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a b s t r a c t

The KASCADE-Grande large area (128 m2) Muon Tracking Detector has been built with the aim to identify
muons (Ethr

l = 800 MeV) in Extensive Air Showers by track measurements under 18 r.l. shielding. This
detector provides high-accuracy angular information (approx. 0:3!) for muons up to 700 m distance from
the shower core. In this work we present the lateral density distributions of muons in EAS measured with
the Muon Tracking Detector of the KASCADE-Grande experiment. The density is calculated by counting
muon tracks in a muon-to-shower-axis distance range from 100 m to 610 m from showers with recon-
structed energy of 1016–1017 eV and zenith angle h < 18!. In the distance range covered by the experi-
ment, these distributions are well described by functions phenomenologically determined already in
the fifties (of the last century) by Greisen. They are compared also with the distributions obtained with
the KASCADE scintillator array (Ethr

l = 230 MeV) and with distributions obtained using simulated showers.
! 2014 Elsevier B.V. All rights reserved.

1. Introduction

Investigations of the muonic component in extensive air show-
ers (EAS) is of primary importance for understanding air shower
physics. Muons carry nearly undistorted information about their
parent particles, pions and kaons. These parent particles are the
most numerous products of hadronic interactions responsible for
the development of the shower cascade in the atmosphere. This
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longitudinal development contains the information on the nature
(mass) of the primary cosmic ray particle, which is related to astro-
physical questions. It also carries information relevant to particle
physics on the underlying properties of hadronic interactions in
the energy range and the kinematical region only recently being
accessed by the forward detectors of the LHC [1]. Therefore, study
of the mass composition of cosmic rays and the tests of various
hadronic interaction models are in many cases related to the inves-
tigation of this longitudinal development of showers.

The most common way used by all EAS experiments with suffi-
cient number of muon detectors is the investigation of lateral dis-
tributions of muons, being a projection of the development of the
muonic component onto the shower plane [2,3]. This is usually
measured with arrays of scintillation detectors, where the number
of muons in each detector is derived from the energy deposited in
the scintillators, using non-trivial procedures based on simulations
[4,5].

Muon tracking detectors, actually counting muons in EAS, have
rather not been used for this purpose due to the difficulty of build-
ing sufficiently large detectors of this type. Earlier attempts were
based on neon flash tubes, either in tracking [6] or hodoscopic
[7] configurations. Muon densities were measured close to the
shower core (< 30 m in Ref. [7] and 5–70 m in Ref. [6]), and for
shower sizes corresponding to the ‘knee’ region of the primary
energy spectrum, around 1015 eV. A possibility of the investigation
of muon tracks from more energetic showers at larger distances
has been created in the KASCADE-Grande EAS experiment [8],
being an extension of the KASCADE experimental setup [9]. It is a
multi-detector system (Fig. 1) located on the site of the Karlsruhe
Institute of Technology (KIT) – Campus North, Germany at 110 m
a.s.l. It was designed to detect the three EAS particle components:
hadrons, electrons and muons (at 4 energy thresholds) in a wide
range of distances from the shower core (up to 700 m), and for
primary particle energies from 5" 1014 eV to 1018 eV. High
precision measurements of particle densities and tracks – the
latter by means of a dedicated Muon Tracking Detector (MTD)
[10] – at different energy thresholds allow investigation of many

features of EAS and are the basis for multi-parameter analyzes
(e.g.: [4,11]).

In particular, the MTD gives a possibility to study the longitudi-
nal development of EAS. For the first time it was possible to inves-
tigate the lateral distribution of muons using the muon tracks in a
distance up to several hundred meters from the core from a large
number of showers with energies above 1016 eV. The results of this
investigation are reported in this work.

2. Muon tracking in KASCADE-Grande

The KASCADE-Grande experiment (Fig. 1) contains several
detector systems. First, it consists of the KASCADE experimental
setup located in the North-East corner, where the MTD is also sit-
uated. A detailed description of this part of the experiment and its
performance can be found elsewhere [9]. In view of the research
presented here, apart from the MTD, an array of 252 detector sta-
tions (called the KASCADE Array), covering an area of
200 m " 200 m, is an important part of the setup. The stations
are placed on a square grid with 13 m spacing and are organized
in 16 clusters. Each station is equipped with scintillation counters
registering the electromagnetic shower component (Ethr=5 MeV),
and in the outer 12 clusters, also the muonic part of EAS
(Ethr

l = 230 MeV).
A second major part of KASCADE-Grande is the Grande Array,

being an extension of the KASCADE Array. It consists of 37 detector
stations organized in a grid of 18 clusters of overlapping hexagons,
covering an area of 0.5 km2 [8]. In the centre there is a small trigger
array of plastic scintillation stations, called Piccolo, built to provide
additional fast triggers for some of the KASCADE detector
components.

2.1. Design of the MTD

The MTD is located in the northern part of the KASCADE Array
(as shown in Fig. 1) and houses 16 muon telescopes made of

Fig. 1. Layout of the KASCADE-Grande experiment. Note the location of the Muon Tracking Detector (MTD) within the KASCADE Array.
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streamer tubes (ST). The telescopes are placed in a 5.4 " 2.4 "
44 m3 concrete tunnel, additionally buried under an absorber
made of iron plates separated with sand. This shielding corre-
sponds to an equivalent of 18 radiation lengths and absorbs most
of the low-energy electromagnetic particles, thus allowing the
identification of the tracks from muons with an energy larger than
800 MeV. The streamer tubes in each muon telescope are grouped
in four 2 " 4 m2 detector modules, three horizontal and one vertical
(Fig. 1). The horizontal modules are separated by 820 mm. The
middle module is located 1.7 m below the level of the KASCADE
scintillator array. The total area for detection of vertical muons is
128 m2.

All telescopes are connected with a gas supply system, high
voltage and electronic chain readout system. An extended descrip-
tion of the design, performance and tests of the MTD can be found
in Refs. [10,12,13].

When a particle is passing through the modules of the telescope
it ionizes the gas in the streamer tubes and charge-streamers are
created. As a result a large increase of charge in a small volume
of the tube occurs. This charge is inducing a certain charge in the
aluminum strips above and below the tubes (perpendicular and
diagonal, 30! with respect to the wires in the ST), respectively
(Fig. 2). A coincidence of the signals from wires and strips in each
layer is called a hit. The tracks are reconstructed of three or two
hits, in three or two modules, respectively.

2.1.1. Reconstruction of the muon tracks
From the raw data the information about signals on wires, diag-

onal and perpendicular strips is retrieved and converted into posi-
tions of each wire and strip. The hit cluster sizes5 along the wires
and strips (in cm) are reconstructed for each detector module. The
position, where the particle crossed the module is estimated as the
centre of the cluster and becomes the position of a hit.

Using all hits, the algorithm is searching for hits that can create
a track whose direction is correlated with the direction of the
shower within an angle of 15". The 3-hit tracks are reconstructed
first. The procedure is then repeated for 2-hit tracks but only for
hits that are not involved in 3-hit tracks. The hits that do not fit
to any track are ignored.

At muon densities higher than #0.5 muons/m2 clusters may
overlap and not all tracks are reconstructed or are reconstructed
with poor quality [10]. This reconstruction inefficiency occurs
when showers fall too close to the MTD. At extreme cases none
of the muon tracks are reconstructed. The minimum distance to
the shower core where there is still full reconstruction efficiency
increases with shower energy. A more detailed description of the
detector response can be found in Refs. [10,13].

3. Selection of the data

3.1. Selection of experimental showers

This work is based on more than 45 million showers registered
with the KASCADE-Grande experiment from November 2003 to
June 2009.

Showers selected for the MTD analysis fulfill general conditions
used in the KASCADE-Grande analyzes (described in Ref. [8]) and
the shower zenith angle is less than 18" to avoid registration prob-
lems due to the growing hit cluster sizes and the effects of the
attenuation of muons originating from more inclined showers.
The analysis is done for showers with reconstructed primary
energy above 1016 eV where KASCADE-Grande provides full detec-
tion and reconstruction efficiency for h < 18!.

The energy of each shower is calculated with the formula:

lg$Erec
0 %GeV &' ( %aH ) $aFe * aH' + k& + lg$Nch' ) bH ) $bFe * bH' + k $1'

k (
lg$Nch=Nl' * lg $Nch=Nl'H
lg $Nch=Nl'Fe * lg $Nch=Nl'H

$2'

This formula (see Ref. [14] for details) is based on the number of
charged particles, obtained with the KASCADE (Ethr = 5 MeV) and
Grande (Ethr = 3 MeV) arrays, and the number of muons
(Ethr = 230 MeV) obtained with the KASCADE Array muon detectors
[8]. The energy assignment is defined as E = f $Nch; k', where Nch is
the size of the charged particle component (total number of charged
particles at observation level) and the parameter k is defined
through the ratio of the size of the charged component (Nch) and
muon size (Nl), being the total number of muons at the observation
level. The parameters a and b are obtained by Monte Carlo simula-
tions (QGSJet-II-2 + FLUKA) and are optimized for the energy and
zenith angular range of interest for the present analysis.

The MTD registration is fully efficient in a certain distance range
to the shower core. Close to the core the track reconstruction effi-
ciency is affected by the high density of muons that create overlap-
ping hit clusters, and the saturation of the detection system. At
larger distances, where the muon density becomes smaller, the
registered number of showers with at least one muon is further
reduced by trigger and registration inefficiency effects6 (see Ref.
[13]). This leads to the core distribution of showers available for
the investigation in the MTD shown in Fig. 3. The structures in the
statistical abundance observed in this 10 m " 10 m binning have
no influence on the following analysis. This has been checked by
ignoring showers where large deviations occurred. Most of the
showers are located within the standard KASCADE-Grande fiducial
area around the centre of the Grande Array (dashed-line rectangle).
To enlarge statistics of the number of showers with muons used in
the MTD analysis it was necessary to increase this area (solid-line
rectangle). This extension, however, has no influence on the quality
of reconstructed showers used in the MTD analysis.

In the sample of showers passing all selection criteria and hav-
ing a KASCADE trigger in each distance bin there is a number of
showers not having muons in the MTD (Ns0). There are two possi-
bilities of such a situation. One is that the density of muons in the
shower is too low to give a muon track in the 128 m2 detector. If so,
then such cases should enter into the density calculations with
their empty areas. The other explanation is the inefficiency of track
reconstruction and/or inefficiency of the MTD trigger. Such cases
can be treated like ‘‘faulty/switched-off detector’’ and not being
considered in the muon density calculations. We have checked

Fig. 2. The MTDmodule design. The PVC boards for fixing signal outputs fromwires
and strips are shown.

5 Number of wires and strips having signal in each hit used in a track reconstruc-
tion is called a hit cluster size.

6 The MTD is triggered by the KASCADE Array. The showers detected far away from
the KASCADE centre not always generate a KASCADE trigger. Moreover, in such
showers, the delay of the KASCADE trigger signal reaching the MTD may be too large
for fully efficient registration of all muons reaching the MTD.
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both possibilities by investigating the dependence of the fraction of
such showers F = Ns0/Nst on the muon-to-shower-axis distance
(Rl), where Nst is the total number of selected showers in a dis-
tance bin. An example of such dependence of this fraction for the
lg Erec

0 interval equal to 7.6–7.9 is shown in Fig. 4. At small dis-
tances, where the muon density is the largest, the rise of the F
value indicates the detector saturation and track reconstruction
problems while at large distances trigger inefficiencies seem to
be more pronounced. In the plateau region (shown in grey in
Fig. 4) F is constant within one standard deviation, being on the
same level of 0.15 ± 0.05 in all primary energy intervals, although
the muon density varies considerably there. Moreover, the exami-
nation of all showers without muons did not show any difference
between their characteristics and the characteristics of the show-
ers with muons in the MTD. In addition, the Poisson probability
of having zero muons in the 128 m2 large detector for showers
with the mean muon track number of 50 at 200 m distance down
to 5 at 560 m distance is negligibly small. Therefore, in the plateau
region of the F dependence we treat such cases in a similar way like
those when the MTD was not operating and for the following ana-
lyzes only showers Ns, with muon tracks, are taken into account.

3.2. Selection of muons

The standard set of parameters used in the description of muon
directions obtained with the MTD contains: (a) coordinates of the

point where the muon track crosses the plane of the KASCADE scin-
tillator array, (b) azimuth and zenith angles of the track, (c) hit
cluster size, (d) the track pattern describing which modules were
involved in the track reconstruction.

Due to the reconstruction inefficiency effects it was necessary
to restrict the muon-to-shower-axis distance (Rl), calculated from
the shower core position obtained with the Grande Array and the
track position in the shower coordinate system, to be larger than
100 meters.

3.3. Analysis of the simulated data

In the standard KASCADE-Grande simulation set, EAS were sim-
ulated with CORSIKA [15] using QGSJet-II-2 [16] as a high-energy
and FLUKA2002.4 [17] as a low-energy interaction models. Show-
ers were simulated for H, He, C, Si and Fe primaries with an energy
spectrum E*2 in the energy range from 1014 eV to 1018 eV and in
the zenith angle range 0–42".

In the standard simulation set, due to the location of the MTD
within the experiment and the relatively small detection area, as
well as the higher muon energy threshold, the number of simu-
lated events with muon tracks was too small for statistically signif-
icant comparisons with the experimental data. To overcome this
problem and to lessen the bias in parameter values created by mul-
tiple use of CORSIKA simulated showers a special set of proton and
iron initiated showers was generated with a QGSJetII + FLUKA
model combination. Showers were simulated only up to 20" in
zenith angle and each shower was in the detector simulations used
5 times only over the fiducial area used in the MTD analysis.

In the following analysis, the selection of simulated showers
and muons is identical to the one for the experimental data, and
the shower energy assignment is done with the reconstructed
parameters. In addition, all simulated showers fulfill the software
trigger condition that at least 10 stations in one of the outer clus-
ters of the KASCADE Array have a signal from e/c detectors above
the threshold. This condition is an equivalent of the experimental
condition that the MTD is being triggered by the KASCADE Array.

4. Lateral muon density distributions

4.1. Description of the analysis

The geometry of a typical shower event is shown in Fig. 5. The
near vertical shower hits the ground in the Grande Array. The core

Fig. 3. Shower core distribution over the fiducial area used in the MTD analysis
(solid-line rectangle). The standard fiducial area (dashed-line rectangle) used in
KASCADE-Grande EAS analyzes is shown for comparison. The co-ordinates shown
are ground co-ordinates and the point (0, 0) is the centre of the KASCADE Array.
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Fig. 4. Example of the fraction F of showers triggered by KASCADE Array but
without reconstructed muon tracks as a function of muon-to-shower-axis Rl for the
primary energy range lg$Erec

0 %GeV&' ( 7:6* 7:9. The region with constant F (plateau)
within one standard deviation is indicated with the grey area.
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Fig. 5. Distance between the muon track and the shower axis Rl is divided into 30-
meter bins. In each bin the number of muon tracks and the area of the MTD are
calculated for each event.
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position, direction and other parameters are reconstructed with
the information from the arrays of charged particles and muon
detectors.

To obtain the lateral distributions of muons registered in the
MTD the following procedure was applied:

1. For each shower, the distance Rl was divided into 30-meter-
wide radial bins around the reconstructed shower core position
in shower coordinates.

2. In each distance bin, the number of muons was calculated using
the position of the hit in the middle detector module in 3-hit
tracks or extrapolation of the position of the hit to the level of
the middle detector module in 2-hit tracks for each recon-
structed track.

3. The calculation of the area of the detector in each distance bin is
done in the following way. In a standard set of data taking two
neighboring wires are combined. With the perpendicular strip
they create a 20 " 20 mm2 cell that is a basic detection area
in the module. With the positions of wires and strips, the loca-
tion of each cell is calculated and its size added to the detector
area contained in the particular Rl bin. The area was corrected
for the zenith angle of a shower multiplying it by the cosine of
this angle.

The number of reconstructed muon tracks may be distorted by
the data acquisition and/or trigger inefficiencies [13]. As a result,
one canobtainno tracks in adistancebin even if the sizeof thedetec-
tor area, and the registered muon density in the neighboring bin
make such a zero-track registration highly improbable. However,
when the two parts differ significantly in size the lack of muon
observation in the smaller part of the detector (having typically less
than 10– 20% of the full area) may be also due to shower-to-shower
fluctuations in the muon number. Including the areas without
muons into the density calculations gives the true values only with
the perfect detector. But, the above mentioned inefficiencies could
create a strong bias of the calculated muon densities towards lower
values if no special action is taken tominimize their influence. This is
a benefit of having a large detector like the MTD, where at primary
energy above 1016 eVwe nearly always expect amuon in a sensitive
detector area of 50–128 m2 (typical values).

For most of the showers the MTD was divided in two distance
bins (78% of the showers) or was fully contained in one distance
bin only (12% of the showers). If the two parts were of similar size
the muons were usually detected in both of them. In the remaining
10% of the showers when the MTD was divided into three parts
(three distance bins), in all cases themiddle part always hadmuons,
and one of the others, small ones, could have no muons in it.

In the analyzes the bias was minimized by the selection of
muon-to-shower-axis distance ranges where the fraction of cumu-
lated detector area without muons is small due to the low proba-
bility of ‘‘no registration’’ both by physical and instrumental
reasons. The fraction of the area without muons due to the detector
inefficiencies, contributing to the systematic uncertainty of the
result, was estimated in the following (Section 4.2).

The density in each distance bin was calculated as a sum of all
muons from all showers, corrected for reconstruction efficiency,
being divided by the detector area in that distance bin, corrected
for zenith angle (AMTD).

qi (

PNs
k(1 Nk;i

tr2 ) Nk;i
tr3

! "
+K

PNs
k(1A

k;i
MTD

$3'

where i is the distance bin number, Ns is the number of showers,
Ak;i
MTD is the detector area in ith distance bin for the kth shower, Ntr2

and Ntr3 are the number of 2-hit and 3-hit muon tracks, respectively,
and K is a track reconstruction efficiency correction factor [13].

4.2. Determination of the MTD full-efficiency distance ranges

The lateral muon density distributions in EAS obtained with
muon tracks were investigated in the primary CR energy range
from 1016 eV to 1:6" 1017 eV (in four energy sub-ranges, energy
calculated with formula (1)) in the muon-to-shower-axis distance
from 100 m to 700 m.

Historically, the parametrization of the measured lateral distri-
butions was usually done with Greisen [18], NKG [19] or Lagutin
[20] type lateral distribution functions (LDF). These functions
describe the lateral density distributions differently in the distance
range close to and far away from the shower core. The first two
describe equally well the measured distributions of muon densities
at different energy thresholds up to 200 m [4], the Lagutin function
was applied to describe the lateral distributions in distance range
100–600 m [8].

The functional relation will only describe well the measurement
in the muon-to-shower-axis distance where the above mentioned
inefficiencies have no or negligible effect. The actual value of the
efficiency, being a measure of the detector capability to register
all muons which fall onto it, cannot be directly measured. How-
ever, one can indirectly find the muon-to-shower-axis distance
ranges where the muon registration efficiency with the MTD has
its maximum and constant value by examining various experimen-
tal quantities. These ranges we name full-efficiency distance
ranges (FR) and, prior to the application of any fitting procedure,
they were determined for each of the four primary energy inter-
vals, in lg$Erec

0 %GeV&' equal to: 7.0–7.3, 7.3–7.6, 7.6–7.9 and 7.9–8.2.
They are determined as the distance ranges where all of the fol-

lowing conditions should be fulfilled:

1. The number of showers Ns passing the shower and muon selec-
tion criteria in all 30-meter distance bins is not smaller than the
mean value by more than two standard deviations7 – for suffi-
ciently large muon statistics.

2. The value of the detector area with muons AMTD does not differ
from the mean hAMTDi by more than one standard deviation –
giving nearly constant detection area in each distance bin.

3. The mean number of muon tracks hNtri ( hNtr3 ) Ntr2i registered
in the far end of the full efficiency distance range is larger than
three.

4. The fraction F of showers without muons in the MTD in the
whole number of KASCADE-triggered showers should be in its
plateau region.

The third condition is introduced in order to minimize the prob-
ability of distance bins with detector areas without muon tracks A0,
called empty detector areas, due to the muon number fluctuations.

The forth condition allows not to consider showers without
muons in the analysis and ensures that the remaining registration
inefficiencies are at minimum level.

In Fig. 6, as an example, for the primary energy range
lg$Erec

0 %GeV&' ( 7:3* 7:6 the lateral distributions of the following
quantities used for the FR determination are shown: the mean
detector area with muons hAMTDi (a), the mean number of muon
tracks hNtri (b), the number of showers Ns (c), and the ratio of
the empty detector area A0, to the sum AMTD ) A0 (d).

As seen in Fig. 6(d) the accumulated empty detector area
increases with the distance, reaching at the far-end distance bin
of the FR approx. 7%. This increase corresponds to the decrease of
the hNtri (Fig. 6(b)) which is a strong indication that these empty
areas have physical meaning and have to be included in muon den-
sity calculation. However, we estimated what is the remaining

7 In the two highest energy intervals – one standard deviation only.
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level of the detector inefficiencies contributing to the values in
Fig. 6(d), constituting the systematical bias of the result towards
lower values and determining the value of ‘‘full efficiency’’. It has
been done comparing distributions like in Figs. 6(d) and (b) for
all four primary energy intervals. In all of them the plots of empty
detector areas in the first two–three distance bins of the corre-
sponding FR are showing equal and constant values on the level
of 1%. By taking this into account, as well as the large values of
hNtri there (Fig. 6(b)), we attributed this 1% of area to the remaining
detector inefficiency effects, which are at that level in the whole
FR. Therefore, our full efficiency is estimated to be on the level of
99% and the 1% bias due to the inefficiencies contributes to the sys-
tematical error of our results.

In Table 1 the results of the determination of the MTD full-effi-
ciency distance ranges are summarized.

4.3. Results and discussion

The lateral muon density distributions in EAS obtained with
muon tracks are presented in Fig. 7 and in Table 2.

Errors are small and could not be seen in the graphical presen-
tation in Fig. 8. They are listed in the table only. In addition to the
small statistical errors there are several sources of systematic ones.
Apart from the above mentioned 1% bias due to the remaining inef-
ficiencies there are three other sources: accuracy in energy estima-
tion by formula (1), resolution in shower direction and accuracy in
core position determination. In the four primary energy sub-ranges
above 1016 eV used in this work the mean error in energy given by
(1) is: 24.5%, 22.2%, 20.0% and 17.9%, decreasing with energy [21].
The two other uncertainties are 0.8! and 6 m, respectively [8]. The
total systematic error of the measured muon density was deter-
mined by varying by hand the primary energy, shower directions,
and core positions by the obtained values and calculating the

contributions to the uncertainty. The total systematic uncertainty
is dominated by the uncertainty of the primary energy estimation,
being, in the relevant FR range, on the level of ±(15–30)%. The core
position uncertainty introduces about *3% and + 14%, and the
angular resolution has an influence of ±(1–2)%, only.

In all energy intervals the lateral distributions obtained with
the MTD are fitted with a function proposed by Greisen for the
muonic component (Ethr

l = 1 GeV)8:

q$r' ( C r
rG

# $*0:75

1) r
rG

# $*2:5

$4'

where C ( const: + Nl; rG is the Greisen radius. In this analysis the
fitted parameters are rG and the scaling factor C of the distributions.

The values of the C and rG fit parameters are presented in
Table 3. The distributions were fitted in the MTD full efficiency
ranges, as determined above. In Fig. 7 the experimental MTD-
points used in the fits are marked with full symbols.

It is worth to note that the LDFs become steeper with the energy
of the EAS (the value of rG is decreasing). This is due to the fact that
with increasing energy the shower penetrates deeper into the
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Fig. 6. Lateral distributions of the following quantities for the primary energy range lg$Erec
0 %GeV&' ( 7:3* 7:6: (a) hAMTDi, (b) hNtri ( hNtr3 ) Ntr2i, (c) the number of showers

Ns and (d) the ratio of the empty detector area A0 to the sum AMTD ) A0. Full-efficiency distance range (FR), determined with quantities from (a), (b) and (c), as well as the
information on F for this energy range (not shown), is marked with grey area.

Table 1
MTD full-efficiency distance ranges (FR) in four primary energy intervals.

lg$Erec0 %GeV&' FR [m] hNsi hAMTDi[m2]

7:0* 7:3 100* 370 782 ± 256 72 ± 3
7:3* 7:6 130* 460 226 ± 57 71 ± 5
7:6* 7:9 220* 550 68 ± 12 72 ± 6
7:9* 8:2 370* 580 22 ± 3 69 ± 8

8 It is also well suited for our analysis because only less than 5% of muons above
800 MeV have energy below 1 GeV. Moreover, our effective threshold is slightly
higher because muons are mostly not vertical (hhi , 13:3! - 0:2!)
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atmosphere. The same behavior was observed for muon and elec-
tron LDFs in the KASCADE Array [4].

It has been observed, especially seen in the 3rd and 4th energy
range, that the LDFs for the KASCADE Array (Ethr

l =230 MeV) are flat-
ter than the LDFs for the MTD muons (Ethr

l =800 MeV) confirming
the known dependence of the rG value in Greisen’s formula on
the muon energy threshold. This is related to the decrease of the
muon parent production angle (hp ’ pt=E) with muon energy and
to the weaker multiple Coulomb scattering (hs / 1=El).

The shape of the lateral muon density distributions in those dis-
tances selected for the Greisen fits allows fitting them equally well
also with a Lagutin-type function.

For instance, in the first energy bin, the MTD distribution has
been fitted with the Greisen function in the distance range from
100 m to 370 m. At larger distances the MTD distribution is rising,
as well as the uncertainty of the density values due to decreasing
number of showers and muons there. In the last energy bin, the
MTD distribution was fitted with the Greisen function in the dis-
tance range from 370 m to 580 m. In distances outside this range
the MTD distribution gives lower (<370 m) or higher (>580 m) val-
ues than predicted by the Greisen function, and the uncertainties
of the densities are increasing.

Outside the MTD full-efficiency distance ranges the deviations
of the experimental points from the Greisen type functional depen-
dence are seen due to the various inefficiencies discussed above.
They are responsible for the shape of the MTDmuon lateral density
distributions at large distances changing the population of showers
with muon tracks reconstructed with the MTD in that distance
range.

4.4. Comparison with lateral density distributions from simulations
and KASCADE Array

For the purpose of testing the interaction models used in the
EAS simulations the comparisons of the experimental muon den-
sity distributions at two energy thresholds, obtained with the
MTD and with the KASCADE Array, with simulated ones have been
done. Simulations were performed for H and Fe primary initiated
showers using CORSIKA with QGSJet-II-2 + FLUKA2002.4 hadronic
interaction models. The results are shown in Fig. 8.

In all energy bins the presented simulations reproduce the
experimental distributions within error bars in the sense that the
experimental data is bracketed by the simulations with proton
and iron primaries, i.e. no unexpected physical processes are
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Fig. 7. Lateral density distributions of muons from the MTD in four primary energy ranges. The distributions can be described by the Greisen function in the distance ranges
(FR) marked with full symbols. Errors - see Table 2.

Table 2
Densities of muons with their statistical and systematic errors obtained with the MTD in four primary particle energy ranges and distance range 100 m–610 m. Values in bold are
used to fit the LDF (Greisen functions).

Middle of the distance range [m] q [m*2] -rstat - Dsyst lg$Erec0 %GeV&' :

7.0–7.3 7.3–7.6 7.6–7.9 7.9–8.2

115 0:228 - 0:002)0:063
*0:054 0:369- 0:004)0:053

*0:041 0:58- 0:02)0:04
*0:16 0:24- 0:08)0:40

*0:25
145 0:167- 0:001)0:050

*0:042 0:314- 0:003)0:071
*0:076 0:469- 0:009)0:065

*0:042 0:63- 0:04)0:01
*0:63

175 0:131- 0:001)0:038
*0:030 0:249- 0:002)0:054

*0:053 0:424- 0:006)0:065
*0:068 0:56- 0:03)0:11

*0:16
205 0:105- 0:001)0:031

*0:023 0:197- 0:002)0:053
*0:040 0:364- 0:005)0:078

*0:062 0:49- 0:02)0:03
*0:03

235 0:087- 0:001)0:026
*0:019 0:164- 0:002)0:047

*0:035 0:309- 0:005)0:040
*0:067 0:47- 0:02)0:01

*0:07
265 0:071- 0:001)0:021

*0:017 0:137- 0:001)0:037
*0:027 0:262- 0:004)0:041

*0:056 0:43- 0:01)0:01
*0:06

295 0:056- 0:000)0:017
*0:012 0:113- 0:001)0:026

*0:025 0:204- 0:004)0:033
*0:040 0:37- 0:01)0:09

*0:08
325 0:045- 0:000)0:013

*0:009 0:093- 0:001)0:024
*0:023 0:177- 0:003)0:045

*0:035 0:359- 0:009)0:059
*0:056

355 0:038- 0:000)0:010
*0:008 0:074- 0:001)0:022

*0:018 0:142- 0:003)0:028
*0:032 0:297- 0:008)0:052

*0:078
385 0:033- 0:000)0:008

*0:006 0:062- 0:001)0:015
*0:014 0:107- 0:002)0:028

*0:019 0:215- 0:006)0:039
*0:032

415 0:029- 0:000)0:007
*0:007 0:054- 0:001)0:013

*0:014 0:104- 0:002)0:020
*0:021 0:188- 0:006)0:058

*0:041
445 0:024- 0:001)0:006

*0:006 0:043- 0:001)0:010
*0:009 0:088- 0:002)0:013

*0:024 0:140- 0:005)0:042
*0:041

475 0:021- 0:001)0:007
*0:006 0:038- 0:001)0:010

*0:008 0:070- 0:002)0:012
*0:015 0:126- 0:005)0:020

*0:030
505 0:018- 0:001)0:007

*0:006 0:036- 0:001)0:007
*0:008 0:066- 0:002)0:017

*0:018 0:118- 0:004)0:028
*0:024

535 0:016- 0:001)0:006
*0:007 0:030- 0:001)0:007

*0:005 0:054- 0:002)0:008
*0:012 0:119- 0:005)0:039

*0:033
565 0:014- 0:002)0:003

*0:002 0:027- 0:001)0:006
*0:010 0:044- 0:002)0:008

*0:008 0:088- 0:004)0:031
*0:016

595 0:013- 0:003)0:005
*0:006 0:021- 0:002)0:004

*0:007 0:040- 0:002)0:014
*0:008 0:081- 0:004)0:016

*0:019
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visible. However, in case of the MTD distributions, in the distance
range up to 200 m (clearly visible in the 3rd and 4th energy bin) the
densities for simulations are higher than the densities for the mea-
surement. This is most probably due to the idealized description of
the MTD in the detector simulation code that ‘‘fails’’ in reproducing
the detector behavior in extreme cases of high muon density
events, when the saturation of the data acquisition and overlap-
ping hit clusters occur.

Further tests of hadronic interaction models can be done by cal-
culating the ratios of the muon densities obtained for different
threshold energies. By investigating such a ratio a sensitivity to
the muon energy spectrum in high-energy air showers could be
achieved. However, due to the small differences in the muon den-
sities between proton and iron initiated showers, as well as the

experimental uncertainties it is difficult to extract a parameter
which is both, sensitive to composition and the validity of the
hadronic interaction model.

In earlier analyzes of the Rq1=q2
=f$lg E' dependence described in

Refs. [22–24], the muon density ratios for different energy thresh-
olds measured in KASCADE were investigated (e.g. R2:4=0:49=
q2:4=q0:49;R0:49=0:23 ( q0:49=q0:23). Those investigations were done
in the energy range lg$Erec

0 %GeV&' ( 6:0* 7:0 and in the distance
from 30 m to 70 m. Comparison of several hadronic interaction
model combinations (e.g. QGSJet1998 + GHEISHA) with the data
revealed significant differences between the distributions of the
density ratios. The conclusion was that the simulations could not
describe well the measurements, but a more detailed quantifica-
tion was hampered by experimental and methodical uncertainties.

In this analysis we investigate R0:23=0:8, the ratio of q0:23 and q0:8
which are the densities of muons with energy above 0.23 GeV from
the KASCADE and 0.8 GeV from the MTD, and its dependence on
shower energy R0:23=0:8=f$lg$Erec

0 ''.
In Fig. 9 the dependence of the mean muon density ratio calcu-

lated with the mean densities in Rl distance from 280 m to 460 m
(see Fig. 7) in four energy intervals is shown.

The decrease of the mean density ratio for data is of the order of
10% per decade of the shower energy, however with large statisti-
cal errors. A similar decrease can be observed in the simulations
where the ratios for iron showers follow the ratios from the

Fig. 8. Lateral muon density distributions obtained with the MTD (Ethr
l = 800 MeV) (.; !) and KASCADE Array measurements (Ethr

l =230 MeV) (H) together with CORSIKA
simulations (M;!) in the primary energy ranges: (a) lg$Erec

0 %GeV&' ( 7:0* 7:3, (b) lg$Erec
0 %GeV &' ( 7:3* 7:6, (c) lg$Erec

0 %GeV&' ( 7:6* 7:9, (d) lg$Erec
0 %GeV&' ( 7:9* 8:2. The

lateral distributions obtained with the KASCADE Array are multiplied by factor 10. Statistical error bars are visible for simulations, only.

Table 3
Fit parameters C and rG of the lateral density distributions of muons obtained with the
MTD.

lg$Erec0 %GeV&' C[m*2] rG[m] v2=NDF

7:0* 7:3 0.151 ± 0.006 441 ± 10 19/7
7:3* 7:6 0.30 ± 0.02 434 ± 14 14/9
7:6* 7:9 1.0 ± 0.1 325 ± 15 5/9
7:9* 8:2 3.4 ± 0.6 247 ± 19 4/5
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measurement. Due to the above discussed limitations of this
analysis we cannot judge on the significance of this observation,
however, this behavior shows the trend similar to other investiga-
tions of the mass composition at KASCADE-Grande, which indicate
that at these energies the composition is significantly heavier than
proton [25,26].

The presented R0:23=0:8 analysis indicates only that, as in the case
of lateral muon distributions, the description of the experimental
data by the simulations with QGSJet-II-2 + FLUKA2002.4 model
combination does not require inclusion of any exotic processes. A
more detailed quantification, similarly as in the previous density
ratio investigations in KASCADE, is impossible due to the
experimental uncertainties.

5. Summary and conclusions

Employing the large and precise muon tracking device in
KASCADE-Grande the use of the tracking technique for the muon
lateral distribution measurements has been revived. For the first
time the lateral density distributions of EAS muons
(Ethr

l =800 MeV) have been obtained by counting muon tracks for
radial distance 100–610 m, in four primary energy ranges above
1016 eV and with high statistical accuracy.

The obtained results validate the excellent performance of the
MTD, which has already delivered valuable results on the muon
production heights, cosmic ray composition and model tests
[27–29].

The MTD distributions can be described with the Greisen func-
tion, however in a limited distance range, different for each energy
interval. This is due to the limited efficiency of track reconstruction
in the MTD, caused by the saturation of the detector, as well as by
trigger inefficiency.

The LDFs from the MTD become steeper with the energy of the
showers. The same behavior was observed for the muon and elec-
tron LDFs obtained with the KASCADE Array, as shown in Ref [4].
The dependence of the shape of lateral muon distribution (rG value
in Greisen’s formula) on muon threshold energy was observed.

The lateral distributions obtained with the MTD are compared
with the density distributions based on energy deposits obtained
with the KASCADE Array of scintillator detectors (Ethr

l =230 MeV)
for the same sample of EAS. The measured distributions are
compared with distributions in simulated showers, QGSJet-II-
2 + FLUKA2002.4 model combination, Hydrogen and Iron initiated
EAS. The comparisons of the lateral muon density distributions,

as well as of the density ratio R0:23=0:8 show that the MTD and
KASCADE results are bracketed by the simulated distributions i.e.
no unexpected physical processes are visible. This indicates that
the hadronic interaction models have been significantly improved
because the simulations performed with earlier models, like
QGSJet1998 + GHEISHA, could not describe the KASCADE air
shower data.
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