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The interpretation of extensive air shower (EAS) measurements de-
pends on the comparison with EAS simulations. These calculations rely
on hadronic interaction models which have to extrapolate into kinemat-
ical and energy regions not covered by present-day collider experiments.
Therefore, it is necessary to check the reliability of the interaction models
used. For the EAS simulations the program CORSIKA is used with several
hadronic event generators embedded. Different observables, measured with
the KASCADE experiment simultaneously for each air shower event, are
investigated as well as their correlations. The consistency of the models
applied is checked by comparison of experimental and simulated results.
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1. Introduction

The energy spectrum of cosmic rays extends up to 10'* GeV. It can be
described by a power law with a change of the spectral index from —2.7 to
—3.1 at about 4 x 10° GeV, the so called “knee” (see also [1]). Up to energies
of few 10° GeV cosmic rays can be measured directly with experiments on
satellites or high floating balloons. Because of the steeply falling flux as
function of energy, these experiments run out of statistics at higher ener-
gies. The detector sizes and exposure times necessary to measure at higher
energies can only be realized with ground based experiments so far. These
experiments do not measure the primary particles directly, but the extensive
air showers (EAS) induced in the atmosphere. Therefore, the interpretation
of the measurements depends on the comparison with simulations of EAS.

The most critical aspect of these simulations is the description of the
interactions of the hadronic shower particles with the nuclei in the atmo-
sphere. The interaction models used have to extrapolate into energy and
kinematical regions beyond the limit of present-day collider experiments.
The highest energy available at a collider (2 TeV, Tevatron) corresponds to
an EAS energy of 2 x 10% GeV, i.e. just below the knee. In addition the very
forward region is usually not covered by detectors at colliders. But these
particles emitted with high energies and small transverse momenta in the
forward direction dominate the development of EAS.

Therefore, it is mandatory to check the reliability of the EAS simula-
tion programs used and especially the hadronic event generators embedded.
This can be done by measuring as many air shower components as possible
simultaneously and investigating the correlations between different shower
components. By comparing measurements and simulations the reliability
of the hadronic interaction models can be checked. The most relevant free
parameters of the models are the proton-air cross sections, the multiplicity
and transverse momentum distributions of the secondary particle produc-
tion, and the diffractive part of the cross sections (see also [2]).

2. Measurement and simulation

2.1. The experiment KASCADE

The experiment KASCADE! [3] is located on the site of the Forschungs-
zentrum Karlsruhe (Germany), 110 m a.s.l. It was designed to measure EAS
in the energy range 10° GeV-10® GeV. The main aims of KASCADE are
the determination of energy spectra for individual mass groups of cosmic
rays to investigate the knee in the energy spectrum and the test of hadronic
interaction models used for the interpretation of EAS measurements.

! Karlsruhe Shower Core and Array Detector
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KASCADE consists of several detector components to measure the elec-
tromagnetic, muonic, and hadronic shower components simultaneously. The
200 x 200 m? large detector array with 252 detector stations equipped with
scintillation counters measures the electromagnetic and below a lead iron
shielding (20 radiation lengths, energy threshold E, > 230 MeV) the muonic
component. By a fit to the measured lateral distributions of the shower par-
ticles the number of electrons N, the number of muons N ;ﬁr (in the distance
range 40-200m), and the shower core position are determined. In addition,
there is a 128 m? large muon tracking detector (E, > 800MeV) consisting
of three horizontal and two vertical layers of limited streamer tubes [4].

In the center of the array a 20x 16 m? large hadron calorimeter is installed
[5]. It is a 11.4 hadronic interaction lengths thick iron sampling calorimeter
with 9 active layers equipped with liquid ionization chambers. Due to the
fine segmentation in 25 x 25 cm? channels energy, position, and direction of
incidence of individual hadrons can be reconstructed (E;, > 50GeV). In
the third absorber gap a layer of scintillation counters is installed as trigger
and for the measurement of muons with an energy threshold of 490 MeV.
Below the absorber of the calorimeter two layers of multiwire proportional
chambers and a layer of limited streamer tubes are installed to measure
tracks of muons above 2.4 GeV.

2.2. Simulations

For the extensive air shower simulations the program CORSIKA [6] is
used. CORSIKA describes the transport of the individual particles through
the atmosphere and processes such as the decay of instable particles, ion-
ization losses, and multiple scattering. Electromagnetic interactions are
handled by EGS4 [7]. For the hadronic interactions different interaction
models have been included. At high energies (> 80GeV laboratory en-
ergy) the models DPMJET [11], NEXUs [9], QGSJET [8|, SIBYLL [10],
and VENUS [12] can be used. For low energy interactions the models
GHEISHA [13], UrQMD |[14], and recently also FLUKA are available.

3. Results

3.1. Hadronic observables

The closest connection to the hadronic interactions in the atmosphere is
given for high-energy hadrons in the central region of EAS. Therefore, the
hadrons measured in the calorimeter of the KASCADE experiment provide
important information about hadronic interactions [15,16]. Since the mass
composition of primary cosmic rays is not known in the energy range of the
knee, the measured observables cannot be compared with the simulations
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directly. Instead, the measured data are evaluated relative to simulations of
proton and iron primaries. The measurements have to lie between these ex-
treme values, otherwise the simulations cannot describe the measured data
since nuclei heavier than iron are not expected to be abundant among pri-
mary cosmic rays.

Many hadronic observables like the number of hadrons Ny, the energy
sum of hadrons X' Ej,, the most energetic hadron Ej***, lateral distributions
pn(r), and energy spectra dN/dEy have been investigated. Several energy
thresholds (50 GeV—2 TeV) are applied and energy spectra are calculated for
different distance ranges. All observables are evaluated in correlation with
the number of muons, electrons, and hadrons in the air showers [17].

Two examples for shower size correlations are shown in Fig. 1. On the
left-hand side the correlation between the hadronic energy sum Y Ej ver-
sus the number of muons NN, ltf is plotted. The measured data are between
the proton and iron curves for the models QGSJET 01, SIBYLL 2.1, and
NEXUS 2. The right-hand graph shows the correlation between the energy
of the most energetic hadron E;*®* and the number of electrons N,. Since
the electromagnetic shower component is continously regenerated by the
hadrons in an EAS in this case no or only small differences between proton
and iron simulations can be found for the individual models. But there are
significant differences between the predictions. QGSJET and SIBYLL re-
produce the measurements well, whereas with NEXUS calculations too little
hadronic energy is obtained.
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Fig. 1. Left-hand side: Correlation between the hadronic energy sum X' Ej; and the
number of muons N:f. Right-hand side: Correlation of the most energetic hadron
E;’®* and the number of electrons N.. To improve the visibility, for some of the
models only parameterizations are shown.

Fig. 2 shows examples for hadron lateral distributions and energy spec-
tra. All three models are compatible with the measured data. By investi-
gating many hadronic observables it is found that the models QGSJET and
SIBYLL can describe the measured data. The measurements lie between the
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prediction of the models for proton and iron induced EAS. Contrary, NEXUS
presently cannot reproduce all distributions. The model has problems to de-
scribe the correlation of the hadronic observables with the electromagnetic
shower component.
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Fig.2. Left-hand side: Hadron lateral distributions for an electron number inter-
val corresponding to primary energies between 10° GeV (p induced showers) and
3 x 10° GeV (Fe induced showers). Right-hand side: Energy spectra of hadrons in
a muon number interval (approx. 7 x 105 GeV).

3.2. Structure of the hadronic core of EAS

Another investigation of the high-energy hadrons in the core of EAS
deals with their spatial structure which is sensitive to the transverse mo-
mentum distributions of the interactions [18|. At primary energies around
and above the knee the observation of aligned geometrical structures in air
showers has motivated many experimental and theoretical investigations in-
cluding discussions about sensitivity to special interaction features such as
jet formation or hints to new physics (see e.g. [19,20] and references therein).
The alignment of particles (or particle families) is commonly described by
a parameter A4 quantifying the angular correlation between the four most
energetic particles

;&

A = Y Z cos 290% (1)
i#j#k

with the angle Lpﬁ ; between the lines connecting the particle k£ to ¢ and j.
A4 varies between —1/3 (isotropic) and +1 (perfect alignment). Events are

usually termed elongated for Ay > 0.8.
In Fig. 3 a good agreement between measurements and simulations can
be found. No significant differences between proton and iron induced showers
are observed. To investigate the correlation between the A4 parameter and



346

J. MILKE ET AL.

jet production in high-energy interactions the azimuth angles of the four
hadron positions were chosen randomly. If the lateral distribution of the
hadrons is not modified by this procedure the distributions of the parameter
A4 do not change. Even an unphysical modification of p; in the simulation
causes only marginal modifications of the distributions.
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Fig. 3. Distributions of the alignment parameter Ay. KASCADE measurements are
compared with QGSJET 01 simulations.
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Fig.4. Distributions of the parameter dy*®*. Left hand side: Comparison of stan-
dard QGSJET 01 simulations and QGSJET with p; increased by a factor two.
Right hand side: Comparison of measurement and simulation.



Test of Hadronic Interaction Models with KASCADE 347

The parameter A4 depends only on the angles between the hadrons, but
not on the distance between them. Therefore, a parameter dj'®* was intro-
duced which is defined as the maximum distance between one of the four
hadrons considered to the geometric center of the three others. This parame-
ter shows a clear correlation with p; as can been seen on the left-hand side of
Fig. 4. In the right graph of Fig. 4 the comparison of the measurements and
simulations is shown. A clear separation between proton and iron induced
events is visible with the KASCADE data in between.

3.3. Muon densities

The observables discussed so far are sensitive to the high-energy inter-
action models used in EAS simulations. By using measurements of muon
densities for different energy thresholds the influence of low-energy hadronic
interaction models (Fj,, < 80GeV) can be investigated [21]. A param-
eter found to be sensitive to the interaction models is the ratio of muon
densities R, = pi400/ pﬁgo measured per single air shower in the multi-
wire proportional chambers below the KASCADE hadron calorimeter (pi‘mo,
E, > 2.4GeV) and the scintillator layer in the third gap of the iron absorber
of the calorimeter (pﬁgo, E, > 490 MeV).

In Fig. 5 the dependence of the mean values and the fluctuations (width
of distributions) of the density ratios on the number of muons N ;ﬁr (Ey >
230 MeV) is shown. The measured data are compared with simulations using
different combinations of high-energy and low-energy interaction models.
As can be seen none of the model combinations can reproduce the measured
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Fig.5. Muon density distributions. On the left-hand side the mean values of the
R, distributions are shown, on the right-hand side the corresponding RMS values.
The range of muon numbers shown corresponds to primary energies 105-107 GeV.
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data reasonably well. The next generation of CORSIKA will include FLUKA
and NEXUS 3 as new models which show in first tests a significantly different
behaviour of the muon component (see [22]).

4. Summary

By measuring simultaneously the hadronic, muonic, and electromagnetic
components of EAS the experiment KASCADE offers good possibilities to
check the reliability of EAS simulations used to interpret the measured data.
Both the low-energy and the high-energy hadronic interaction models used
in simulations can be tested by investigating the correlations between many
different observables. Up to now none of the models applied is able to
describe all aspects of EAS simultaneously. Additional information from
accelerator and cosmic-ray experiments are needed to improve both the high-
energy and the low-energy hadronic interaction models.
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