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Abstract: The KASCADE-Grande detector is an air-shower array devotedto the study of primary cosmic rays
with very high-energies (E = 1016

−1018eV). The instrument is composed of different particle detector systems
suitable for the detailed study of the properties of Extensive Air Showers (EAS) developed by cosmic rays in the
atmosphere. Among the EAS observables studied with the detector, the charged number of particles, the muon
content (at different energy thresholds), and the number ofelectrons are found. By comparing the measurements
of these air-shower parameters with the expectations from MC simulations, different hadronic interaction models
can be tested at the high-energy regime with the KASCADE-Grande experiment. In this work, the results
of a study on the evolution of the muon content of EAS with zenith angle, performed with the KASCADE-
Grande instrument, is presented. Measurements are compared with predictions from MC simulations based on
the QGSJET II, QGSJET II-04, SIBYLL 2.1 and EPOS 1.99 hadronic interaction models. A mismatch between
experiment and simulations is observed. A similar problem is found for the evolution of the lateral distribution
function of muons in the atmosphere.
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1 Introduction
At very high-energies, cosmic rays are studied by observ-
ing the extensive air showers (EAS) that they produced
in the atmosphere upon arrival to the Earth. For this goal,
EAS observatories are equipped with several kinds of in-
struments that are used to study the various components of
air showers at different stages. The keys to the knowledge
of the properties of primary cosmic rays are to be found
in the measured EAS observables. However, the interpre-
tation of this information relies on the understanding of
the physics behind the EAS. The production and develop-
ment of air showers is governed by particle physics, where
an important source of uncertainty is the role of hadronic
interactions at the very high-energy regime. These have a

deep impact on the energy assigment and mass identifica-
tion of cosmic rays from the measured EAS data (see, for
example, [1]).

The lack of accelerator data at very high-energies and
the difficulty of solving the QCD equations in a non-
perturbative region are the main obstacles to make accu-
rate predictions at the high-energy regime when hadronic
interactions are involved. Nowadays, these difficulties are
handled by using phenomenological models calibrated at
low energies with data from man-made accelerators [2].

At the highest energies, cosmic ray observatories can be
used to validate hadronic interaction models by comparing
EAS predictions against first-hand data from air-shower
detectors, for example, about muons. Muons are produced
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Fig. 1: Muon systematics for the corrected EAS muon
number assuming a mixed composition withγ = −3. Re-
sults are presented for different hadronic interaction mod-
els.

in the decay of baryons and mesons generated in hadron-
ic collisions during the early stages of the EAS. They are
very penetrating particles and, as a consequence, they suf-
fer less attenuation in the atmosphere than the electromag-
netic and hadronic components of the shower. Therefore,
muons can keep direct information from the properties of
the hadronic interactions at very high-energies. In this pa-
per, a preliminary study is performed to test the prediction-
s of the QQGSJET II [3], QGSJET II-04 [4], SIBYLL 2.1
[5] and EPOS 1.99 [6] hadronic interaction models about
the muon content of EAS at very high-energies. The re-
search is based on the air-shower data collected with the
KASCADE-Grande experiment [7] in the energy interval
from 1016 to 1018eV.

2 The KASCADE-Grande observatory
KASCADE-Grande is an air-shower multi-detector obser-
vatory dedicated to study cosmic rays with energiesE =
1016

− 1018eV [7]. The main part of the experiment is a
0.5km2 array of 37× 10m2 plastic scintillator detectors,
called Grande, which is employed to measure the arrival
times and the density of charged particles at the shower
front. This information is later used to reconstruct the im-
pact point of the EAS core at ground and both the arrival
direction and the charged number of particles (Nch) of the
air shower. Another important component of the observa-
tory is the KASCADE muon array, composed by 192×

3.2m2 shielded scintillator detectors. The array has an en-
ergy threshold for vertical muons of 230MeV and mea-
sures the muon densities of the EAS at ground level. The
total number of muons,Nµ , is obtained from these mea-
surements.

3 The data
All air shower simulations were performed with CORSI-
KA [8] using Fluka [9] to treat hadronic interactions in
the low energy regime (E < 200GeV). At high energies,
the hadronic interaction models QGSJET II, QGSJET II
04, SIBYLL 2.1 and EPOS v1.99, were employed. The re-
sponse of the detector was simulated with a GEANT 3.21
based code. Sets with energy spectra of the formEγ were
produced for a spectral indexγ =−2 and afterwards were
weighted to have spectra withγ =−2.8,−3,−3.2. Sets for
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Fig. 2: Integral muon fluxes for five zenith angle interval-
s derived from the measurements with the KASCADE-
Grande observatory. The muon correction function was al-
ready applied to the data. The CIC cuts employed in this
work are shown as horizontal lines.

H, He, C, Si and Fe cosmic-ray nuclei were simulated and
were combined to reproduce a mixed composition scenari-
o (all single primaries in equal abundances).

Selection cuts were applied to both experimental and
simulated data. They were chosen according to MC studies
to avoid as much as possible the influence of systematic un-
certainties on the reconstruction of EAS parameters. The
selected data were composed of events with more than 11
triggered stations in Grande, shower cores inside a central
area of 8×104m2, core distance to the KASCADE center
between 270 and 440m, and arrival directions confined to
the zenith angle interval of∆θ = 0◦ − 40◦. These events
were registered during stable periods of data acquisition
and passed successfully the standard reconstruction proce-
dure of KASCADE-Grande [7]. Additionally, only show-
ers with logNµ > 4.6 were considered for this work. Both
the experimental and simulated data were analyzed and re-
constructed with the same algorithms. With the above qual-
ity cuts, the effective time of observation with KASCADE-
Grande was equivalent to 1434 days. The threshold for ful-
l efficiency depends slightly on the hadronic model, com-
position and arrival direction, but in general is completely
achieved above logNµ = 5.2.

4 Description of the analysis and results
Before starting the analysis, all experimental and simulat-
ed muon data was corrected for systematic uncertainties
in order to improve their accuracy. That was done using
a unique muon correction function derived from MC sim-
ulations based on QGSJET II, assuming mixed composi-
tion and a spectral indexγ = −3. The employment of a
single correction function is justified since it was found
that this function is nearly independent from the composi-
tion of cosmic rays and from the hadronic interaction mod-
el. The function was parametrized with respect to core po-
sition, azimuthal and zenithal angles, and muon size. Af-
ter correction, mean muon systematics become less than
6% for a mixed composition assumption (6% and 7% for
H and Fe, respectively) and have a mild dependence with
the core position and the muon size in the full efficiency
regime (see, for example, Fig. 1). This is not a surprise, s-
ince selection cuts were carefully selected for this purpose.

For a first test on the hadronic interaction models with
the KASCADE-Grande muon data, predictions on the evo-
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Fig. 3: Muon attenuation lengths extracted from Monte
Carlo (points inside shadowed area) and experimental data
(upper point). They are shown with the corresponding sys-
tematic errors.

lution of the muon content with the arrival zenith angle of
the EAS were confronted with observations. The task was
done comparing the expected and observed values of the
muon attenuation length,Λµ . This quantity was extracted
by applying the Constant Intensity Cut (CIC) method to
the integral muon spectra (see, e.g., Fig. 2) as described
in reference [10]. Five CIC cuts were applied, here within
the interval log10[Jµ/m2

·s·sr] = [−9.8,−8.6], where max-
imum efficency and statistics are achieved. From these cut-
s, muon attenuation curves, log10Nµ(θ ), are obtained and
Λµ is extracted from a global fit to such a curves with the
formula

Nµ = N0
µ exp[−X0sec(θ )/Λµ ], (1)

whereX0 = 1022g/cm2 is the average atmospheric depth
for vertical showers andN0

µ is a normalization parameter
to be determined for each attenuation curve. The results for
Λµ are presented in Table 1 and Fig. 3 along with the cor-
responding systematics. The quoted values forΛµ , in case
of MC data, correspond to those data sets with a mixed
composition assumption andγ = −3. However, systemat-
ic uncertainties take into account the spreading of the M-
C value ofΛµ when the spectral index is modified (con-
sideringγ = −2.8 and−3.2) and the cosmic ray composi-
tion is changed. For the latter, the light and heavy compo-
sition hypotheses were considered. In case of the QGSJET
II model, only protons were used for the light composition
assumption, and iron nuclei for the heavy one. However,
for the other hadronic interaction models, H and He nucle-
i, and Fe and Si, were employed with the abovementioned
situations, respectively. Systematic errors for MC include
also the variation found when the right correction function
for the considered model is employed instead of that de-
rived from QGSJET II. This excercise cannot be done with
experimental data, since the real correction functions are
unknown. Therefore, only the effect of considering differ-
ent correction functions derived from the hadronic interac-
tion models here employed was computed.

As observed from Table 1 and Fig. 3, the experimental
value ofΛµ is well outside the area spanned by the MC val-
ues, even considering the corresponding systematic errors.
The smallest∆Λµ difference between the experimental and
MC values is found when the observed value is compared
with SIBYLL 2.1 (∼ 2.6σexp) and the biggest one, when
using EPOS 1.99 (∼ 3.6σexp).

r[m]
150 200 250 300 350 400

]
-2

(r)
[m

µρ

-110

1
 = 6.55 - 6.80CIC

ch N
10

KG data: log

° = [ 0.00, 16.71]θ ∆

° = [16.71, 23.99]θ ∆

° = [23.99, 29.86]θ ∆

° = [29.86, 35.09]θ ∆

° = [35.09, 40.00]θ ∆

Fig. 4: Measured lateral muon density distributions of EAS
for data in theNCIC

ch interval from 7.04 to 7.28. In the
framework of QGSJET II, these distributions correspond
to events with energy log10(E/eV) = 16.9−17.1, assum-
ing a mixed composition scenario. The vertical line is used
to get the muon densities for differentθ intervals at a fixed
radius.

The differences between the measured and predictedΛµ
are not the result of the application of the muon correc-
tion function on the data, since the discrepancies are stil-
l present even before using such a correction. Even more,
they can be tracked down to the differences in the evolution
of the muon densities with the arrival zenith angle,theta,
as it will be shown below.

The second test applied to the hadronic interaction mod-
els consisted of confronting their predictions for the evolu-
tion of the muon density distributions,ρµ(r), at the show-
er plane, with the angleθ . The study was focused on the
energy range from 1016.2 to 1017eV, which roughly cov-
ers theNµ interval from whichΛµ was estimated. Since
data from different zenith angles is going to be compared,
the CIC method was applied again to proceed in a mod-
el independent way. However, in this case, it was used on
the independent observable,Nch, following [10]. Then,Λch
was estimated and employed to correctNch for attenua-
tion effects in the atmosphere and to calculate the corre-
sponding charged number of particles,NCIC

ch , that a given
EAS would produced in case of being observed at a refer-
ence angle,θre f = 22◦. This angle corresponds to the mean
of the zenith angle distribution of the experimental data.
Data was later classified in differentNCIC

ch intervals. For
each of those intervals, theρµ(r) distributions of the five
zenith angle intervals involved in this work were calculat-
ed. According to the CIC method, this data should show
us how the lateral muon density distributions of EAS of a
given energy evolve with the atmospheric depth. In figure
4, theρµ(r) distributions for differentθ intervals and the
rangeNCIC

ch = [7.04,7.28] are presented. According to the
QGSJET II model, these events correspond to air showers
with energies in the interval from log10(E/eV) = 16.9 to
17.1, assuming a mixed composition andγ =−3.

Within eachNCIC
ch interval, theρµ(r) distributions are

used to obtain absorption curves for the muon density at
different fixed distances,r f , as a function of sec(θ ). By
fitting the above curves with the equation:

ρµ(r f ) = ρ0
µ(r f )exp[−X0sec(θ )/λµ(r f )], (2)

the absorption coefficient,λµ , for the muon density at
the shower front is estimated as a function ofr f . Fig-
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QGSJETII QGSJETII04 EPOS 1.99 SIBYLL 2.1 KG data
Λµ (g/cm2) 705.95+82.93

−105.36 735.11+74.38
−143.75 561.71+47.41

−59.20 743.16+44.35
−203.36 1255.63+201.31

−193.59
Systematics (%)
Bin size +6.60 +6.93 +3.95 −3.41 +6.79
Global fit +4.37 +4.51 +4.59 +4.43 +5.60
Narrower CIC interval −0.34 −1.90 −0.57 −0.98 −0.60
Extended CIC interval +3.81 −1.01 +5.32 −7.87 −0.13
Muon systematics +0.04 −0.20 +0.21 −4.00 +1.97/−2.53
Statistical fluctuations −0.07 +0.001 −0.04 +0.04 −1.37
Core close to KASCADE −3.29 +2.40 +0.55 −4.33 −10.73
Core far from KASCADE +0.29 −6.61 −3.12 −5.60 +11.89
Broader zenith angle interval +1.98 +1.69 +0.90 −1.51 −2.42
Seven CIC cuts −0.65 −0.45 −0.26 +0.45 +0.27
Three CIC cuts +1.35 +0.52 +0.82 −2.50 +1.40
Muon Correction function uncertainties +6.64 −0.40 +0.33 −2.88 −2.54
γ =−3.2 +0.06 +5.00 +2.00 +3.97 −

γ =−2.8 +1.35 −3.14 +0.35 −6.57 −

Composition (Light) +2.99 −13.19 −8.92 −22.44 −

Composition (Heavy) −13.86 −11.37 −0.52 −4.06 −

Hadronic interaction model − −0.40 +0.33 −2.88 +5.66/−8.34
Total

+11.75 +10.12 +8.44 +5.97 +16.03
−14.92 −19.55 −10.53 −27.36 −15.42

Table 1: Muon attenuation lengths extracted from Monte Carlo and experimental data.Λµ is presented along with its
corresponding systematic uncertainty. The respective contributions to the total systematic errors are also shown.

ure 5 shows the results of applying the above analysis
to the experimental data of figure 4 along with the ex-
pectations from MC models for the sameNCIC

ch range un-
der a mixed composition assumption. Data are shown for
r f = [220,400]m, where statistical fluctuations of MC data
are not so big. It is evident from figure 5 that the evolution
of experimental data in the atmosphere is different from
that predicted by the hadronic interaction models studied
in this work (at least for mixed compostion1). Even more,
by comparing these results with those from otherNCIC

ch in-
tervals, it is found that the differences between measure-
ments and predictions decrease with the energy of the EAS.
The latter effect seems to be more remarkable for particles
close to the shower core, where a better agreement with
simulations appears. These results have no influence from
the muon correction functions, since they were not applied
on the muon densities.

Finally, the magnitude of the muon densities were com-
pared with the predictions of the different models. In gener-
al, forθ = [0◦,40◦], previous observations were confirmed
that the experimentalρµ(r) distributions are well inside
the limits predicted by the models for protons and iron nu-
clei [11].
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Fig. 5: Measured muon absorption coefficients for both ex-
perimental and simulated data (assuming mixed composi-
tion) extracted for EAS in the intervalNCIC

ch = [7.04,7.28].

5 Conclusions
Preliminary analyses performed with the EAS data mea-
sured by KASCADE-Grande point out that the observed
evolution of the muon content of EAS with the atmospher-
ic depth is not described by the hadronic interaction mod-
els QGSJET II, EPOS 1.99, QGSJET II-04 and SIBYLL
2.1. These differences can be tracked down to discrepan-
cies between the experimental and expected evolution of
the muon density distributions of EAS in the atmosphere.
To corroborate or refute these findings, additional tests will
be performed on independent muon data collected by ad-
ditional detector systems belonging to the experiment, for
example, with the Muon Tracking Detector.
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1. In case of QGSJET II more statistics is available, so the
excercise can be repeated for pure protons and iron nuclei. The
result is that experimental data are still outside the expected
values for pure composition assumptions
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