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Abstract. The presence of hadronic sub-showers causes azimuthal non-uniformity in the
particle distributions on the ground in vertical air showers. The LCm parameter, which
quantifies the non-uniformity of the signal recorded in detectors located at a given distance
on a ring around the shower axis, has been successfully introduced as a gamma/hadron
discriminator at PeV energies [25]. In this work, we demonstrate that the LC'm parameter can
effectively serve as a mass composition discriminator in experiments that employ a compact
array of detectors, like KASCADE. We reconstruct the LC'm parameter distributions in the
energy range lg(F/eV) = [15.0 - 16.0] using measurements from the KASCADE experiment,
with intervals of 1g(E/eV) = 0.1, which are then fitted with MC templates for five primary
nuclei species p, He, C, Si, and Fe considering five hadronic interaction models: QGSjet-I11-02,
QGSjet-11-04, EPOS-LHC, SIBYLL 2.3c and SIBYLL 2.3d. We find that the LC'm parameter
exhibits minimal dependence on the specific hadronic interaction model considered. The
reconstructed fractions of individual species demonstrate a linear decrease in the abundance
of protons with increasing energy, while the heavier components become prevalent above the
knee as predicted by all five hadronic interaction models. Our findings indicate that the
abundance of particle types as a function of energy aligns with three astrophysical models
that link the knee to the acceleration and propagation of cosmic rays within the Galaxy.
These findings suggest that the LC'm parameter could be a valuable tool for forthcoming
measurements of the LHAASO experiment to enhance our knowledge about the origin and
acceleration mechanisms of cosmic rays.
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1 Introduction

Various ground-based experiments have measured the energy spectrum of cosmic rays for
several decades. To understand their origin and acceleration mechanisms, it is essential to
accurately determine the mass composition of the cosmic rays, as well as their arrival direc-
tions, and correlate these measurements with a precise picture of the galactic/extragalactic
magnetic fields. The experimental measurements reveal some remarkable structures in the
flux of the primary cosmic rays (dN/dE « E7): a change of the spectral index 7 from -2.7
to -3.1 around E ~ 4 x 10'® eV (the knee) [1-8|, a change from v = —2.95 to v = —3.24 at
E ~ 8 x 1010 eV (the second knee) [9-11] and a flattening in the spectrum at E ~ 5 x 10'8
eV (the ankle) where the -y index changes from -3.29 to -2.51 [12-15].

Different scenarios have been proposed to explain the appearance of the knee in the
energy spectrum. The most widely considered suggest that the knee is due to the maximum
energy that can be reached by cosmic rays accelerated in supernova remnants e.g. [16, 43, 45],
or it is due to the effects of cosmic ray propagation through the interstellar medium e.g.
[17, 44]. Another class of models explain the knee as a consequence of the interaction of
cosmic rays with the photon fields [18]. A detailed description of these models compared with
direct and indirect measurements of cosmic rays properties around the knee is given in [19].

Measurements of the mass composition around the knee indicate an increase in the mean
logaritmic mass (In A) with increasing energy of the primary cosmic rays, which suggests that
individual elements may be undergoing sequential cut-offs [1, 22-24]. However, an accu-
rate interpretation of the results is limited by discrepancies between the considered hadronic
interaction models.

Significant findings were recently achieved through the detection of gamma rays with
energies in the PeV range [20, 21]. Their arrival direction correlated with a better knowl-
edge about mass composition of cosmic rays around the knee can significantly enhance our
understanding about their acceleration sources.

In this work, we present a new mass composition reconstruction method that utilizes the
non-uniformity of the signal recorded in detectors located at a fixed distance on a ring around
the shower axis at ground level. Originally introduced as a gamma/hadron discrimination
technique at PeV energies [25], we demonstrate that this method shows minimal dependence
on the specific hadronic interaction model and can effectively serve as mass composition



discriminator in cosmic ray experiments with a relatively compact array of detectors, such as
KASCADE [40].

The paper is organized as follows: in Section 2 we introduce the LC'm parameter which
is used as mass discriminator at PeV energies, in Section 3 we describe how the Monte Carlo
(MC) simulations were obtained, in Section 4 we reconstruct the distributions of LCm from
KASCADE data [33], in Section 5 we perform the mass composition reconstruction in the
energy range 1g(E/eV) = [15.0 - 16.0] on the basis of five hadronic interaction models and
compare the results with predictions of three astrophysical models of the ankle. Section 6
concludes the paper.

2 The LC'm observable

The stochastic nature of the extensive air showers (EAS) development in Earth’s atmosphere
produces non-uniformity in particle densities at ground level. In vertical showers, we would
expect similar densities of secondary particles at a fixed distance around the shower core.
Neglecting the influence of the geomagnetic field, the presence of hadronic sub-showers can
distort this symmetry. At the same energy, a gamma-induced shower will present a less
complex structure of particle densities on the ground than a proton-induced shower. This is
because the development of gamma showers is mainly driven by electromagnetic interactions.
In the same context, we expect larger fluctuations in the azimuthal signal in proton-induced
showers compared to iron showers due to the larger fluctuations in primary interaction heights
in the atmosphere. To account for such non-uniformity in the signal induced in detectors at
a given distance from the shower axis, the LC'm parameter was introduced as a promising
gamma/hadron discriminator [25].

The LCm parameter is computed as LCm = log(C}), where the Cj variable is defined
for each radial ring k around the shower core at ground as [25]:

nkl Nk
Cp=—" ; 2 2.1
= D & 2 .

where nj, represents the number of detectors in ring k, (Sk) is the mean signal registered in
the detectors of the ring k, while S;; and Sj;, stand for the signals in the detectors ¢ and j
of the ring k, respectively. The term ﬁ accounts for the inverse of the number of two-
combinations for nj detectors, (g’“). A greater non-uniformity in the azimuthal distribution
of the signal results in an increased value of the C} variable. In contrast, a perfectly uniform
azimuthal distribution results in C}, approaching zero.

The value of LC'm parameter depends on the primary energy and the fill factor (FF) of
the detectors array. For a fixed primary energy, the value of LC'm parameter as a function
of radial range is roughly constant above 2 40 m up to 1000 m. In this analysis we recon-
struct the LC'm parameter for both data and simulations in the energy range lg(E/eV) =
[15.0 - 16.0] in intervals of 1g(E/eV) = 0.1, considering the radial range r; = [100 - 110] m
The following section will explain the methodology used to generate simulation sets for five
primary species, namely p, He, C, Si, and Fe, using various hadronic interaction models. The
simulation sets were then used to construct LC'm distributions in each energy interval, which
are then used in determining the mass composition of cosmic rays using data collected by the
KASCADE experiment.
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Figure 1. Visualization of the 252-detector array of the KASCADE experiment. The color gradient
represents the energy deposited in [MeV] by the electromagnetic component in e/y-detectors located
in the radial range r; = [100 - 110] m from the shower core position indicated by the red star. The
reconstructed parameters of this event with the internal KASCADE counting number 302724 are: the
primary energy lg(E/eV) = 15.6, the zenith angle of the shower axis § = 12.1° and the azimuth angle
¢ =53.7°.

3 LCm distributions from Monte Carlo simulations of KASCADE array

The KASCADE experiment utilized a detector array consisting of 252 stations arranged on a
rectangular grid with a 13 m spacing covering an area of 200 x 200 m?, being able to recon-
struct the properties of extensive air showers with energies in the range Ig(E/eV) = [14 - 17].
The stations were equipped with both shielded and unshielded detectors, allowing for the
simultaneous and independent measurement of the electromagnetic and muonic components
from extensive air showers. Above a 3 MeV threshold, the liquid scintillation counters located
above the shielding were used to detect the charged component of the shower’s secondary par-
ticles. The muonic component was measured by utilizing 3.2 m? of plastic scintillators that
were placed beneath lead and iron absorber sheets [40]. In Figure 1 we represent the layout of
252-detector array of the KASCADE experiment together with the energy deposited by the
electromagnetic component in e/v-detectors located at r; = [100 - 110] m from the shower
axis, from the event with the internal counting number 302724, with the primary energy
lg(E/eV) = 15.6, zenith angle of the shower axis § = 12.1° and the azimuth angle ¢ = 53.7°.

The MC simulations of extensive air showers for KASCADE experiment is a three-
step procedure [29, 33]. The development of showers in the atmosphere is simulated with
CORSIKA [30, 31], the signal / energy deposit in the KASCADE detectors is simulated with
CRES package based on GEANT3 [32] while the reconstruction of the air shower observables
like primary energy, arrival direction, the number of electrons / muons / hadrons and so on,
is performed with the KRETA package. It should be noted that the KRETA package, which
follows the same procedures, is utilized for reconstructing the events that were recorded by
KASCADE experiment.

Five hadronic interaction models at high energies were considered: EPOS-LHC [35],
QGSjet-11-02, QGSjet-11-04 [34], SIBYLL 2.3c [36] and SIBYLL 2.3d [37], while the low
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Figure 2. The LCm distributions for proton induced showers (dashed blue) and Fe induced showers
(continuous red) in the energy interval lg(E/eV) = [15.5 - 15.6] on the basis of EPOS-LHC and
FLUKA as hadronic interaction models at high and low energies, respectively.

energy hadronic interactions (Ej,, < 200 GeV) were modeled with FLUKA [38]. Five species
of primary particles were simulated (p, He, C, Si, and Fe) in the energy range 1g(E/eV) =
[15.0 - 16.0] with intervals of Ig(E/eV) = 0.1 considering the energy spectral index v = —2.7.
The zenith angles of the shower axis were isotropically sampled from the range 6 = [0° - 20°]
and the azimuthal distribution was uniformly sampled in the range ¢ = [0° - 360°]. The
statistics in the simulation sets is of the order of 103 - 10% events / primary species / model
in each energy interval.

For each primary species, hadronic interaction model and energy interval we build LC'm
distributions using Equation 2.1 where the signal S; represents the energy deposit of the
electromagnetic component in the ”i” e/~-detector from the radial interval r; = [100 - 110]
m around the shower core position. This quantity is separately and independent measured
by the muonic and hadronic energy deposited in KASCADE detectors. In Figure 2 are
represented the LC'm distributions reconstructed for proton and Fe induced showers based
on EPOS-LHC hadronic interaction model in the energy interval 1g(E/eV) = [15.5 - 15.6].
The shapes of the two distributions are distinct, as well as their mean and dispersion values.
The larger LC'm values for proton induced showers are due to the larger fluctuations in the
heights of the first interaction points in the atmosphere.

A very important aspect of the LC'm parameter is that it does not depend on the
specific hadronic interaction model used in the simulation process of the extensive air show-
ers. Therefore, using experimental data obtained from the KASCADE experiment, the mass
composition of cosmic rays can be determined in a model-independent way. In Figure 3
we represent the LCm distributions in the energy bin Ig(E/eV) = [15.5 - 15.6] for proton
and Fe induced showers, as predicted by all hadronic interaction models considered in this
analysis. It is evident that the models show a remarkable level of agreement. The same
degree of compatibility is obtained on the entire energy spectrum analyzed in this paper
lg(E/eV) = [15.0 - 16.0]. Figure 4 provides an example of the quantitative agreement between
LCm distributions that are predicted by different models. We compare the LC'm distribu-



> F >
£ p,lg (EfeV) = [15.5-15.6] . £ Fe, g (EleV) =[15.5-15.6] ..
A T San1kb w5
8107'F —epos-Lie &N 8107 E —epostic Ry ﬂﬁ
o] E E o] F Foi
o E - QGSjet-1I-04 H + o [ - QGSjet-Il-04 1 $
a [ + by a I 4
> QGSjet-11-02 d i > QGSjet-1-02 i 1
[8) L + i [5) L : "
S ~ SIBYLL 2.3d H : S ~ SIBYLL 23d 3 §
21072 i i 210°F i
o'V E seviL23c : gl olV B smviL2ac t J[
9] £ i 9] F i |
Ef } I = r
: i ' ?
107°F } 10k Z
PR PR NP £ PO R R N LA PR PR NP SO NP O B | A
-2 2 4 6 -2 0 2 4 6
LCm LCm

Figure 3. The LCm distributions for proton (left) and Fe (right) in the energy interval 1g(E/eV) =
[15.5 - 15.6] as predicted by all five hadronic interaction models considered in this work.

tions obtained for proton-induced showers with EPOS-LHC and QGSjet-11-04 in three energy
intervals: 1g(E/eV) = [15.1 - 15.0], 1g(E/eV) = [15.5 - 15.6] and 1g(E/eV) = [15.8 - 15.9].
The comparison is made by computing the ratio of the two distributions. The values of the
ratio parameter displayed at the bottom of the plots are very close to 1 throughout the dis-
tribution, within the limits of statistical uncertainties. The model-independence of the LCm
distributions for heavier nuclei is at least as good as it is for proton-induced showers. Using
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Figure 4. The LC'm distributions obtained for proton-induced showers with EPOS-LHC (red) and
QGSjet-11-04 (blue) in three energy intervals lg(FE/eV) = [15.1 - 15.2] (left), lg(E/eV) = [15.5 - 15.6]
(middle) and 1g(E/eV) = [15.8 - 15.9] (right). The ratio of the distributions is displayed on the
bottom of each plot.

these distributions, we will perform a mass composition analysis by fitting the experimental



LCm distributions for each energy interval with MC templates for five primary species (p,
He, C, Si and Fe) in Section 5.

4 LCm distributions from KASCADE data

Our analysis focused on the experimental data collected by KASCADE from 1996 until the
end of its final operation in 2013 [33]. Specifically, we considered data within the energy
range 1g(E/eV) = [15.0 - 16.0] and restricted our analysis to vertical showers, i.e., those with
a zenith angle # in the range of [0° - 20°]. This was done to prevent potential biases in the
azimuthal distribution of the signal resulting from attenuation and geometric effects [39).

In the initial analysis using the KRETA reconstruction program, the collaboration ap-
plied the "Data Selection Cuts KASCADE" to the data [28]. These cuts are deemed essential
by the collaboration to ensure a consistent level of quality in the published data sets. These
cuts consist in: a successful reconstruction process of the event in the KASCADE Array
Processor, the KASCADE Array has produced a trigger signal, no more than 2 out of the 16
Array clusters to be missing, the reconstructed shower core is within a 91 m radius around
the centre of the KASCADE array, the lateral shower shape parameter s has to be in the
range s = [0.1 - 1.48], the zenith angle of the shower axis is 6 < 60°, the number of electrons
N > 100 and the number of muons IV, > 100. More stringent cuts are highly recommended
by the KASCADE collaboration, which we took into account both in data and simulation
reconstruction procedures. These cuts impose 6 < 42°, s = [0.6 - 1.3] and N, > 100000.
Important to mention that the e/~-detectors of the KASCADE array reach the full efficiency
at lg(Ne) > 4.25, therefore, no biases are expected in the reconstruction process of the LC'm
parameter.

In Figure 5, we present the LC'm distributions in each energy interval within the range
of lg(E/eV) = [15.0 - 16.0] reconstructed from KASCADE data. We have applied the afore-
mentioned cuts and only the events that have passed the reconstruction procedure are in-
cluded. The number of surviving events N is indicated on the plots for each energy interval
of lg(E/eV) = 0.1. As can be seen, the mean of the LCm distributions increases with in-
creasing primary energy, and the spread of the distributions become narrower as the primary
energy increases. In the upcoming section, we will use the MC predictions derived in Section 3
to fit the experimental LC'm distributions. This will enable us to investigate the dependence
of the individual abundance of primary nuclei on primary energy within the energy range of
lg(E/eV) = [15.0 - 16.0].

5 Mass composition around the knee

In this study, we utilized KASCADE data to construct experimental LC'm distributions and
compared them with MC predictions for five primary species (p, He, C, Si, and Fe) using five
different hadronic interaction models (QGSjet-1I-02, QGSjet-11-04, EPOS-LHC, SIBYLL 2.3¢
and SIBYLL 2.3d). We employed a Chi-Square minimization method to fit the experimental
distributions, and we calculated the parameter errors using the Minos technique.

In Figure 6, we present an example of an LCm distribution reconstructed from KAS-
CADE data in the energy interval lg(E/eV) = [15.6 - 15.7], along with the individual fractions
of nuclei that best describe the observed distribution as predicted by the QGSjet-11-04 (left)
and EPOS-LHC (right) hadronic interaction models. Since we have observed from simulations
that the LC'm parameter shows minimal dependence on the choice of the hadronic interaction
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Figure 5. The LCm distributions reconstructed from KASCADE data in each energy interval in the
range 1g(F/eV) = [15.0 - 16.0]. The number of events N that survived all applied cuts is indicated
on each plot.

model, the obtained individual fractions of elements are in very good agreement. The lack of
simulated distribution tails observed in Figure 6, resulting from small statistics compared to
experimental data, cannot significantly influence the result of the fit.

To evaluate the fit quality in each energy interval we considered the Kolmogorov-Smirnov
(KS) test which is a valuable tool for evaluating the goodness of fit in statistical modeling,
particularly when the size of the data set is relatively large. This test is based on the com-
parison of the cumulative distribution function (CDF) of the fitted model with the observed
data, which allows for a more comprehensive assessment of the agreement between the model
and the data than other methods like the Chi-Squared test. Moreover, the KS test does not
depend on the binning of the data or the model, making it more robust and reliable when
working with limited statistics. A high KS probability indicates that the fitted model is a
good match to the data, which means that the overall shape of the histograms of the two
are very similar. The goodness-of-fit parameters (KS probability) evaluated for each energy
interval and hadronic interaction model are listed in Table 1 and suggest, with few exceptions,
an excellent agreement between data and all models on the entire energy range considered in
this work.

The evolution of the individual fractions of nuclei as a function of primary energy in the
range lg(E/eV) = [15.0 - 16.0] reconstructed on the basis of LC'm observable is represented in
Figure 7 for all five hadronic interaction models considered. One key point to note from these
results is that all five hadronic interaction models indicate a similar trend in the individual
abundance of each primary species with increasing energy. Additionally, the evolution of
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Figure 6. LCm distribution reconstructed from KASCADE data in the energy interval lg(E/eV) =
[15.6 - 15.7] (black triangles). The reconstructed fractions of each element (p, He, C, Si and Fe) are
displayed on each plot. The (dashed line) represents their sum as predicted by QGSjet-11-04 (left)
and EPOS-LHC (right).

lg(E/eV) 15.05 | 15.15 | 15.25 | 15.35 | 15.45 | 15.55 | 15.65 | 15.75 | 15.85 | 15.95
EPOS-LHC 099 | 099 | 098 | 098 | 0.79 | 0.89 | 1.00 | 0.74 | 1.00 | 0.94
QGSjet-11-02 | 0.86 | 1.00 | 097 | 095 | 1.00 | 0.89 | 099 | 099 | 0.35 | 0.66
QGSjet-1I-04 | 017 | 0.14 | <0.1 | 0.19 | 0.59 | 0.89 | 1.00 | 0.76 | 0.97 | 0.71
SIBYLL 2.3c | <0.1 | <0.1 | 096 | 1.00 | 0.69 [ 0.92 | 097 | 0.80 | 0.94 | 0.88
SIBYLL 23d | 0.77 | <0.1 | 098 | 0.97 | 0.7 | 043 | 098 [ 1.00 | 0.95 | 1.00

Table 1. The KS probability as goodness-of-fit obtained after the comparison of the data with the
fitted model. The values of lg(E/eV) correspond to the center of each energy interval.
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Figure 7. The evolution of individual fractions of nuclei (p, He, C, Si and Fe) as a function of
primary energy in the range lg(E/eV) = [15.6 - 15.7] as predicted by all five hadronic interaction
models considered in this work. The parameter errors are typically smaller than the points size.

the individual fractions of nuclei with energy is highly consistent with previous studies that
relied on different observables obtained from extensive air showers [23, 42|. These findings
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Figure 8. Evolution of the individual fractions of nuclei obtained in this work as a function of
primary energy, in comparison with predictions of the astrophysical model proposed by Plaga [43].
The error bands represent the standard deviation of the individual fractions obtained from all five
hadronic interaction models used in this work.

underscore the discriminative potential of the LC'wm parameter for determining the mass
composition of cosmic rays in experiments that use a relatively compact array of detectors
e.g. [41].

We compare the mass composition obtained in this analysis with three astrophysical
models that attempt to explain the origin of the knee in the energy spectrum as a consequence
of different acceleration and propagation scenarios. We use the averaged fractions of each
primary species predicted by all five hadronic interaction models as a function of energy. In
Figure 8, we show the evolution of the averaged fraction of individual species obtained in this
work, in comparison with the predictions of the astrophysical model of the knee proposed by
Plaga [43]. The model considers that cosmic rays are accelerated by "cannonballs" ejected
in supernova explosions. The second astrophysical model considered for comparison was
proposed by Sveshnikova in [45] and relate the presence of the knee as a consequence of
the maximum energy attained by cosmic rays in shock fronts of supernova explosions. The
comparison of this model with the data obtained in this work is represented in Figure 9. The
third model used for coparison with the data was proposed by Swordy [44] and assume that
the knee is related to the leakage of cosmic rays from the Galaxy during propagation process.
The comparison is displayed in Figure 10.

The mass composition around the knee obtained from KASCADE data using the LC'm
parameter displays a substantial level of agreement with these three astrophysical models
in regards to the evolutionary trend of primary abundance of different particle types as a
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Figure 9. Evolution of the individual fractions of nuclei obtained in this work as a function of
primary energy, in comparison with predictions of the astrophysical model proposed by Sveshnikova
[45]. The error bands represent the standard deviation of the individual fractions obtained from all
five hadronic interaction models used in this work.

function of energy. Notably, the model proposed by Plaga shows a remarkable agreement,
with the relative abundances of individual species matching perfectly those derived from our
analysis.

Based on the experimental capabilities of the LHAASO square kilometer array (KM2A)
experiment [46, 47|, which includes 5249 electromagnetic detectors spaced at 15 meters and
1188 muon detectors spaced at 30 meters, we can conclude that the method proposed in this
study is a suitable tool for reconstructing the mass composition around the knee from the
forthcoming measurements of the LHAASO experiment.

6 Summary and Conclusions

In this study we investigate the feasibility of discriminating the mass composition of cos-
mic rays at PeV energies by utilizing the LC'm parameter, which measures the signal non-
uniformity recorded in detectors placed at a specific distance from the shower core at ground
level.

Our analysis based on Monte Carlo simulations using the KASCADE array revealed
that the LC'm parameter is minimally dependent on the specific hadronic interaction model at
high energies considered: QGSjet-11-02, QGSjet-11-04, EPOS-LHC, SIBYLL 2.3c and SIBYLL
2.3d.

— 10—
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Figure 10. Evolution of the individual fractions of nuclei obtained in this work as a function of
primary energy, in comparison with predictions of the astrophysical model proposed by Swordy [44].
The error bands represent the standard deviation of the individual fractions obtained from all five
hadronic interaction models used in this work.

Furthermore, we performed a mass composition analysis using data collected by the
KASCADE experiment in the energy range lg(£/eV) = [15.0 - 16.0] around the knee, with
the LC'm parameter obtained from Monte Carlo simulations for five primary species (p, He, C,
Si, and Fe). Our results indicated a linear decrease in the abundance of protons with increasing
energy, while the heavier components became dominant above the knee, in agreement with
the predictions of all five hadronic interaction models.

We also found that our results qualitatively support three astrophysical models that
relate the origin of the knee in the energy spectrum with different acceleration and propagation
scenarios [43-45]. The observed evolutionary trend of each primary abundance of the various
types of particles with respect to energy is consistent with the predictions of these models.

Based on these results, we conclude that the LC'm parameter can effectively serve as a
model-independent discriminator for mass composition studies at PeV energies in experiments
that use a relatively compact array of detectors.
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