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The purpose of this analysis is to investigate the production heights of muons (EZ” >0.8 GeV)
in extensive air showers (EAS) with primary energies above 10'® eV, registered with the Muon
Tracking Detector of KASCADE-Grande. The registered showers are compared with the simu-
lations of EAS obtained with four high energy hadronic interaction models. The ability of the
models to describe the experimental data is discussed.
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1. Introduction

One of fields of interest of the ultra high energy (UHE) astrophysics is the investigation of
UHE cosmic ray (CR) particles interacting with the nuclei of the Earths atmosphere and creating
extensive air showers (EAS). This phenomenon is studied e.g. by means of ground based experi-
ments of large detection area, like the KASCADE-Grande [1]. A complex nature of the UHE CR
particles can be understood by investigation of as many components of the EAS cascade as pos-
sible. One of the most important is the measurement of the muon component. The EAS muons,
being a result of decays of mesons, created in hadronic interactions, carry information about those
interactions to the observation level. In turn, knowledge of UHE hadronic interactions is crucial
for answering many questions formulated in CR research.

The large area Muon Tracking Detector (128 m?) [2], one of the components of the KASCADE-
Grande experiment, has been built with the aim to identify muons (EZ” > 0.8 GeV) and their angu-
lar correlation with the extensive air shower. Combining information about the direction of EAS,
obtained with the KASCADE-Grande particle detector array, and the directions of reconstructed
muon tracks we have investigated the muon production heights (MPH) by means of the triangula-
tion method giving us a direct insight into the longitudinal development of the muonic component
of EAS for showers with the primary energy above 10! eV. The results of the previous MPH anal-
ysis done with the MTD data in energy range below 10! eV can be found in Ref. [3].

In this work, the distributions of measured muon production heights are compared to the dis-
tributions obtained for simulated showers. The simulations were obtained with the CORSIKA [4]
code for proton and iron as the primary particles and for four high-energy hadronic interaction
models: QGSJet-11-02 [5], QGSJet-1I-04 [6], EPOS 1.99 [7] and EPOS-LHC [8], in combination
with FLUKA [9] as a low-energy hadronic interaction model. The ability of the interaction models
to reproduce the experimental results is presented and discussed.

2. Selection of the data

The investigation being a subject of this work is based on over 45 million showers registered
by the KASCADE-Grande experiment from November 2003 to June 2009. Selection criteria for
the showers in KASCADE-Grande were a subject of extended investigation. After detailed stud-
ies of the performance of the Grande Array a set of conditions, superimposed on measured and
reconstructed shower parameters, was developed to obtain highest reconstruction accuracy and to
minimize systematic errors [1]. For this analysis only the showers with zenith angle less than 18°
with at least one muon track reconstructed in the MTD are taken into account, more than 13000, in
total.

The analysis is done in two primary energy intervals: 1g(E[GeV])>7.0 and Ig(E[GeV])>7.6,
see Table 1. The energy was estimated with the formula described in detail in Ref. [10]).

The registered showers have been divided into light and heavy samples (called light and heavy
data). This selection was done using the mean value of the Y distribution (Y = 1g(Ny)/1g(Ner))
for simulated showers where the primary particle is helium or silicon nuclei. The light data show-
ers are those with ¥ < (Yp,), the heavy data showers are those with ¥ > (Yg;). Light and heavy
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Table 1: Energy ranges.

Ig(E[GeV]) | >7.0| >7.6
(E)[10'%eV] | 1.8 7.3

data showers are compared with simulations, where the primary cosmic ray particles are hydrogen
(called light simulations) and iron (called heavy simulations).

3. Results and discussion

In the first energy interval the comparison of the MPH distributions obtained for the registered
and simulated showers reveals that none of the investigated models describes the data well. It is
especially seen with the light data sample (Figure 1).

Light simulated showers, in our case initiated only by proton primaries, should develop deeper
in the atmosphere than light data showers, which are a mixture of showers with primaries from
proton and helium. As shown in Figure 1 the distributions obtained with the QGSJet and EPOS
models are shifted with respect to the data. This behavior suggests that simulated showers develop
earlier in the atmosphere than registered showers.

One can notice that the range of the shift is different among models, it is stronger for the
QGSJet than for the EPOS model. It is well seen in Figure 3, where parts of the distributions shown
in Figure 1 are presented in the way to make this effect better visible. The shift in distributions
between data and simulations is the smallest for the EPOS-LHC model. This is an indication of an
improvement in describing the shower development by this model in respect to the others.

With the increasing primary energy the mass composition of CRs is changing, the mean mass
of primary particle of the registered showers is becoming heavier [11]. This results in the change in
the relation between the MPH distributions of the registered and simulated showers (see Figure 2).
Now the data points for the light sample (where the content of proton primaries became negligibly
small) indicate the earlier development of muon component than for pure proton showers. The
heavy data points are now also situated closer to the simulation results for pure iron primaries
(heavy simulations). This can be seen for all investigated models.

The differences between models in relative positions of experimental and simulated MPH
distributions are now smaller than at lower primary energy but the statistical errors are much larger
now. Therefore, the better quality of the EPOS-LHC model with respect to the QGSJet models in
describing the shower development is not seen here so clearly as in the case of the lower primary
energy range. The observed shift between the light distributions in data and simulation indicates
that registered showers develop slightly earlier in the atmosphere than simulated showers. This can
be seen for all models (compare Figure 1 and Figure 2).

In case of heavy showers one observes a slightly later development in the atmosphere of heavy
data compared to heavy simulations, but the differences between data and simulations for different
models, especially in the higher shower energy range, cannot be seen so well as in case of the light
sample, due to statistical errors.

It has to be pointed out that the observed improvement of the relation between the distributions
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Figure 1: The MPH distributions from light and heavy data (open and solid circle, respectively)
and light and heavy simulations (triangle and square, respectively) in range 1g(E[GeV])>7.0.

of simulated and registered showers is in large part rather caused not by the improved description
of showers at higher energies but by the increase of the mean mass of the registered showers.

4. Conclusions

The investigation the of muon production height and comparison of its distributions obtained
with the registered and simulated showers for four high-energy hadronic interaction models in two
primary energy intervals was presented. The experimental data has been divided into light and



Longitudinal development of EAS muon component S. Schoo

i i
02 .2 0.2 !
L i i %
P S
" % " 2

0.1 0.1

OO B

L] ] F 3 E
s L - i :
I é b4
4 .
0'%.0 2.0 4.0 6.0 8.0 10.0 12.0 0'%.0 2.0 4.0 6.0 8.0 10.0 12.0
h, [km] h, [km]
(a) QGSJet-11-02 (b) QGSJet-11-04
Z Z
= =]
g 8 :
0.2 % : 0.2 i
| . | P
I . |} g
I P L
i - o
0.1 2 0.1 2
1 o gg IS ]
? L s (R
; i :
Y
0.0 i 0.0 g
“0.0 2.0 4.0 6.0 8.0 10.0 12.0 “0.0 2.0 4.0 6.0 8.0 10.0 12.0
hp[km] hu[km]
(c) EPOS 1.99 (d) EPOS-LHC

Figure 2: The MPH distributions from light and heavy data (open and solid circle, respectively)
and light and heavy simulations (triangle and square, respectively) in range 1g(E[GeV])>7.6.

heavy samples.

All investigated interaction models do not describe the data correctly, what is especially well
seen with the light data sample in the first, lower, primary energy interval. The behavior of the
simulated distributions suggests that the light simulated showers develop earlier in the atmosphere
than the measured ones. However, it has been shown that in comparison with the QGSJet models
the EPOS-LHC model better describes the longitudinal development of the muon component in air
showers. This is changing with the increase of the primary CR energy, as the mean mass compo-
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Figure 3: The MPH distributions in the primary energy range 1g(E[GeV])>7.0: from light data
(open circle) and H simulations (triangles) obtained with QGSJet-11-04 (a) and EPOS-LHC (b) and
from heavy data (solid circles) and Fe simulations (squares) obtained with QGSJet-1I-04 (c) and

EPOS-LHC (d). Lines are drawn to guide the eye.

sition of the data showers is increasing, what is seen in the changed relations between the MPH

distributions for experimental data and simulations.

EPO

The smallest differences between the light data and simulated showers can be observed for the

S-LHC model.
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