE
are presented in Fig. 1. The values are compared
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Figure 3. Relative deviation of the predicted
number of electrons from the values measured by
KASCADE as function of the number of muons.
Shown are results for primary protons and iron
nuclei for modification of QGSJET with lower
inelastic cross sections (model 3) and increased
elasticity (model 3a).

to predictions for primary protons and iron nu-
clei using CORSIKA and the hadronic interaction
model QGSJET as well as a modification with
lower cross sections (model 3). For model 3 lower
Ne values are obtained for both primaries for a
fixed number of muons.

To show the differences between the two model
predictions more clearly, the relative deviations
between predicted and measured values δNe =
(Nsim

e − Nmeas
e )/Nmeas

e are depicted in Fig. 2 as
function of the number of muons. The impact on
the observable quantities Ne and Nµ originates
in a more complex behavior visible in the simu-
lations. Comparing the number of electrons for
fixed shower energies one recognizes an increase
for primary protons and a decrease for iron in-
duced showers. On the other hand, inspecting the
number of muons, both primaries (protons and
iron nuclei) exhibit an increase of Nµ as function
of energy, but the scale of the change is on the
order of 5% for iron induced showers and about
10% to 15% for proton primaries.

A comparison of the relative deviations of the
obtained number of electrons using the same cross
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Figure 4. Number of electrons as function of the
number of muons as measured with KASCADE
compared with predictions of simulations for pri-
mary protons and iron nuclei using modifications
of the interaction model QGSJET with lower in-
elastic cross sections (model 3) and increased elas-
ticity (model 3a).

sections but different values for the elasticity is
shown in Fig. 3. Within the statistical uncertain-
ties no difference between the two modifications
is visible. On a first glance this is a surprising re-
sult. A closer inspection of the simulations, how-
ever, reveals that for an increased elasticity at a
fixed energy both, the number of electrons and
the number of muons are increased by up to 10%
- 15% (depending on the energy). That means
that in the Ne-Nµ plane, see Fig. 4, the values are
shifted in parallel to the arrow, which indicates
the direction of increasing energy. Such a shift
keeps the Ne/Nµ ratio constant. If such a model
is used for the analysis of air showers, the recon-
structed energy would be a few percent smaller,
while the derived mass composition would be not
effected.

These findings are an example to illustrate
the difficulties to derive properties of fundamen-
tal interactions from air shower measurements.
However, in many cases the ambiguities can be
resolved when additional observables like the
hadronic component are considered. This un-
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Figure 5. Relative deviation of the predicted
number of hadrons from the values measured by
KASCADE as function of the number of muons.
Shown are results for primary protons and iron
nuclei for modifications of QGSJET with lower
inelastic cross sections (model 3) and increased
elasticity (model 3a).

derlines the importance of simultaneous measure-
ments of many air shower observables in an ex-
periment.

The impact of an increase of the elasticity on
the number of hadrons observed at ground level
with energies above 50 GeV is illustrated in Fig. 5.
It depicts the relative deviation of the number
of hadrons predicted by the simulations normal-
ized to the measured values δNh = (Nsim

h −
Nmeas

h )/Nmeas
h as function of the reconstructed

number of muons. While for the Nµ-Ne correla-
tion only negligible changes are observed the ef-
fect on the number of hadrons is quite strong, in
particular for proton induced showers.

3. Conclusion and outlook

To study the impact of uncertainties in our
knowledge of high-energy hadronic interaction

processes, the influence, for example, of the in-
elastic proton-proton cross section and the elas-
ticity of interactions have been investigated. The
error bounds of accelerator measurements are
projected on the development of extensive air
showers. The modifications result in measurable
differences for air showers as measured with the
KASCADE experiment.

Investigations including the information on the
average production height of muons as deter-
mined with a tracking detector in the KASCADE
experiment are in progress. It is expected to gain
additional knowledge on the longitudinal shower
development from such analyses. Further work
will focus on the influence of the modifications on
the mean logarithmic mass derived from different
air shower observables. The objective is to find
a modification of the model which minimizes the
differences of the mean logarithmic mass derived
from different observables.
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