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Study of the ratio muon size to shower size as a mass sensitive parameter of KASCADE-Grande
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Abstract: In this work, the shower ratio Y CIC = logNμ/ logNch between the muon and the charged numbers, both
corrected by atmospheric attenuation with the Constant Intensity Cut method (CIC), is studied as a parameter to separate
the KASCADE-Grande data into different mass groups. MC simulations performed with CORSIKA on the framework
of FLUKA/QGSJet II are employed to obtain the expected Y CIC distributions as a function of the energy for different
cosmic ray primaries as a basis for the separation. Then the Y CIC parameter is used to divide the KASCADE-Grande
data into “electron rich” and “electron poor” events. The fraction of events generated by H (Fe) primaries and classified
as “electron rich” (“electron poor”) and its dependence on the primary energy is discussed. Finally, the energy spectra
of these samples are reconstructed. A knee-like structure is found around 1017 in the “electron poor” sample associated
with the heavy component of cosmic rays.
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1 Introduction

In order to understand the origin, nature, propagation and
acceleration mechanism of galactic cosmic rays, detailed
measurements with enough statistics on their energy spec-
trum, composition and arrival directions are needed. The
task is complicated since at high energies (� 1 PeV), cos-
mic rays must be studied indirectly by means of exten-
sive air showers (EAS) detected with Earth-bound exper-
iments. Information about composition and primary en-
ergy requires the simultaneous observation of several EAS

parameters, such as the muon and the electron particle
contents at ground level. By combining the informations
from both EAS observables, the KASCADE experiment
was able to separate for the first time the cosmic ray energy
spectra of different mass groups in the so called knee en-
ergy region (around 1015 eV) [1]. The picture of the galac-
tic cosmic ray spectrum is still incomplete due to the lack
of statistics in the interval 1016 − 1018 eV, where a knee in
the heavy component of cosmic rays is predicted by several
models. To explore this energy regime KASCADE was up-
graded to KASCADE-Grande, a multidetector-setup with
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enhanced area also designed to measure with precision the
charged, muon and electron contents of air showers for cos-
mic ray studies [2]. In this paper we present an analysis
based on the ratio between the muon and the charged par-
ticle numbers in EAS. This ratio is exploited to divide the
events in two samples: the electron poor and the electron
rich events. The two samples can be identified with EAS
generated by primaries belonging to different mass groups
(i.e. light and heavy elements). The technique is illustrated
by applying it to the KASCADE-Grande data to reconstruct
the light and heavy spectra of cosmic rays.

2 The KASCADE-Grande experiment

KASCADE-Grande, located in Karlsruhe, Germany (110
m a.s.l.), is a cosmic ray detector designed to measure EAS
within the energy interval of 1016 − 1018 eV. Two detec-
tor arrays of different sizes are the main components of the
experiment [2]. The first one is composed by 37 plastic
scintillator detectors and covers a surface of 700× 700m2.
It is aimed to provide measurements of the charged parti-
cle number (Nch), core position and arrival direction of air
showers[2] . The penetrating component (Nμ) is measured
with the aid of a smaller array of 200×200m2 integrated by
252 e/γ and shielded detectors [3, 2]. The electron shower
size is obtained from the difference between Nch and Nμ

parameters.

3 Simulations and data selection

To perform the present analysis, MC simulations must be
invoked. FLUKA [4] and QGSJet II-03 [5] were employed
to describe the hadronic interactions at low and high ener-
gies, respectively. CORSIKA [6] was used to describe the
EAS development and GEANT 4 to simulate the response
of the KASCADE-Grande experiment to the passage of the
air shower. Both simulated and experimental data are saved
with identical output formats and analyzed with the same
reconstruction program. MC data was generated for H, He,
C, Si and Fe nuclei. Events were sampled from an isotropic
distribution with spectral index γ = −2. The simulated
data was weighted to emulate a γ = −3 energy spectrum.

With the aid of Monte Carlo simulations, quality cuts were
investigated. They were carefully selected to reduce the
systematic uncertainties on the muon and charged particle
numbers. First, the experimental data sample was built out
of events successfully reconstructed with the KASCADE-
Grande procedure and collected during stable periods of
data acquisition . Only EAS detected with more than 35
active stations were considered in this work. Then bor-
der effects were avoided by picking events with shower
cores located inside a central area of 1.37 × 105 m2 in the
Grande array. Finally, the analysis was restricted to EAS
with arrival zenith angles lower than 30◦, logNch > 6
and logNμ > 5.1. The Nμ value is corrected for sys-
tematic effects by means of a proper correction function
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Figure 1: Estimations of the Y CIC ratio for five different
primaries shown as a function of the reconstructed energy.
The results are obtained by means of a full EAS (based on
the QGSJet II-03 high energy hadronic interaction model)
and detector simulation.

parameterized out of MC simulations. With the above se-
lection cuts, the effective time of observation is equivalent
to 1173 days. Full efficiency (� 95%) is achieved for
log(E/GeV) ≥ 7.4.

4 The Y CIC ratio

The KASCADE-Grande (Nμ, Nch) data offers a unique
opportunity to investigate the chemical composition of
galactic cosmic rays. Several methods can be envisaged
for this enterprise. The one described in this contribution
relies on the classification of the EAS on the basis of the
Y CIC ratio, a parameter defined as

Y CIC = logNμ(θref )/ logNch(θref ). (1)

In the above formula, the EAS observables, Nμ and Nch,
have been corrected event by event for attenuation effects
in the atmosphere in such a way that they correspond to
the shower sizes at a reference zenith angle, θref . The cor-
rection is achieved by applying the Constant Intensity Cut
Method (CIC) as described in references [7] and [8]. This
procedure allows to combine data collected from different
zenith angles in a model independent way. Here, θref was
chosen to 22◦.

The Y CIC parameter is a sensitive quantity to the com-
position of primary cosmic rays. The point can be better
appreciated by looking at figure 1. There the mean values
of Y CIC are plotted as a function of the reconstructed en-
ergy for five single primaries (see [10] for details about the
energy estimation), the error bars represent the RMS of the
Y CIC distributions. We can notice that at a fixed energy,
the Y CIC ratio grows with the mass of the primary parti-
cle. The effect can be understood as a result of the fact that
the physics of hadronic interactions favors the production
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Figure 2: Fraction of hydrogen (iron) events classified as electron rich (electron poor) using the cut Y CIC
cut = 0.84. The

fractions for protons (stars) and iron nuclei (dots) are plotted against the reconstructed primary energy and the distance of
the core position to the center of KASCADE. These results are obtained with a full EAS simulation based on the QGSJet
II-03 interaction model.

of more secondary charged pions, and hence of muons, for
heavy nuclei. This implies a lower production of electrons
and charged particles in general when increasing the mass
number of the parent nuclei. As seen in figure 1, the Y CIC

distributions are almost energy independent in the region of
100% efficiency. Taking advantage of the overall behavior
of Y CIC and in a first attempt to study the primary com-
position of cosmic rays in KASCADE-Grande by means of
this parameter a cut is applied on the data at Y CIC

cut = 0.84.
Therefore the events are divided into two different sets for
a subsequent analysis: the electron rich and electron poor
groups corresponding to events with Y CIC < 0.84 and
Y CIC ≥ 0.84, respectively. From figure 1, it is clear that
the first set covers the mean Y CIC values for light mass
elements, here H and He, while the second set contains the
region for heavy mass nuclei, such as Si and Fe. In this
way the electron rich and electron poor samples become
representative of the light and heavy mass groups.

We remind that the Y CIC distributions were obtained in
the framework of the QGSJet II-03 hadronic model. How-
ever other hadronic interaction models, such as EPOS 1.99
[9], were investigated. Through these studies it was ob-
served that the mean values of Y CIC still do not depend on
the primary energy, while their absolute values are modi-
fied. Thus, in the case of the EPOS 1.99 hadronic interac-
tion model, the optimal separation between light and heavy
mass groups is Y CIC

cut = 0.86.

The separation into different mass groups employing the
Y CIC cut is not completely clean due to the size of the
fluctuations inside each energy bin. Using MC simulations
we have evaluated, for each element, the fraction of events
selected as electron rich or electron poor. For simplicity,
only the results obtained for hydrogen and iron nuclei are
shown in figure 2 as a function of the reconstructed en-
ergy (left panel) and the core position (right panel). For
energies greater than log(E/GeV ) ≥ 7.4 (i.e. 100% ef-

ficiency) the fraction of events properly classified through
the Y CIC ratio is almost energy independent and greater
than 80%. This fraction is somewhat higher for iron pri-
maries becacuse of the lower shower fluctuations for heavy
nuclei. It is not surprising to find out that their correspond-
ing curves are approximately constant (in the energy range
of full detection efficiency) over the whole effective area
since the selection cuts on the EAS parameters were explic-
itly chosen to guarantee that measured shower parameters
do not depend on the experimental conditions, such as the
core distance from the KASCADE array center (i.e. mean
distance of the muon detectors from the shower core).

These results show that possible distortions introduced in
the reconstructed energy spectra of the different event sam-
ples, separated using the Y CIC

cut value, are minimized. In
the next section, the method is used to get insight into the
composition of the primary cosmic ray flux.

5 Applications: Energy spectra for two mass
groups

Once the experimental data is divided into electron poor
and electron rich groups using the above procedure above,
the primary energy of each event is estimated following
[10]. After the energy derivation, the energy spectrum is
reconstructed for each electron group leading to the energy
spectra for the light and heavy components of the cosmic
ray primary flux, which are presented in figure 3. The all-
particle spectrum is also shown, and it is estimated as the
direct sum of the two mass group spectra here estimated.
The plots are not corrected for migration effects.

From figure 3 an outstanding feature is immediately ap-
preciated in the heavy component of cosmic rays which
corresponds to a knee-like structure. This feature also ap-
pears in more detailed analyses of the KASCADE-Grande
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Figure 3: Light and heavy energy spectra derived from the
KASCADE-Grande (Nμ, Nch) data using the YCIC ratio
as a mass estimator. The all-particle cosmic ray energy
spectrum (squares) derived by adding the individual mass
group fluxes is also shown.

data [12, 13, 14]. A fit with a broken power-law spec-
trum to the electron poor spectrum indicates a change of
slope Δγ = −0.47 at log10(E/GeV) = 7.77± 0.06 from
γ = −2.72± 0.02 to γ = −3.19± 0.02. As seen in figure
4, the knee-like feature is a structure which does not de-
pend on the position of the Y CIC

cut , i.e., it is inherent to the
cosmic ray data.

In figure 3, it can be noticed that the all-particle energy
spectrum shows also a break. From a fit with a broken
power-law spectrum, the position of the break is found
around log10(E/GeV) = 7.92 ± 0.10, but the change of
slope is smaller for this case: Δγ = −0.29, from γ =
−2.95± 0.05 to γ = −3.24± 0.08. It is seen that this fea-
ture arises as a consequence of the knee in the heavy com-
ponent, but is less pronounced due to the contribution of
the light group, which is not zero for log(E/GeV) ≥ 7.4.

6 Conclusions

In this contribution, the potential of the Y CIC ratio as a
mass sensitive parameter was studied. It was shown that
the classification of EAS data into electron rich and elec-
tron poor events by applying the cut Y CIC

cut = 0.84 can lead
to the separation of the light and heavy mass groups in the
cosmic ray flux. The fraction of events generated by hydro-
gen (iron) primaries and classified as electron rich (elec-
tron poor) does not depend on the primary energy and (in
the frame of the QGSJet II-03 interaction model) is greater
than 80%. Properly choosing the selection cuts on the EAS
parameters the separation efficiency can be expected to be
constant with energy, core position and zenith angle avoid-
ing the introduction of distortions to the corresponding en-
ergy spectra. By applying the Y CIC method, the energy
spectra of the light and heavy mass groups were obtained.
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Figure 4: Energy spectra for the electron poor sample ob-
tained for different Y CIC cuts.

The results show that the heavy component presents a knee
around log10(E/GeV) = 7.77 ± 0.06 and that the con-
tribution to the all-particle energy spectrum from the light
component is different from zero.
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