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Abstract

The analyss of extensve air shower (EAS) data depend strongly on simulatiors of the air shower develop-
mert in the atmosphereThe mod critical point are the hadronc interaction modek usal in shower simulation
codes for enegies far alove collider enggies The investigatin of the hadront componehof EAS allows a
detailal study of interaction models Using severd obsevables of this air shower componenhas obseved with
the KASCADE hadra calorimete a comparisa betwe@& measuremestard simulatiors is presented The
progran CORSIKA with the hadronc modek QGSJH, VENUS, ard SIBYLL has been usel for the shower
simulation It turns out tha QGSJH describs the measurementbeg foll owed by the modd VENUS.

1 Proem:

To investigae cosmc rays in the PeV region ard above ore is forced to obseve extensve air showers
inducel inthe atmosphereTo interpre the secondayr particles at grourd level the measurd dataare compared
with resuls from Monte Carlo calculationsdescribiry the developmen of the EAS in the atmosphes and the
individud detectors.

The interactiors of the seconday particles in the detectos at grourd level are well known from collider
experiments More compkx isthe descriptia of the high enegy hadronc interactiors of the primairy particles
with the air nucld and the production of seconday particles at enegies albove today's collider enegies.

Many phenomenologidamodek have bean developel to reprodue the experimenth results Extrapola-
tions to highea enagies to smal angles ard to nucleus—nuclesicollisions have bean performel unde dif-
ferert theoretich assumptionsMany EAS experimens have usal specifc modek to determire the primary
enggy and to extrad information abou the primaty mas composition leadirg to partly contradictoy results.
Experiene shows tha differert modek can lead to differert resuls when applied to the sarre data.

Thereforeit isof crucid importane to verify theindividud modek experimentaly asthoroughy as possi-
ble. The KASCADE experimern (Klages et al. 1997) allows the detailed study of differert EAS obsevables of
the hadronig electromagneticanrd muontc componentBy comparisa of measurd resuls with data obtained
from Monte Carlo calculatiors of the EAS developmen in the atmospher using the progran CORSIKA
(Hedk et al. 1998) differert modek implementd in the latter cen be tested.
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2 Experimental Set up:

The fine—segmented hadron calorimeter of the KASCADE experiment allows to measure individual hadrons
in the core of an EAS. The 300’ ron—-sampling—calorimeter is equipped with 10 000 liquid ionisation cham-
bers in eight layers (Engler et al. 1999). A layer of plastic scintillators on top of the calorimeter and a second
one below the third iron layer act as trigger for the ionisation chambers. The electromagnetic and muonic com-
ponent are measured by280 x 200 m? array of 252 detector stations equipped with scintillation counters.
More details are given in these proceedingsi@fidel et al. 1999).

3 Measurements and simulations:

About 10® events were recorded from October 1996 to August 1998.4r10° events, at least one hadron
was reconstructed. Events accepted for the present analysis have to fulfil the following requirements: More
than two hadrons are reconstructed, the zenith angle of the shower is le88ttzeml the core, as determined
by the scintillator array, hits the calorimeter or lies within 1.5 m distance outside its boundary. For showers
with a primary energy of more than 1 PeV the core can be measured in addition using the first calorimeter
layer by the electromagnetic punch-through. The fine sampling of the ionisation chambers yields 0.5 m spatial
resolution for the core position. For events with such a precise core position it has to lie within the calorimeter
at least 1 m distance from its boundary. After all cuts 40 000 events were left for the final analysis.

EAS simulations are performed using the CORSIKA versions 5.2 and 5.62 as described in (Heck et al.
1998). The interaction models chosen in the tests are VENUS 4.12 (Werner 1993), QGSJET (Kalmykov et
al. 1993), and SIBYLL 1.6 (Fletcher et al. 1994). A sample of 2000 proton and iron—induced showers were
simulated with SIBYLL and 7000 p and Fe events with QGSJET. With VENUS 2000 showers were generated,
each for p, He, O, Si, and Fe primaries. The showers were distributed in the energy range from 0.1 PeV up to
31.6 PeV according to a power law with a differential index of -2.7 and within an zenith angle intervall from
15° to 20°. In addition the changing of the spectral index to -3.1 at the knee position was taken into account
in a second set of calculations. The shower axes were spread uniformly over the calorimeter surface extended
by 2 m beyond its boundary.

In order to determine the signals in the individual detectors, all secondary particles at ground level are
passed through a detector simulation program using the GEANT package. By these means, the instrumental
response is taken into account and the simulated events are analysed in the same way as the experimental dat:
an important aspect to avoid systematic biases by reconstruction algorithms.

4 Results:
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Figure 1: Number of hadrons as a function of the =~ Distance to shower core r [m]
hadronic energy sum. Figure 2: Lateral distribution of hadrons.

The cosmic ray mass composition is poorly known above 0.5 PeV. Therefore, the interaction models can



be tested only by comparing their predictions for the extreme primary masses, hamely protons and iron nuclei.
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(Antoni et al. 1999), that the SIBYLL code generateg, yitterent interaction models and energy ranges.



too low muon numbers leading to a heavier elemental composition of cosmic rays. As demonstrated in Figure
1 this behaviour is not limited to muonic shower size bins, the same effect can be observed also in hadronic
shower size intervals. In general VENUS produces mostly similar results as QGSJET but exhibits some devi-
ations when the results are classified in electromagnetic shower size birz (il 1998).

A further observable is the frequency distribution of the fraction of the energy of each hadron normalised
to the maximum hadron energy in a particular shower as shown in Figure 3. CORSIKA predictions for
pure proton and iron nuclei using the models QGSJET and SIBYLL are compared with measured results for
different energy ranges for muonic and hadronic shower size intervals. The firstinterval (Fig. 3a) corresponds
to an energy of approximately 2 PeV, just below the knee position. The data are compatible to the QGSJET
predictions, exhibiting a composition somewhere in between protons and iron nuclei. The picture shows
one more example that SIBYLL is not able to describe the measurements satisfactorily. An example for a
hadronic shower size bin is given in Figure 3c, the interval corresponds to about 1 PeV. It is remarkable that
all investigated models predict almost the same energy fraction distributions when the data are classified in
hadronic energy sum intervals, even SIBYLL is then able to describe the data. In addition shower size bins
above the knee are shown in the Figures 3b and d, corresponding to 12 PeV and 8 PeV, respectively. QGSJET
describes the measurements well below the knee, but above, even this models exhibits some discrepancies
relative to the measurements as demonstrated for muonic and hadronic shower size bins. This behaviour is
visible in other observables too @rfindel et al. 1998).

5 Conclusion:

Three interaction models have been tested by examining the hadronic cores of large EAS. Several ob-
servables have been investigated: The lateral distribution, the lateral energy density, the differential energy
spectrum, the distance distribution, the number of hadrons and their energy sum, the maximum hadron en-
ergy as well as the fraction of the energy of each hadron to the maximum hadron energy in each shower. All
observables are investigated for five different thresholds of hadron energy from 50 GeV up to 1 TeV and the
showers are divided into shower size intervals of all components, the number of electrons and muons as well
as the hadronic energy sum. It turned out that QGSJET reproduces the measured data best, but at large showe
sizes, i.e. energies above the knee even this model fails to reproduce certain observables. VENUS describes
the data well, but there are deviations when binning the data in intervals of the electron number. SIBYLL
has most problems to describe the data. To sum up, it can be concluded, that the results are described by the
models VENUS and QGSJET reasonably well, at least up to energies of about 5 PeV.
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