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Multi-component measurements of extensive air showers are used to study details of hadronic interactions at 
high energies. Results of the KASCADE experiment are summarized and limitations of the interpretation of 
the measurements are pointed out. In addition, requirements are discussed for new measurements of interaction 
properties by accelerator experiments. 

1. Introduction 

Out of the four fundamental forces applied to 
describe nature (electromagnetic, strong, weak, 
and gravitational), the first three are studied 
with high-energy particles. Experimental access 
is gained through two classes of experiments. 

Detectors of the first type are situated at ac- 
celerators where presently energies up to about 
&b = 2 . 10 r5 eV are reached at the Tevatron. 
Higher energies in the order of Elab = 1017 eV are 
expected to be reached in a few years at the LHC. 
These experiments focus mainly on interactions 
with a large momentum transfer (hard interac- 
tions). The forward direction, i.e. interactions 
with low momentum transfer, is hardly accessi- 
ble at collider experiments and requires careful 
detector design since most of the secondaries are 
produced very close to the beam line. Such in- 
teractions are investigated at fixed target exper- 
iments, but at energies significantly lower as in 
question. 

Detectors of the second type utilize as high- 
energy particles cosmic rays, which exist up to 
energies of more than 102’ eV. When these par- 
ticles penetrate the earth’s atmosphere they in- 
teract with air nuclei and generate large cascades 
of secondary particles - extensive air showers. 
The measurements of particles produced in these 
showers and their propagation through the atmo- 
sphere are used to study high-energy interactions 
at energies exceeding the range of man-made fa- 
cilities and to investigate the extreme forward di- 
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rection of hadronic interactions. In turn, under- 
standing the development of extensive air showers 
allows an astrophysical interpretation of these in- 
direct cosmic-ray measurements. While the mea- 
sured all-particle cosmic-ray energy spectra from 
many experiments agree within the systematic er- 
rors quoted, there is a large spread in results con- 
cerning the mean mass of cosmic-ray particles [ 11, 
which is a clear hint for inconsistencies in under- 
standing high-energy interactions. 

The electromagnetic part of the showers is well 
understood and described by QED. Also, the par- 
ticle decays are consistently described using the 
electroweak theory. Hadronic interactions are de- 
scribed using &CD. For air shower interpreta- 
tion the understanding of multi-particle produc- 
tion in hadronic interactions with a small mo- 
mentum transfer is essential. Due to the energy 
dependence of the coupling constant a, soft in- 
teractions cannot be calculated within QCD us- 
ing perturbation theory. Instead, phenomeno- 
logical approaches have been introduced in dif- 
ferent models. These models are the main 
source of uncertainties in simulation codes to de- 
scribe the development of extensive air show- 
ers, such as the program CORSIKA [2]. Sev- 
eral codes to describe hadronic interactions at 
low (GHEISHA, UrQMD) and high (DPMJET, 
NEXUS, QGSJET, SIBYLL, and VENUS) en- 
ergies have been embedded in CORSIKA. Their 
predictions are compared with experimental re- 
sults in order to check their correctness. 

0920-5632/03/$ - see front matter 0 2003 Elsevier Science B.V. All rights reserved 
doi: 10.10 16/SO920-5632(03)02067-X 



456 JR. H&del/Nucleur Physics B (Pmt. Suppl.) 122 (2003) 455-458 

2. Tests of hadronic interaction models 
with air shower experiments 

The KASCADE air shower experiment [3] 
measures simultaneously the electromagnetic, 
muonic, and hadronic shower components and is 
a suitable detector system to study high-energy 
interactions. 

2.1. Mean logarithmic mass 
The hadronic shower component is examined in 

detail with a large sampling calorimeter [4]. Sev- 
eral observables are investigated like the lateral 
distribution of hadrons, the lateral distribution of 
their energies, the hadron energy spectrum, the 
maximum hadron energy in a shower, the ratio of 
the energy of individual hadrons to the maximum 
hadron energy in each shower, and the average 
distance between the individual hadrons. The 
measured values of these observables are com- 
pared to predictions of the CORSIKA program 
and quantities like the mean logarithmic mass of 
primaries (ln A) are derived for each observable. 
For the interaction code QGSJET the ambiguities 
between different observables amount to about 
A(lnA) z 0.4 [5]. 

Including the electromagnetic and muonic com- 
ponents measured by the detector array and the 
central detector into the investigations as well, 
results in larger differences between the (ln A) 
values derived from individual observables, and 
uncertainties in the order of A(lnA) x 0.8 are 
found [6]. Including the number of electrons re- 
sults in a significantly lighter mass composition 
as compared to values obtained without the elec- 
tromagnetic shower size. 

Similar findings are obtained when compar- 
ing the results of experiments which use differ- 
ent techniques like measuring particles at ground 
level or investigating the longitudinal shower de- 
velopment with Cerenkov light [7]. 

These systematic differences indicate model 
ambiguities in the interaction codes applied, 
which have to be examined in more detail. 

2.2. The hadronic component 
The hadronic back-bone of air showers should 

reflect the uncertainties in the high-energy inter- 
action models most directly and is therefore sub- 

ject of several studies. 
For example, one of the basic air shower ob- 

servables, the lateral distribution, has been inves- 
tigated for hadrons up to 90 m from the shower 
core [8]. Since the calorimeter detects not only 
the number of particles, but also their energy, 
the investigations are performed for hadron num- 
ber densities as well as for energy densities taking 
into account different thresholds for the hadrons. 
While in the shower core (up to 20 m distance 
from the axis) differences between interaction 
models are visible [9,10], they disappear at larger 
radii. Comparing the measured distributions and 
CORSIKA simulations yields no significant differ- 
ences. This indicates that outside the shower core 
the inelastic scattering of hadrons is described in 
the models compatible to the data. 

As already reported in the literature [ll], 
hadrons arrive partly behind the shower front due 
to multiple interactions in the atmosphere. For 
air showers in the PeV region hadrons with en- 
ergies around 100 GeV have been measured up 
to 80 ns behind the shower front [12]. This phe- 
nomenon has also been observed in accompany- 
ing simulations with CORSIKA/QGSJET. Re- 
sults for proton and iron induced showers indi- 
cate for hadrons above 30 GeV no significant dif- 
ferences between the two primaries and the pre- 
dictions are compatible with the measurements. 

Another method to study the structure of the 
hadronic component is to search for events with 
large linear geometrical alignment of hadrons at 
detector level [ 131. Previously reported findings of 
a high probability for elongated structures [14,15], 
not explained by present interaction models, can- 
not be confirmed by the KASCADE measure- 
ments. Instead, measured geometrical structures 
are found to be in agreement with the simula- 
tions. Extremely aligned events exist in both 
datasets, in simulations as well as in measure- 
ments. 

2.3. Correlations of hadrons with other 
shower components 

Information about the interactions is not only 
obtained by the hadronic component on its own, 
also the correlations with the electromagnetic and 
muonic parts reveal information. Investigations 
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of an early version of the SIBYLL code (1.6) 
showed, that the program generates too low muon 
numbers [9]. This behavior has been improved in 
the latest version 2.1. On the other hand, the cor- 
relation between the number of hadrons and the 
number of electrons revealed for the VENUS code 
an overestimation of the hadron number relative 
to the electron number. The model QGSJET 98 
was found to be most compatible with the mea- 
surements. 

In a recent investigation [lo] measured data 
have been compared to calculations applying the 
DPMJET 2.5, NEXUS 2, and QGSJET 98 mod- 
els. 

It turned out that DPMJET overestimates the 
number of hadrons and their energy sum for a 
given interval of muon numbers. This may be ex- 
plained by a too deep penetration of showers into 
the atmosphere caused by a relatively large elas- 
ticity for pions in the model. The high elasticity 
also influences the energy of the most energetic 
hadron observed at ground level and may explain 
larger values obtained for DPMJET. Due to the 
high elasticity, i.e. large energies for leading par- 
ticles, less energy is available for the production 
of secondaries. As a fact, the average multiplicity 
for charged particles in n-air collisions is signifi- 
cantly lower as compared to QGSJET [16]. This 
may be a reason for the relatively large proba- 
bility for small fractions &,/Epz of the energy 
of each individual hadron normalized to the most 
energetic hadron in individual showers. 

The inelastic proton air cross-section rises very 
fast as function of energy in the model NEXUS 
as compared to QGSJET, but significantly fewer 
particles are produced on average, and more en- 
ergy is carried away by the leading baryon [16]. 
The relative large cross-section seems to dominate 
the effects mentioned and results in fewer hadrons 
above detection threshold at ground level. The 
ratio of the energy of individual hadrons to 
the maximum energy in each shower Eh/Erax 
is shifted to larger ratios for NEXUS relative 
to QGSJET. Comparing NEXUS predictions to 
measured data reveals that there are severe prob- 
lems to correlate electrons and hadrons properly. 
The model underestimates the hadronic shower 
size for a given interval of electron numbers. A 

possible explanation could be that due to the 
high cross-sections and the resulting larger num- 
ber of inelastic interactions more (neutral) pions 
are produced, which in turn enforce the electro- 
magnetic component. 

These examples illustrate that it may be pos- 
sible to explain the observed discrepancies be- 
tween model predictions and measured data qual- 
itatively with underlying physics quantities, al- 
beit it is not easy to derive reliable quantitative 
numbers. 

2.4. Inelastic cross-section 
At energies around 10” to l@* eV the rates of 

events with a particular signature in the KAS- 
CADE central detector have been investigated 
[17]. The relation between the rate of events with 
at least one reconstructed hadron to the rate of 
a muon multiplicity trigger is utilized. For the 
simulations the flux of primary particles has been 
assumed according to direct measurements above 
the atmosphere. The investigations show that the 
relation is sensitive to the inelastic cross-section 
and the contribution of diffractive dissociation. 
The observed overestimation of the hadron rate 
at small primary energies in the model QGSJET 
is attributed to an underestimate of the non- 
diffractive inelastic cross-section for nucleon air 
collisions. To reconcile simulations with measure- 
ments while keeping the inelastic cross-section un- 
changed, the contribution of diffraction dissocia- 
tion should be reduced by about 5-7% of the in- 
elastic cross-section. This corresponds to about 
half the original contribution. 

This example illustrates that air shower mea- 
surements can provide precise information on 
cross-sections complementary to accelerator ex- 
periments. 

2.5. Muons 
Air shower measurements are used also to in- 

vestigate and improve the knowledge about the 
longitudinal development of cascades. In the 
KASCADE experiment the height of the shower 
maximum is measured using the average produc- 
tion height of muons with a large tracking detec- 
tor [18,19]. 

As the last example for studies of interaction 
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processes in this brief summary we focus on the 
investigation of the number of muons above dif- 
ferent energy thresholds of 490 MeV and 2.4 GeV 
[20]. The muon density spectra for both thresh- 
old exhibit a knee structure as it is expected 
from the knee in the primary energy spectrum. 
But, a closer look reveals inconsistencies between 
the two thresholds. It is concluded that the 
simulations used (CORSIKA with QGSJET and 
VENUS) are not able to describe the muon en- 
ergy distribution correctly. 

3. Summary and complementary informa- 
tion required from accelerator experi- 
ments 

It has been shown that air shower measure- 
ments can provide relevant information for the 
improvement of hadronic interactions models. 
Shower parameters like the number of electrons, 
muons, or hadrons, the energy of hadrons, and 
the correlation between them are used to check 
the models. But even more specific quantities like 
cross-sections have been derived from air shower 
measurements. 

The development of cascades depends among 
others on the complex interplay of the inelastic 
hadronic cross-sections, the multiplicity of secon- 
daries produced, and the inelasticity - i.e. the 
energy available for the production of secondary 
particles. It is very hard to disentangle this sys- 
tem with the interpretation of air shower mea- 
surements solely. Therefore, it would be highly 
desirable to investigate the interactions of pro- 
tons and pions with targets of oxygen or nitrogen 
in order to study the inelastic cross-sections, the 
multiplicity, and inelasticity of these interactions 
at high energies. 

With the LHC for the first time energies above 
the knee in the cosmic-ray energy spectrum will 
be accessible at an accelerator. This facility could 
improve the understanding of proton-nitrogen 
collisions and emphasis should be placed on the 
extreme forward region. 

Heavy ion colliders such as RHIC could pro- 
vide information on interactions of heavy nuclei 
(oxygen, iron) with targets of nitrogen in order to 
clarify the situation of nucleus air cross-sections 

at high energies. 
As has been outlined in [17] it would also be 

useful to study the kinematical region of diffrac- 
tion dissociation at high energies. 
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