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Abstract: A new approach to investigations of UHE cosmic rays based on the ground-level measurements of 
the spectra of local density of EAS muons at various zenith angles is considered. It is shown that muon den-
sity spectra are sensitive to the primary cosmic ray spectrum and composition, and to features of the forward 
kinematical region of hadronic interaction. New experimental data on muon bundles at zenith angles from 
30° to horizon obtained with the coordinate detector DECOR are compared with CORSIKA-based simula-
tions. It is found that measurements of muon density spectra in inclined EAS give possibility to study charac-
teristics of primary cosmic ray flux in a very wide energy range from 1015 to 1019

 eV. 

Introduction 

At energies above 1015 eV, the only source of 
information on primary cosmic rays and their 
interactions are extensive air showers (EAS) 
detected at the Earth’s surface. However, in spite 
of significant progress in experimental technique 
during last 50 years main puzzles of primary CR 
spectrum (slope, composition, “knee”, “ankle”, 
GZK cutoff) are not sufficiently understood till 
now. A quantitative interpretation of observational 
results is model dependent and EAS analysis 
involves many unknown functions: primary CR 
energy spectrum and composition, extrapolation 
of hadronic interaction description into UHE and 
EHE region, and others. Therefore extension of a 
set of different EAS observables is desirable. In 
present paper, an approach to investigations of 
UHE cosmic rays based on a new EAS observ-
able - local density of EAS muons - is considered. 
Spectra of local muon density are sensitive to 
primary spectrum and composition and are 
formed by the central part of the shower, hence 
carrying information about early stages of shower 
development [1]. 

Local muon density phenomenology 

The idea of a new approach is to study local den-
sity spectra (LDS) of EAS muons at different 
zenith angles. At large angles transverse area of 
showers (mainly muons at ground level) exceeds 
square kilometers. Hence, muon detector may be 
considered as a point-like probe and capability of 
UHE primary particles detection is determined 
not by size of the setup but by effective EAS 
dimensions in plane orthogonal to the axis. In this 
case the observed muon bundle multiplicity m is 
related to the local muon density D (measured in 
particles/m2) as D ∼ m / Sdet·. Contribution to the 
flux of events with a fixed local density is given 
by showers with different primary energies de-
tected at different distances from the axis; how-
ever, due to a fast decrease of cosmic ray flux 
with the increase of energy, the effective interval 
of primary particle energies appears relatively 
narrow [2]. Fixed muon densities at different 
zenith angles correspond to substantially different 
primary energies; at that, event collection area 
increases with zenith angle. It provides a unique 
possibility to study CR characteristics in a very 
wide range of primary energies. Without taking 
into account fluctuations of the shower develop-
ment, the integral spectrum of the events in local 
density may be written as: 
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here  is the point in the transverse section of the 
shower, N( ≥ E) is the integral primary energy 
spectrum, and the minimal energy E is defined by 
the equation 

rr

( , ) =rE r Dρ , where ( , )rE rρ  is 
muon LDF in a plane orthogonal to the shower 
axis. As it is seen from the dimensions in eq. (1), 
the integral local muon density spectrum is ex-
pressed as the number of events per unit solid 
angle and time interval. Assuming a nearly scal-
ing behavior of muon LDF around some primary 
energy E0, it may be parameterized as 

0.9r r
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.

 and for a 
power type primary energy spectrum N(≥ E) = 
A(E/E0)-γ we obtain an approximate expression for 
the local muon density spectrum: 

0( ) [ ( , )] ; /−≥ = ⋅ =∫
rF D A D E r dSβ βρ β γ κ  (2) 

Thus, in frame of these approximations the muon 
LDS exhibits a power type behavior, a slope be-
ing somewhat steeper than that of primary parti-
cles. Similar to the spectrum of EAS in the total 
number of muons Nμ, it increases in absolute 
intensity for heavier nuclei. The distinctive fea-
ture of the muon LDS is that it is sensitive to the 
shape of the muon lateral distribution, since in the 
integrand of eq. (2) the LDF enters with index β ~ 
2. Thus, selection of the events by muon density 
enhances the sensitivity of measured distributions 
to the central part of the shower. High-energy 
muons propagating near the axis are probes of the 
early stages of shower development that are gov-
erned by high-energy hadronic interactions. 

Experimental 

Possibilities of the new approach may be illus-
trated by local muon density spectra obtained on 
the basis of the data on muon bundles accumu-
lated during experimental runs with the NEVOD-
DECOR complex in 2002 – 2006 (16668 hours 
live time). The coordinate detector DECOR [3] 
represents a modular multi-layer system of plastic 
streamer tube chambers with two-coordinate 
external strip readout, arranged around the Cher-
enkov water calorimeter NEVOD [4]. The side 
part of DECOR includes eight 8-layer assemblies 
(supermodules, SM) of chambers with the total 
sensitive area 70 m2. Angular accuracy of recon-

struction of muon tracks crossing the SM is better 
than 0.7° and 0.8° for projected zenith and azi-
muth angles, respectively. The event selection 
procedure includes several stages: trigger selec-
tion; soft program selection; scanning of muon 
bundle candidates, final event classification, and 
track counting by operators. To suppress the re-
sidual soft EAS component, for angles < 75° only 
events in limited intervals of azimuth angle (with 
DECOR SMs shielded by the water tank) are 
selected. It gave possibility to select muon bun-
dles starting from 30° and from a minimal multi-
plicity determined by trigger conditions (m ≥ 3). 

 
Figure 1: Integral distributions in muon bundle 
multiplicity for different zenith angle intervals 

 
Figure 2: Distributions in zenith angle for differ-
ent minimal muon bundle multiplicity 

Experimental statistics used in present analysis 
were selected in different zenith angle and multi-
plicity intervals, corresponding to different ranges 
of primary energy. In Figure 1, the integral distri-
bution in muon bundle multiplicity for different 
zenith angle intervals is shown. The distribution 
in zenith angle for different minimal muon bundle 
multiplicity is presented in Figure 2. Different 
symbols correspond to different data subsets. As a 
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whole, experimental muon bundle data cover 
about 6 – 7 decades in event intensity. 
General scheme of data analysis includes: selec-
tion of muon bundle events and construction of 
distributions in muon bundle multiplicity and 
angles; iterative deconvolution of the measured 
distributions to detector-independent spectra of 
local muon density for several zenith angle inter-
vals; simulation of muon LDF for different types 
of primary particles, energies, and hadronic inter-
action models by means of the CORSIKA code; 
calculation of the expected muon LDS by means 
of the convolution of LDF with a certain primary 
spectrum and composition model.  
Reconstruction of muon LDS from the observed 
characteristics of muon bundles is started from 
estimation of parameters of a spectrum model in a 
following semi-empirical form: 

( 1)( , ) / cos .0dF D dD C D β αθ θ− += ⋅   (3) 
A power-type dependence of the muon LDS fol-
lows from the analytical consideration given 
above (eq. 2). On the other hand, analysis of ze-
nith angle distributions of muon bundles detected 
in DECOR has shown that these distributions are 
well described by power function of zenith angle 
cosine [5]. Procedure of experimental estimation 
of muon LDS in more detail is described in [1]. 

Simulation details 

Muon LDFs in a plane orthogonal to the shower 
axis were calculated on the basis of CORSIKA 
code (v. 6.500) [6] for fixed zenith angles, a set of 
primary energies (from 1014 

to 1019 
eV, one point 

per decade), pure protons and pure iron nuclei as 
primary particles, and two combinations of had-
ron interaction models: QGSJET01c + GHEI-
SHA2002 and SIBYLL2.1 + FLUKA2003.1b. 
Calculations have been performed with 
consideration of the Earth magnetic field, which 
significantly decreases muon density in the 
central part of the shower [7] and influences the 
intensity of events selected by muon density [8]. 
As a reference model of the primary flux, a power 
type all-particle differential spectrum in the form 
dN/dE = 5.0 × (E, GeV) − 2.7 cm-2 s-1 sr-1 GeV-1 
below the knee energy, steepening to (γ + 1) = 3.1 
above the knee (4 PeV) was used. This spectrum 
is close to MSU data as given in [9]. 
In Figure 3, results of calculations of the average 
logarithms of the energy of primary particles that 

give contribution to events with a given local 
muon density D for several zenith angles (labels 
near the curves) are presented. The polygons in 
the figure outline the regions corresponding to 
selection of muon bundles of different categories. 
The lower limit of accessible primary energies 
corresponds to about 1015 eV because of low 
muon densities in such EAS. On the other hand, 
statistical limitations appear around 1019 

eV, since 
the number of detected events with such muon 
densities and angles becomes low. 

 
Figure 3: Average logarithms of primary energies 
responsible for events with a given local muon 
density for various zenith angles (see the text) 

Results and discussions 

The measured and calculated differential muon 
LDS multiplied by D3 for zenith angles 35°, 65° 
and 78° are presented in Figure 4. The points are 
obtained from different sub-sets of the experi-
mental data. The curves correspond to calculation 
results for two extreme versions of primary com-
position (only protons and only iron). A reason-
able agreement (including the absolute normalisa-
tion) of the present data with CORSIKA-based 
simulation is observed. At moderate zenith angles 
(35°), the steepening of the spectra related with 
the knee is seen. Data for 65° correspond to in-
termediate primary energies (about 3 – 500 PeV). 
In this angular interval, the behavior of experi-
mental LDS demonstrates a trend to a heavier 
composition and a hint for an increase of the 
slope near 1017 eV: partial fits of the data above 
and below this energy (thin lines in the figure) 
give Δβ = 0.20 ± 0.10. Large multiplicity events 
in the last angular interval (m ≥ 10, θ > 75°) cor-
respond to energies around 1018 eV. In order to 
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confront DECOR data with other experiments, we 
have calculated expected muon density spectra 
for two models of primary spectrum, based on 
HiRes and AGASA results [10] in the range 1018 - 
1019 eV.  

 

 

 
Figure 4: Muon LDS for different zenith an-
gles. Points - DECOR data; curves - calcula-
tions. a) θ = 35°; b) θ = 65°; thin lines repre-
sent partial fits of the data below and above 
1017 eV; c) θ = 78°; the curves correspond to 
HiRes-based and AGASA-based models of 
primary spectrum 

 

Both these measurements give a similar spectrum 
shape in this energy range, clearly showing an 

ankle feature (though shifted in energy), however 
disagree (about two times) in normalisation. The 
curves shown in Figure 4c were obtained with 
QGSJET01 interaction model; SIBYLL predicts 
somewhat lower absolute intensity. As seen from 
the figure, in frame of these models the measured 
muon LDS does not contradict AGASA data 
under assumption of a mixed composition, and is 
not compatible with HiRes-based intensity. 

Conclusion 

The approach based on a new phenomenological 
variable – local muon density – gives possibility 
to investigate characteristics of primary cosmic 
ray flux in a very wide energy range (from the 
knee to the ankle) by means of a single detector 
of relatively small area with the same experimen-
tal technique. Muon LDS are sensitive to primary 
spectrum and composition and forward region of 
hadronic interactions. Analysis of muon LDS 
together with data on other EAS observables will 
allow putting new constraints on combinations of 
spectrum, composition and interaction models. 
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