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By extensive Monte Carlo simulations of Extensive Air Showers (EAS),
using the EAS simulation code CORSIKA, arrival time distributions of the
EAS muon have been generated for iron, oxygen and proton induced air
showers using different hadronic interaction models as Monte Carlo genera-
tors. The muon time profiles up to distances of 310 m from the core position
have been obtained for different primaries. Applying non-parametric sta-
tistical inference methods it is shown that a reliable determination of the
shower age, correlated with the time parameters would lead to a relatively
good discrimination of showers of different primary mass.

PACS numbers: 96.40.Pq

1. Introduction

The temporal structure of the muon component of EAS is of great in-
terest for detailed understanding of the EAS structure, since it reflects the
longitudinal EAS development [1-3]. Introducing the travel distance [, of
the muon from the height of production by the hadronic collisions, a simple
triangulation procedure (Fig. 1) displays the relation between the height of
production of the muon and its time-of-flight or its angle-of-incidence.

Thus, for two muons produced at different heights and registered at the
same distance from the shower core, a smaller travel time results for the
higher height as muons produced by iron, with a small interaction length in
the atmosphere. In the case of two muons produced at the same height, the
muon detected at larger distance have a longer travel time.
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Fig. 1. Geometric description of muon travel from its production from the decay of
a hadron to the detection place R,,.

The relative muon arrival times 7. 72, ... at a radial distance R, refer
wr o ©

to a defined zero-time, usually the arrival time 7y of the shower core, called
“global quantities”

ATEY = T1(R,) — 7.

When the arrival time 7, is difficult to determine with sufficient experimental
precision, “local” times are considered, which refer to the foremost muon
1

7, (Ry), locally registered by the detector

ATEIOC = TE(R;L) - TI(R#) )
(with omitting further the label “loc”).

The single relative arrival time distributions can be characterised by the
mean values ATmean, and by the quartiles A7, like the median A 59, the
first quartile A7g 95 and the third quartile A7 75 [4]. Measurements of muon
arrival time distributions are a subject of the current investigations of the
KASCADE experiment [4,5]. Using advanced statistical techniques [7], the
analysis performed in this paper is based on previous studies [6] of simulated
showers for ideal cases, neglecting influences of the detection system.
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2. Time profiles of the EAS muon component

The EAS development has been simulated by the Monte Carlo pro-
gram CORSIKA [8], invoking different models for the hadronic interaction:
QGSJET [9], VENUS [10] and SIBYLL [11] for 500 proton and iron induced
EAS of the primary energy of 105 eV.

Fig. 2 shows the median arrival time distributions for proton and iron
initiated showers at different distances from the shower cores, the radial
dependence of their mean values the muon shower profile.
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Fig.2. Distributions of muon arrival times, A7g 25, A7g.50 and Arg 75, originating
from p and Fe induced showers.

Fig. 3 displays time profiles for Aty 59 and A7gs0/pu(Ry) distributions
for two different primaries (p, Fe) of the energy 10 €V and comparing three
different hadronic interaction models. Using the Ar50/p,(R),) results in an
improvement of the mass discrimination, especially of the discrimination of
different models. This effect is due to the lateral muon density distribution.
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Fig.3. Simulated muon profiles for Ary50 and A7g50/p, distributions and their
standard deviations of the median values for two primaries p and Fe.

3. Correlated distributions

Special interest is focused to the correlation with the so-called shower
age, which indicates the status of the EAS development. The use of NKG
approximation [12| does not describe the realistic situation of the electromag-
netic component development, so that full Monte Carlo simulations of the
electromagnetic component (using the option EGS in the CORSIKA code)
have been also performed [13]. 250 EAS have been simulated, initiated by
proton and iron primaries with two different incident energies 10'® eV and
10'6 eV, respectively, using two hadronic interaction models: QGSJET and
VENUS and applying the NKG-approximation and the full Monte Carlo
(EGS) simulations.
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Fig.4. Correlation of A7g.50/p, for proton and iron induced EAS with the shower
age calculated in EGS approximations for two radial distances: 100m < R, <110m
and 180 m < R, < 190 m.

Fig. 4 compares the correlation of the age with (Args50(R,)/pu(Ry)) at
two different distances R, from the shower core, for p and Fe showers with
energies in the range (1.78-3.16) x10'6 eV. An improvement of the mass
discrimination is observed at larger distances from the shower centre.

4. Non-parametric statistical analysis

Non-parametric statistical methods enable the study of multidimensional
observable-distributions associating the single observed events to different
classes (in our case to p, O and Fe primaries) by comparing the observed
events with the model distributions based on Bayesian decision [7]. For each
class of primaries 200 showers with energies in the range (1.0-1.78)x 105 eV,
100 showers with energies in the range (1.0-1.78)x10'6 ¢V and 50 showers
with energies in the range (1.78-3.16)x10'6 eV of vertical incidence have
been generated for QGSJET and VENUS models, and the multidimensional
distributions of various EAS observables have been analysed.
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Results about the classification and misclassification probabilities are
given in Table I and Fig. 5 and show an improved mass discrimination at
higher energies, in particular when correlated with the shower age.

TABLE 1

The classification and misclassification probabilities by correlating age —
Ato50/pu at 90m < R, < 100m for different energies 1: (1.0 — 1.78) x10'® eV;
2: (1.0 — 1.78) x10'¢ eV; 3: (1.78 — 3.16)x10'¢ eV

Mode Pl ol Fe | error
P 0] Fe P 0] Fe P O Fe

0.70 0.28 0.01 | 0.14 0.56 0.30 | 0.00 0.19 0.81 | 0.31
0.73 025 0.02 009 071 0.20]0.00 0.21 0.79 | 0.26
0.73 024 0.03|0.06 072 0.22]0.00 0.07 093] 0.21

local time, (1.78 — 3.16)10"%eV
3 obs., N, — age — ATgs5 180 m< R, <190 m
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Fig. 5. The classification and misclassification probabilities from muon arrival time
distributions correlated with shower age, N, and fo.
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5. Conclusions

Advanced non-parametrical statistical methods based on Bayesian deci-
sion rules have been applied in view of features discriminating the mass of the
cosmic primary and different hadronic interaction models. The correlations
of the local muon arrival time variables with the local muon density im-
proves the true classification rate and discrimination features. The classi-
fication gets improved for higher incident energies and by the correlation
with the shower age, and with the shower size N, and fo. Correlating
the observation of A7,/p, for larger radial distances, the mass discrimina-
tion of the primaries is slightly improved. Comparing the classification rates
for different muon arrival time quantities, both considered models QGSJET
and VENUS lead to similar corresponding results. The presented results
predicts an enhancement of the discriminative features by the extension of

KASCADE detector array to a larger area in KASCADE GRANDE exper-
iment [14].
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