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Changes in mass composition of primary cosmic rays above the knee:
towards a model-independent evaluation
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Abstract: In this paper we propose a simple technique for re-analysis of the experimental data of ground-based EAS
experiments. We illustrate the perspectives of application of generalized scaling formalism for electron lateral distribution
in combination with EAS universality property to extract information about the variations in elemental composition of
cosmic rays. The main advantage of this method is very weak sensitivity of the results to both the hadronic interaction
model and the explicit form of lateral distribution function chosen for experimental data fitting. Evidences of the transition
from galactic to extragalactic cosmic rays obtained from the analysis of experimental data in almost model-independent
way are discussed.
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1 Introduction

Chemical composition of cosmic rays (CR) is at present
stage quite uncertain from the energies, where direct mea-
surements become unavailable, up to the highest registered
energies. The unambiguous physical interpretation of the
results of comparisons between extensive air shower (EAS)
observables sensitive to primary composition and the ap-
propriate theoretical calculations is obscure mainly due to
the inherent uncertainty of the hadronic interaction model
used in simulations. Various techniques based on the anal-
ysis of different EAS characteristics measured by different
experiments, including multi-component methods, do not
let to achieve satisfactory precision and consistency in esti-
mation either primary particle type in the case of individual
showers or the mean mass composition at a certain energy
(see, eg, review [1]).

A possible solution of the problem could be found in re-
vealing parameters and functionals that exhibit weak de-
pendance on the interaction model and, in contrast, robust
indicators of model properties. A series of works [2–8]
have been published in recent years in which different as-
pects of the “universality” of air showers are discussed.
The so-called universality corresponds to the classical re-
sults of the electromagnetic cascade theory and is ex-
pressed in a broad sense in the similarity of the spectra of
low-energy particles of EAS at the same values of some
modification of the cascade age parameter. Parameteriza-
tions of the correlations between EAS observables have
been obtained on the basis of universality; attempts have
been made to work out new experimental data processing

techniques that could separate the influence of the interac-
tion model and improve the reliability of the results.

In our earlier papers [9, 10] a corresponding approach was
suggested based on the model-independent scaling prop-
erty for the lateral distribution function (LDF) of EAS elec-
trons together with universal dependence of the root mean
square radius of electron component at observation depth
on depth of shower maximum. Though scaling behavior of
electron LDF was soon observed experimentally by KAS-
CADE collaboration [11] and excellent agreement was
achieved during comparisons with AGASA data [10, 12],
the effectiveness of scaling formalism for the description
of electron LDF was questioned repeatedly [13–16]. In
particular, it was pointed out that root mean square radii
estimated from the experimental data of MSU and Yakutsk
EAS arrays are not well determined and vary significantly
from theoretically predicted values.

The aim of the present paper is to investigate perspectives
of application of generalized scaling formalism for elec-
tron lateral distribution in combination with EAS univer-
sality property to extract information about the variations
in elemental composition of cosmic rays in almost model-
independent way.

2 Generalized scaling formalism for electron
LDF

According to the theoretically motivated scaling ap-
proach [12, 17], modification of the the lateral distribution
function of EAS electrons is completely described by the
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Figure 1: Energy dependence of the root mean square ra-
dius for different hadronic models.

variations of single scale parameter – root mean square ra-
dius (Rms), sensitive to primary particle type and energy,
along with the zenith angle of EAS arrival and observa-
tion depth. Note, that the scaling property, as such, re-
mains valid at least within the limits defined by widespread
hadronic models [10] and the model impact is totally re-
flected in the Rms changes too.

The method for mean primary mass deduction based on
scaling formalism was introduced in [9, 10]. Root mean
square radii at sea level for vertical air showers generated
by protons and iron nuclei in the energy range 1016.5 −
1020 eV corresponding to different interaction models are
shown in figure 1. The calculations were made using
the relationship [10] between the root mean square radius
and the average depth of shower maximum tmax based on
the shower universality concept. Different models predic-
tions [18] for tmax were implemented. It is seen that the
root mean square radius could be a good primary mass
indicator with relatively weak sensitivity of the results to
hadronic interaction model.

Unfortunately, the direct estimation of Rms from the exper-
imental data is difficult so far as it demands high-precision
reconstruction of the lateral distribution of an electron com-
ponent from r ∼ (5÷10)m to r ∼ (2.5÷4) km depending
on the cascade age (see [10, 19]).

Here we represent the lateral distribution function of EAS
electrons as follows [20, 21].

ρ(r;E0, t) =
N(E0, t)

R2
0(E0, t)

F

(
r

R0(E0, t)

)
. (1)

In (1) ρ(r;E0, t) is the local electron density at distance r
from the core of EAS of energy E0 at atmospheric depth t,
N is the total number of particles at observation level and
R0 is generalized scale factor depending on the age of a
cascade. The scaling function F (x) derived from theoreti-
cal calculations has the following form [12]:

F (x) = Cx−α(1 + x)−(β−α)(1 + (x/10)γ)−δ. (2)

For electron LDF parameters of function (2) are determined
according simulations as C = 0.28, α = 1.2, β = 4.53,
γ = 2.0, δ = 0.6.

3 Radial scale factors as indicators of pri-
mary mass variations

The results of fitting by scaling function (1)-(2) of the ex-
perimental data of KASCADE [11], MSU [13, 14] and
KASCADE-Grande arrays are shown in figures 2, 3, 4 re-
spectively. For the KASCADE-Grande we reconstructed
the local electron densities using data on the local densi-
ties of charged particles [22] and muons [23]. For muon
LDF function (1)-(2) with the appropriate set of parame-
ters (C = 0, 28, α = 0, 69, β = 3, 08, γ = 2, δ = 1,
R0 = 320 m) [24] was implemented. Normalization was
performed according to the data [23] on ρμ(390− 410 m)
as a function of Ne.

One can see that satisfactory scaling description of the ex-
perimental data was reached for all three arrays at all ener-
gies and radial distances for which the LDF of electrons can
be reliably reconstructed. However, the estimates of scal-
ing parameter, indeed, differ considerably for different ex-
periments and do not agree with the theoretically predicted
mean square radii. These discrepancies probably relate to
the insufficient radial distance range used for fitting, while
function (2) was obtained according to simulated electron
densities from several meters to several kilometers from
the EAS axis. It is also important to note the considerable
differences between the experiments in the covered ranges
of radial distances. Systematic errors caused by the un-
accounted influence of specific features of data processing
procedure and detector properties in an experiment can not
be excluded either.

To suppress the bias in R0 estimates the iteration procedure
was implemented for discrimination of experimental data
in order to use data only at distances where scaling formal-
ism is valid within 10% accuracy in ρe (x = 0.05÷25) and
also to use identical radial distance ranges with respect to
scaling variable x = r/R0 for all energies. We also exam-
ine the influence of inappropriate choice of explicit form
of fitting function by using scaling approach (1) with two
different functions for F (x) apart from (2):

– modified NKG-function (see, eg, [11, 22])

F (x) = Cxs−α (1 + x)
s−β

, (3)

where α, β, s are the parameters;

– polynomial function

F (x) = C exp

{
n∑

i=0

ai(lnx)
i

}
(4)

with n = 4 and ai – parameters. The set of parameters ai
was specified for each array independently. The values of
α and β for the modified NKG function were set accord-
ing to the parameterization of the LDF of charged particles
adopted for the arrays [11,13,22]. The results of fitting are
summarized in table 1. Now it is not surprising, that the use
of different fitting functions leads to significantly different
values of R0. So it is worth comparing the rates of change
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Figure 2: Experimental data of KASCADE array on elec-
tron LDF [11] and scaling approximation (1)-(2)
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Figure 3: Experimental data of MSU EAS array on electron
LDF [13, 14] and scaling approximation (1)-(2)

of radial scale factors with energy which obviously reflect
the rate of change of mean primary mass. In figure 5 values
of R0 superposed with each other by the appropriate fac-
tors are shown in comparison with root mean square radius
calculated for vertical proton and iron initiated showers at
sea level taking into account the effect of shower classifi-
cation procedure [20]. Such a superposition certainly has
no physical foundation, but it does allow the energy depen-
dences of the scale factors obtained using different model
LDFs and in different experiments to be visually compared
with each other and with corresponding theoretical depen-
dencies Rms(Ne).

4 Discussion and conclusions

Reliable data on the elemental composition of high-energy
cosmic rays are of primary importance for development
of astrophysical models of acceleration and propagation
of primary CR particles (see, eg, [25–28]). In particular,
precise measurements of mass composition variations with
energy are needed for establishing the region of transition
between galactic and extragalactic cosmic rays expected
in the majority of acceleration scenarios and finally to ex-
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Figure 4: Experimental data of KASCADE-Grande array
on electron LDF, reconstructed using the data [22, 23] and
scaling approximation (1)-(2)
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Figure 5: Superposed radial scale factors obtained under
different assumptions about electron LDF as functions of
shower size in comparison with theoretically calculated
root mean square radii (QGSjet) for different primaries.

tract information about parameters of possible astrophysi-
cal sources and the conditions in interstellar medium.

The experimental data of KASCADE, KASCADE-Grande
and MSU EAS arrays were analyzed in this work with re-
spect to the radial scale factors of electron lateral distribu-
tion assuming generalized scaling formalism. It was shown
that uncertainty in the explicit form of lateral distribution
function chosen for data fitting and bias of different na-
ture in estimating the mean square radius of the EAS elec-
tron component do not impede the extraction of informa-
tion about mean primary mass change with energy.

The variations of R0 with energy obtained using different
model LDFs from the experimental data of different arrays
give a consistent evidence of weighting of primary com-
position above the knee. According to the KASCADE-
Grande data it is followed by a rather sharp decrease of
mean primary mass at lgNe � 7.5. The described ap-
proach is applicable to data of both compact and large
ground-based EAS arrays, and the conclusion about the
peak in mean primary mass is independent from hadron-
nucleus interaction model. The combination of generalized
scaling formalism with other modern techniques allowing
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KASCADE array
lgNe Scaling function (2) Modified NKG function (3)

(α = 1.2, β = 4.5, s = 1.65)
Polynomial approxima-
tion (4)

3.9− 4.3 146.8± 2.5 29.79± 3.0 · 10−1 174.4± 1.6
4.3− 4.7 134.3± 2.2 26.93± 2.1 · 10−1 156.6± 1.2
4.7− 5.1 125.0± 1.5 25.17± 1.9 · 10−1 146.0± 1.2
5.1− 5.5 122.6± 1.3 23.92± 1.3 · 10−1 138.6± 0.9
5.5− 5.9 122.8± 1.6 23.65± 1.1 · 10−1 137.8± 0.5
5.9− 6.3 122.6± 2.1 24.03± 1.6 · 10−1 139.8± 0.9
6.3− 6.7 125.4± 2.3 24.70± 2.1 · 10−1 141.0± 1.2
6.7− 7.1 130.6± 1.8 25.55± 3.5 · 10−1 145.1± 2.1

MSU EAS array
lgNe Scaling function (2) Modified NKG function (3)

(α = 2, β = 4.5, s = 1.65)
Polynomial approxima-
tion (4)

5.2− 5.4 189.3± 8.9 33.4± 1.2 195.0± 6.2
5.6− 5.8 182.9± 12.5 32.2± 1.7 188.2± 9.4
6.0− 6.2 192.9± 14.7 33.9± 1.7 198.0± 9.3
6.4− 6.6 201.1± 11.8 35.6± 1.9 207.0± 10.9

KASCADE-Grande array
lgNe Scaling function (2) Modified NKG function (3)

(α = 1.6, β = 3.4, s = 0.50)
Polynomial approxima-
tion (4)

6.6− 6.8 195.4± 6.3 104.6± 1.0 181.4± 4.7
7.0− 7.2 208.0± 9.5 112.5± 1.3 195.2± 5.8
7.4− 7.6 206.1± 7.8 112.1± 1.2 191.6± 4.0
7.8− 8.0 187.2± 12.3 101.8± 2.4 167.6± 6.8

Table 1: Scale factors (R0 ± δR0) obtained by fitting of experimental data of KASCADE [11], MSU [13, 14] and
KASCADE-Grande [22] arrays with different model LDFs in the framework of generalized scaling formalism

to raise confidence in the results together with the expan-
sion of the energy region available for the analysis by inte-
grating data from other experiments will be subject of our
future work.
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