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High energy muons in EAS and primary composition around the knee
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Abstract: Measurements of various characteristics of different EAS components are commonly used for both studying
the primary composition and testing interaction models. The muon number spectrum measured at the Baksan Under-
ground Scintillation Telescope is compared with calculations performed using four hadron interaction models: QGSJet
01, QGSJet II, EPOS and SIBYLL. We conclude that the high energy muon data allow one to study the primary compo-
sition in a way almost independent of the considered interaction models.
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1 Introduction

Establishing the spectra and mass composition of high-
and very-high-energy primary cosmic rays relies on sim-
ulations of EAS in the atmosphere. On the other hand,
the results of calculations depend on the hadronic inter-
action models. The main problem is the extrapolation of
these models into kinematical and energy regions still un-
explored in collider experiments. Now the Large Hadron
Collider (LHC) at CERN reaches the center-of-mass en-
ergy

√
s = 7 TeV, i.e., for the first time the energy re-

gion above the knee becomes available in laboratory en-
vironments. The LHC results on inclusive particle pro-
duction at energies

√
s = 0.9, 2.36, and 7 TeV have been

compared to predictions of various hadronic Monte Carlo
models commonly used in cosmic-ray physics (QGSJet,
EPOS and SIBYLL) [1]. It was revealed, that while rea-
sonable overall agreement is found for some of the mod-
els, none of them consistently reproduces the

√
s evolu-

tion of all the observables. It should be noted that the LHC
data published so far have mostly been taken with detectors
covering the central phase space region in pseudorapidity
(|η| � 2.5). Whereas the most energetic outgoing parti-
cles of an interaction, emitted in the very forward region of
a collider experiment, are the most important ones for un-
derstanding EAS. Therefore the measurements of different
EAS components should now be used for both studying the
primary composition and testing interaction models.

In this paper we compare the muon number spectrum mea-
sured at the Baksan Underground Scintillation Telescope
(BUST) with calculations performed using four hadron
interaction models: QGSJet 01, QGSJet II, EPOS and
SIBYLL.

2 Calculations

The integral muon number spectrum in BUST was numer-
ically calculated in the same way as in [2]. This calcula-
tion method needs only such characteristics of high energy
muon component of EAS as: 1) Nμ(E0, A) – the muon
production function (MPF) or mean number of muons per
EAS produced by a nucleus with the atomic number A and
primary energy E0; 2) f(r, E0, A) – the lateral distribution
function (LDF); 3) G(A,Nμ, Nμ) – the fluctuation func-
tion (FF). It should be noted that the influence of FF on
the results of calculations is less than those of MPF and
LDF. These characteristics have been obtained by means of
the CORSIKA code [3] with four interaction models men-
tioned above. Simulations were performed for nuclei with
the atomic number A = 1, 4, 14, 28, 56. The primary en-
ergy per particle E0 was taken from the range 104 GeV -
107.5 GeV with a step of 0.5 of an energy decade. Fluctua-
tions of the energy loss of muons during their propagation
through the rock have been taken into account.

The dependence of the number of muons per nucleon on
the primary nucleus energy per nucleon En = E0/A can
be described by the following single formula:

Nμ

A
= B · (Eα

n − C)β (1)

with parameters B,C, α and β depending on the interac-
tion model used. The MPFs are shown in Fig.1, one can
see that there is only a relatively small difference between
the interaction models. The LDFs of high energy muons for
E0 = 106 GeV for the used interaction models are shown
in Fig.2., one can see that practically there is no difference
between them. The lateral distribution function of high en-
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Figure 1: Dependence of the mean number of muons per nucleon on the primary nucleus energy per nucleon

ergy muons can be described by the single function over
the primary energy range:

f(r, r0) ∼
(

r

r0

)−
(
0.58+0.64·

(
r
r0

)0.47
)

(2)

with the parameter r0 depending on the energy per nucleon:

r0(En) = a+ b · exp
(
− lgEn

c

)
. (3)

The parameters a, b and c depend on the interaction model
used. On the one hand, the parameter r0 (and therefore
LDF) as a function of the primary energy weakly depends
on the interaction models, as can be seen in Fig. 3, on the
other hand the muon production functions demonstrate this
behavior as well, so that we can expect similar calculated
muon number spectra for all the analyzed interaction mod-
els if the same primary composition is used.

3 Experiment

BUST is a large installation (16.7× 16.7m2 area and 11.1
m height), located in a cave under a mountain slope. Its
four vertical sides and four horizontal planes are entirely
covered with standard liquid scintillation detectors [4]. The
standard detector consists of an aluminum tank with the di-
mensions 0.7×0.7×0.3m3 and is filled with a liquid scin-
tillator on the base of white-spirit. The total number of the
detectors is 3180. Every counter is viewed with one PMT
(the 15 cm diameter photocathode). The construction of
BUST allows one to identify tracks of muons crossing the
telescope. Coordinates of the fired detectors are the input
information for determination of the muon group parame-
ters. In general, the number of muon tracks m differs from

the number of muonsmμ in the group. In the case when the
distance between muons is small enough (compared to the
individual detector size) the number of reconstructed muon
tracks is less than the number of muons in the group. Muon
interactions increase the number of fired detectors and in
such a case the number of reconstructed muon tracks can
be more than the number of muons in the group. Further-
more there is some arbitrariness for muon track determina-
tion: for example, a track may cross two, three or four tele-
scope planes and so on. Therefore it is necessary to convert
the number of reconstructed muon tracks to the number of
muons in the group taking into account all the mentioned
effects. But the conversion factors depend on the muon lat-
eral distribution function which, in its turn, depends on the
energy (per nucleon) of the primary nucleus. In order to
avoid additional uncertainties we use only the experimen-
tal muon track number spectrum for studying the primary
composition. The conversion of the number of muons to
the number of reconstructed muon tracks is included in the
calculations. The measured integral spectrum of the num-
ber of muon tracks for near vertical directions (θ ≤ 20◦) is
presented in Fig.4.

4 Results

By way of example, muon number spectrum calculations
were performed for one primary composition with five
groups of primary nuclei (Table 1). The energy spectrum of
every primary group has a power law form with a rigidity
dependent knee Ekz = Ekp · Z:

dFz(E0)

dE0
= Fz

0 ·E0
−γz

[
1 +

(
E0

Ekz

)εc] γz−γc
εc

, (4)
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Figure 2: The lateral distribution function of high energy muons for E0 = 106 GeV.

where E0 is the energy per particle and Fz
0 is the absolute

flux at 1 TeV per particle [5]. The sharp knee was applied:
εc = 3.5 and γc = 5.2. One can see that high energy
muon data allow one to study primary composition in a way
almost independent of the considered interaction models.
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Figure 3: Parameter r0 as function of the primary energy per nucleon.

Table 1: Example of primary composition.
Z 1 2 6-8 10-16 20-26

Z 1 2 7.2 12.7 25.2

A 1 4 14.4 25.5 54.2

Fz
0, (m2 s sr T eV )−1 0.0873 0.0571 0.0287 0.025 0.0267

γz 2.71 2.64 2.68 2.67 2.59

Figure 4: Integral muon track number spectrum. Points - experiment, lines - calculations.
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