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Abstract

The experiment KASCADE observes simultaneously the electron-photon, muon,
and hadron components of high-energy extensive air showers (EAS). The analysis of
EAS observables for an estimate of energy and mass of the primary particle invokes
extensive Monte Carlo simulations of the EAS development for preparing reference
patterns. The present studies utilize the air shower simulation code CORSIKA with
the hadronic interaction models VENUS, QGSJet and Sibyll, including simulations
of the detector response and efficiency. By applying non-parametric techniques the
measured data have been analyzed in an event-by-event mode and the mass and
energy of the EAS inducing particles are reconstructed. Special emphasis is given to
methodical limitations and the dependence of the results on the hadronic interaction
model used. The results obtained from KASCADE data reproduce the knee in the
primary spectrum, but reveal a strong model dependence. Owing to the systematic
uncertainties introduced by the hadronic interaction models no strong change of
chemical composition can be claimed in the energy range around the knee.
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1 Introduction

The basic astrophysical questions in high-energy cosmic rays (CR) relate to
the sources, the acceleration mechanisms and the propagation of CR through
space. In particular, the observation of the change of the power law slope
(the knee [1]) of the all-particle spectrum at an energy of a few times 10 eV
has induced considerable interest and experimental activities. Nevertheless,
despite of many conjectures and attempts, the origin of the knee phenomenon
has not yet been convincingly explained.

Due to the rapidly falling intensity and low fluxes, cosmic rays of energies
above 10! eV can be studied only indirectly by observations of extensive air
showers (EAS) which are produced by successive interactions of the cosmic
particles with nuclei of the Earth’s atmosphere. EAS develop in the atmo-
sphere as avalanche processes in three different main components: the most
numerous electromagnetic (electron-photon) component, the muon component
and the hadronic component. The properties of EAS are usually measured
with large ground-based detector arrays. In most experiments only one or two
components are studied. The KASCADE experiment [2,3] studies all three
main components simultaneously and a large number of shower parameters
are registered for each event. Their analysis to determine the properties of
the primary particle are obscured by the considerable fluctuations of EAS
development.

The analysis of the EAS variables to deduce the properties of the primary
particle relies on the comparison with Monte Carlo simulations (MC) of the
shower development (see Figure 1), including the detector response. Usually
only one or two EAS parameters are measured and various simplified proce-
dures are used to describe the relation between the observed EAS properties
and the nature and energy of the primary particle. The simplification often im-
plies the use of parameterizations of the average behavior, which may bias the
results and limit the accuracy because fluctuations are neglected or not prop-
erly accounted for. For the analysis of multivariate parameter distributions
and accounting for fluctuations more sophisticated methods are needed. The
decades-old Bayesian methods and the neural network approaches, currently
in vogue, meet these necessities. The methods facilitate an event-by-event
analysis.

In the present paper we report on an investigation of the energy spectrum and
mass composition of cosmic rays in the energy range of 10 —10% eV, based on
the analysis of 700,000 EAS events. A subset of approximately 8000 showers
with cores near the center of the hadron calorimeter yields information on all
three components and has been studied in more detail. Following the analysis
scheme shown in Figure 1, the simulated showers calculated with the simula-
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Fig. 1. Twofold way of the EAS analysis procedure.

tion program CORSIKA [4] have been convoluted with the apparatus response
using the GEANT code [5]. Non-parametric procedures [6] yield not only an
estimate of the primary energy and mass composition, but they also allow to
specify the uncertainty of the results in a quantitative way. In addition, we
specify the dependence of the results on the hadronic interaction models. The
necessity to invoke such models in an energy range beyond the experimental
limits of accelerator experiments, implies a model dependence of the results



on the energy spectrum and mass composition. Quantifying this model de-
pendence is one of the objectives of the present paper. The model dependence
is illustrated by using two different interaction models for the analysis. The
dependence implies not only the degree to which a particular EAS observable
is correlated to energy and mass of the primary particle, it shows also how
sensitively different EAS observables reveal primary mass. As an example, the
mass composition depends on the particular set of observables being consid-
ered simultaneously in the analysis if the model is inconsistent with the data
in all internal correlations.

It should be stressed that the present study emphasizes the methodical aspects
of how to infer energy spectrum and mass composition of CR rather than
providing a final answer. This would require improved statistical accuracy
both in experiment and simulation and, first of all, a reduction of systematic
uncertainties due to the incomplete knowledge of high energy interactions.
Nevertheless our findings on spectrum and mass composition are compatible
within the methodical accuracy to the results of other experiments.

2 The KASCADE experiment

The detector installation of the experiment KASCADE (KArlsruhe Shower
Core and Array DEtector) [2,3] is located on the site of the Forschungszentrum
Karlsruhe, Germany (8° E, 49° N; 110m a.s.l.). The three major components
of the detector system (Figure 2) are

e an Array of scintillation detectors,

e a Central Detector: an arrangement of several different detector compo-
nents, basically a hadron iron sampling calorimeter using liquid ionization
chambers and

e a Muon Tracking Detector (MTD) using limited streamer tubes.

The Array covers an area of about 200 x 200 m? and consists of 252 detector
stations. These are organized in 16 clusters and placed on a square grid of
13 m separation. The detector stations contain liquid scintillation counters
(e/~ detectors) of 0.79m? area each and plastic scintillators of 0.81 m? each
(1 detectors; Ef™* = 230 MeV), the latter covered by a shielding of 10 cm lead
and 4 cm steel. The inner four clusters (60 stations) contain four e/ detectors
per station but no p detectors while the outer 12 clusters (192 stations) have
two e/~ detectors and four p detectors per station. The reconstruction of
the EAS data measured with the Array provides the basic information about
lateral distributions and total intensities of the electron-photon (shower size
Ne) and muon components (N;7; see Section 4), the location of the EAS core
and the direction of incidence.
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Fig. 2. Schematic layout of the KASCADE experiment.

The layout and performance of the Central Detector are described in refer-
ence [7]. The finely segmented hadron calorimeter is the main part of in the
Central Detector system. It consists of a 20 x 16 m? stack of about 4000 tons of
iron with eight horizontal gaps. The calorimeter thickness corresponds to 11
interaction lengths A; for vertical hadrons. The detectors, measuring the en-
ergy deposit of the traversing charged particles, are ionization chambers filled
with the room temperature liquids tetramethyl-silane (TMS) or tetramethyl-
pentane (TMP), inserted into the gaps of the iron stack and read out by 40,000
electronic channels. From their signals the impact point, the direction and the
energies of individual hadrons are reconstructed. In particular, the number of
EAS hadrons with energies larger than 100 GeV (N;">100GeV) the energy of
the most energetic hadron observed in the shower (Ef***) and the energy sum
of all reconstructed hadrons (3 F},) are deduced as shower observables (see
Section 4).



Table 1
KASCADE detector components used in the present analysis.

Detector Total Area  Threshold Eyi, Observables
array e/y 490 m? 5MeV Ne
array /i 622 m? 230MeV x secd Ny, NT
MWPCs 122 m? 2.4GeV x secf N3, D_g, Ds
calorimeter 320 m? 50 GeV N[F>100GeV - pmax 5™ By

A layer of 456 scintillation detectors, each with a size of 0.45m?, is mounted
in the third gap at a depth of 2.2 A\;. It is used for triggering the Central
Detector system, for muon detection (with a threshold of Ezhres = 490 MeV),
and to determine arrival time distributions [8].

In the basement of the central building, below the iron stack and 77 cm of
concrete, two layers of multi-wire proportional chambers (MWPCs) are ar-
ranged as a tracking hodoscope, covering an area of 122m? [9]. The MWPCs
register muons with an energy threshold Efthres = 2.4 GeV and provide the ob-
servable N, i.e. number of reconstructed muons in the MWPCs. Due to the
good position resolution, the MPWCs register also the spatial distribution of
the high-energy muons together with traversing secondaries produced in the
absorber by high-energetic hadrons, whose pattern has been shown to carry
valuable information about the mass of the primary particle [10], expressed
by particular parameters ( g, ) in terms of a fractal moment analysis (see
Section 4). Information on specific detector details is compiled in Table 1.

Simu tion

The simulations of the EAS development, along the requirements of the analy-
sis scheme of Figure 1, have used the air shower simulation program CORSIKA
(vers. 5.62) [4]. The code incorporates several options of high-energy interac-
tion models and is continuously under improvement. In particular, we consider
the latest versions of VENUS [11], QGS et [12] and Sibyll (vers. 1.6) [13].
VENUS and QGS et are models based on the Gribov-Regge theory, and ex-
trapolate the interaction features in a well defined way into energy regions
which are far beyond energies available by accelerators, and especially into the
extreme forward direction. Sibyll is a minijet model used as a hadronic inter-
action generator in the MOCCA [14] and the AIRES codes [15]. We use it here
only for demonstration purposes. For the low-energy interactions CORSIKA
includes the G EIS A code [16]. The influence of the Earth magnetic field
on charged particle propagation is taken into account. As density profile of
the atmosphere the U.S. standard atmosphere is chosen [4].



Samples of at least 2000 proton and iron-induced showers have been simulated
with all three models. Additionally for VENUS and QGS et the intermediate
mass primaries e, O and Si have been simulated. The energy distribution
follows a weighted power law with a spectral index of —2.7 in the energy
range of 101* eV to 3.16 10% eV, calculated in eight intervals. The zenith angles
are distributed in the range [13° 22°]. The centers of the showers are spread
uniformly over an area which exceeds the surface of the hadron calorimeter by
2m on each side. In addition, roughly the same number of simulated events
with the centers of the showers within the Array are used. The signals observed
in individual detectors are determined by tracking all secondary particles down
to observation level and passing them through a detector response simulation
program based on the GEANT package [5].

E ent recon truction nd e ection

The reconstruction of the EAS observables which is described in detail in
preceding publications of the KASCADE collaboration [10,17 20], applies an
iterative procedure for reconstructing the shower size parameters. In a first
step the shower core location is determined by a center-of-gravity technique
from the energy deposit signals of all e/ counters, and the shower direction
is estimated by a simple plane fit using the timing information of the Array
detectors. In addition, as rough first approximations, the electron size N, and
muon size IV, are estimated from summation of detector signals, taking into
account the actual shower core position on the grid. These parameter values
are initial values for the further reconstruction steps. In the second step the
shower direction is determined by fitting a conical shape of the shower disc to
the arrival times of the charged particle component, registered with the e/~
counters. The lateral distributions and their shape parameters are estimated,
and fo and N, are determined.

The muon size fo is the muon content within a range of distances from
the shower core between 40m to 200 m which is the range accessible to the
KASCADE experiment (the so-called truncated muon number) [20]. The lower
limit is chosen to exclude contributions of the electromagnetic and hadronic
punch-through near the center of the showers. The upper limit corresponds
to the geometrical acceptance of the KASCADE layout. Figure 3 displays the
variation of N:f and N, versus the primary energy FE, as inferred from EAS
simulations. Due to various serendipitous features of the KASCADE layout
lg N'T proves to be nearly proportional to IgE and turns out to be almost
independent of primary mass (Figure 3 left). This is in contrast to the electron
size N, which exhibits a strong mass dependence for fixed fo as shown in
Figure 4 (right).
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Fig. 3. The mean values of the truncated muon number N ltf and electron number
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sake of clarity only QGSJet predictions are tted by a linear function in 1g-lg scale,
in order to emphasize the much more pronounced mass dependence of the shower
size Ne.

Contributions to the detector signals of other particles than electrons and
muons are eliminated by applying a lateral energy correction function to ap-
propriate particle densities, which are fitted with a likelihood function to the
Nishimura Kamata Greisen (NKG) formula [21,22]. Values of the radius pa-
rameters of 89 m and 420 m for electrons and muons, respectively, are used [17].
For showers whose cores are located within 91 m from the Array center®, the
reconstruction uncertainty is about 2m for the location of the shower center,
0.5° for the angle of incidence, and less than 10 and 20 for N, and fo
values, respectively, at primary energies larger than 10 eV.

Muon tracks observed with the MWPCs, reconstructed from pairs of hits in
the two MWPC layers (vertically separated by 38 cm [10]), are summed up to
obtain Nj. A limit for the reconstructed angle of 15° in zenith and  45° in
azimuth with respect to the shower axis determined from the Array is imposed
(the azimuth cut is not applied for showers with zenith angles of  10°). The
analysis of the number and spatial distribution of the muons and of produced
secondaries in terms of two generalized multi-fractal dimensions _g and
is discussed in [10]. These parameters characterize the spatial distribution
of muons and high-energy (punch-through) hadrons as well as the degree of
fluctuations of particles in the shower core.

The reconstruction of the hadronic shower variables applies appropriate pat-
tern recognition algorithms [18,19]. Energy clusters found in different detector

6 This number 91 m results from the extension and the grid spacing of the detector
array.
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Fig. 4. The variation of the mean values of the electron shower size (left) and
number of reconstructed hadrons N7>190GeV (right) with N,T. The predictions of
di erent models for proton and iron induced showers are compared with results of
the measurements.

layers are traced from lower layers to the topmost one to form a particle track.
Additionally, the angle of incidence of the track can be deduced by the same
procedure starting at lower layers, patterns of cascades have to form clusters
from the remaining energy bunching up to showers according to the already de-
termined direction. Furthermore, signals in the first layer from the top are not
used for energy determination, because their electromagnetic punch-through
distorts the hadron signals. The signals, weighted by the overlying absorber
thickness are summed up and converted to hadron energies [7]. Similar to the
shower size N,, the reconstructed number of hadrons (NF>190G¢V) exhibits a
strong mass dependence for fixed N7 as well (Figure 4; right).

For the investigation of the primary energy spectrum and mass composition, as
well as of particular correlations of observables, two sets of data are compiled.
One set - further referred to as election - uses the information of electrons
and muons from the Array stations only. It allows analysis the data with
good statistical accuracy, but includes only little information provided by the
Central Detector. A second data set - henceforth referred to as election -
includes observables measured in the Central Detector, but this data sample
comprises only a small amount of registered showers. election  comprises
720,000 EAS events, accumulated in 226 days, with primary energies larger
than £ 5 10 eV and with a maximum core distance from the center of the
Array of 91 m and with angles of incidence in the range of [13° 22°]. election
comprises approximately 8000 high-energy, central showers selected by cuts on
N (lgN;  3.5), on the core location ( ¢ 5m from the center of the
Central Detector), with at least one reconstructed hadron of an energy above
100 GeV and 10 muons observed in the MWPCs.
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on p r metric n e

The present analysis of mass composition and energy spectrum avoids the
bias inherent in parametric procedures and is performed for individual events
by use of multivariate non-parametric Bayesian and neural network decision
methods. In this way we are able to specify, in a transparent and coherent way,
how conclusive and trustworthy our results are, as expressed by true classifi-
cation and misclassification matrices of the results. A brief outline and more
details of the applied methods are given in Appendix A and in reference [23].

The combination of the total muon content /N, and the shower size N, has
been shown to be sensitive to primary mass and is applied in numerous exper-
imental studies, using suitable parameterizations of the predicted lg N,/ 1g N
relation with the primary mass. owever, as indicated above, the total muon
content N, although displaying some dependence on primary mass, is a quan-
tity not easily accessible experimentally without additional assumptions about
the shape of the lateral muon density distribution at large distances from the
shower core. Therefore, we prefer to consider the truncated muon number N ltf,
which - on average - proves to be nearly independent from primary mass (see
Figure 3), but it is, on the other hand, a rather sensitive energy identifier.
Thus, at fixed fo, the information about the mass is essentially provided by
the shower size N, [20]. In cases of other EAS observables mass and energy
sensitivities are, in general, less well marked, and in principle, each shower vari-
able carries information simultaneously on mass and energy in a way which is
additionally affected by the considerable fluctuations of the shower develop-
ment. The most sensitive EAS observables, N, and fo, display the smallest
intrinsic and sampling fluctuations.

Ma co o ition

Due to the limited number of simulated EAS and the correspondingly limited
statistical accuracy it is hardly reasonable to use the full set of observables
simultaneously to achieve a reliable result about mass composition (curse of
dimensionality condition; see Appendix A). ence we consider simultaneously
only a few observables.

Each simulated or measured event is represented by an observation vector

= (No N[T ...) of the observables. Applying the technique described in
Appendix A the likelihood (probability density distribution) ( ) of an
event for each class p O Fe can be calculated, i.e. the probability of
an event belonging to a given class

As an example, the superposition of the estimated probability density distri-
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Fig. 5. Superposition of three probability density distributions $° 1 (0 )/3 de-
duced from QGSJet simulations using the observables N, and N;' (left) as well as
N} and N’ (right). Events in the dark shaded area mark the region classi ed as
iron, middle grey as oxygen, and light grey as proton (selection II).

butions, referring to two sets of different observables, are displayed in Fig-
ure 5 (based on QGS et simulations). The regions where (), ( ) and

() are larger than the other two possibilities are colored light, middle
and dark grey, respectively. The left graph shows the density distribution cal-
culated in the two dimensional space of the observables N, and N\T. A rough
separation can be recognized, but also a strong overlapping of the likelihood
distributions has to be admitted.

The right-hand graph of Figure 5 shows an example of two observables (N}
and fo), which exhibit only weak mass-discrimination power. Correspond-
ingly, the density distributions of the three particle types are intermixed, and
reliable conclusions could not be drawn. In case of election  the mass compo-
sition is reconstructed for different sets of observables using the Bayes theorem
(Equation A.1). When the estimated o terior probability ( ) is larger
than ( ), then the event is assigned to class , otherwise to class
Taking into account (by Equation A.1) the estimated number of incorrectly
classified events (i.e. misclassification rates) (Table 2) the true proportions of
the different particle types are reconstructed.

The classification rates = (see Appendix: Equation A.1 and Fig-
ure A.1) give the fraction of correctly, , and wrongly, , classified events
with = |, an example for three mass class is given in Table 2. Of course,
the sum of each row has to be 100 . In the most probable cases the different
particle types are identified correctly, but the knowledge of the incorrectly
classified events could be used for a correction due to the mis-classification.
In addition, the rates for the intermediate mass particle types, e and Si,
are given. elium is mostly classified as protons (57 ) and silicon as oxygen
(54 ). Due to the stronger fluctuations and weaker correlations with mass

12



Table 2
Classi cation matrices for three classes (p, O and Fe) and two di erent models. In
addition to the classi cation rates of p, O and Fe, the rates of classi ed intermediate

groups He and Si respectively, are given. The used observables are fo and N,
(3.6 lgNltLr 3.9).

QGSJet VENUS
P (0] Fe P (0] Fe
P 77 3 21 3 2 1 7 3 21 2 1.2
He 573 39 3 4 1 64 3 32 2 4 1
0 14 2 61 3 25 3 15 2 61 4 24 3
Si 3 1 54 3 43 2 3 2 51 3 46 2
Fe 11 17 2 2 3 05 20 3 0 3
Fe Fe
P(0elX)=1 P(0elX)=1

P(@olX)=P(w,[x)=0.5 P(@olX)=P(w,[x)=0.5
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