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Abstract—Results are presented from measuring the energy characteristics of muon bundles in inclined
extensive air showers in the NEVOD-DECOR experiment. Estimates of the average energy of muons in the
bundles are obtained in the 10 to 1000 PeV range of primary particle energies and compared to values calcu-
lated under different assumptions about the composition of cosmic radiation and models of hadronic inter-
actions. An excess of experimental values of the average muon energy relative to calculations is found for high
local densities corresponding to primary particle energies above 100 PeV.
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INTRODUCTION
An important problem in cosmic ray physics is the

so-called muon puzzle—the excess of multi-muon
events that grows with the energy of primary particles,
relative to results from calculations within modern
models of hadronic interactions. An excess of muons
has been found in many experiments, and a combined
result of such research was presented by the Working
Group on Hadronic Interactions and Shower Physics
(WHISP) [1, 2]. The observed excess could be due to
many factors (e.g., the generation of new particles or
states of matter in nucleus–nucleus interactions) not
considered in models of hadronic interactions. One
way of solving the muon puzzle is to study the energy
characteristics of muon bundles in extensive air show-
ers (EASes) and how they change with the energy of
primary particles. A possible approach to studying the
energy characteristics of the EAS muon component is
to measure the energy deposit of muon bundles in the
matter of the detector. The average losses of muons in
matter depend almost linearly on their energy:

 The specific energy deposit (nor-
malized to the muon density) gives information about
the average energy of muons in bundles. Signs of an
excess of high-energy muons could indicate the intro-
duction of new physical processes [3]. Results from
studying the energy deposit of muon bundles in the
NEVOD Cherenkov water calorimeter were presented
in [4], and preliminary results on the average energies
of muons in bundles were given in [5, 6]. The aim of
this work was to obtain experimental estimates of the

average energies of muons in bundles, depending on
the zenith angle and local muon density in a wide
range of primary energies (10–1000 PeV) with more
experimental statistics reflecting the main systematic
effects that affect measuring results.

EXPERIMENTAL SETUP AND DATA
The setup on which the bundles were recorded

consists of a NEVOD Cherenkov water calorimeter
(CWC) [7, 8] with a volume of 2000 m3 and a DECOR
coordinate-tracking detector [9, 10] with an area of
70 m2. CWC NEVOD consists of quasi-spherical
modules (QSM) that form a spatial lattice in the water
volume of the tank. Each QSM has six FEU-200 pho-
tomultipliers, which contain f lat photocathodes 15 cm
in diameter. The photomultipliers are directed along
the axes of an orthogonal coordinate system that
allows us to record Cherenkov light from any direc-
tion. Measure Σ of the energy deposit is the sum of the
signals of all triggered PMTs in the NEVOD detector,
in units of photoelectrons (ph. e.).

The DECOR coordinate tracking detector consists
of eight supermodules (SMs) positioned around the
Cherenkov calorimeter. Each SM has an area of 8.4 m2

and contains eight vertical planes of streamer tubes.
The angular and spatial accuracies of reconstructing
the tracks of muons crossing the SM are better than 1°
and 1 cm, respectively. The DECOR detector allows
us to determine the number of muons in a bundle
(multiplicity) and the direction of its arrival.
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Fig. 1. Dependence of the ratio of a measured specific
energy deposit to one modeled for a fixed muon energy of
100 GeV on the zenith angle.
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Local density D of an event is estimated as the ratio
of multiplicity m to effective area Sdet of the detector in
a given direction, allowing for the bias of the estimate
resulting from Poisson fluctuations in the number of
particles hitting the detector, and the steeply falling
spectrum of density [11]:

(1)

where  is the integral index of the slope of the
local muon density spectrum (LMDS) [11].

In the first approximation, the total energy deposit is
proportional to muon density D in an event, so we con-
sider specific energy deposit  (i.e., the number of
photoelectrons divided by the estimated muon density).

To analyze our data, we used 103 thousand events
with muon bundles having a multiplicity of at least 5 and
zenith angles of more than 55° for 60.1 thousand h of
live time (the period of recording from July 2013 to
March 2022). The contribution to the NEVOD CWC
response from the electron–photon and hadronic
components of the EAS [12, 13] in addition to that of
muons was significant at zenith angles of less than 55°,
which is why we chose this boundary. Events were
selected in two 60°-wide sectors of azimuth angles,
where most part of the DECOR coordinate detector
(six out of eight supermodules) was shielded by the
water volume of the NEVOD detector.

AVERAGE ENERGIES OF MUONS 
IN BUNDLES

A joint model of the DECOR and NEVOD CWC
detectors’ response to the passage of artificial muon
bundles was developed for our physical analysis. Events
with bundles of muons were modeled over the spectrum
of the local muon density with a slope and angular dis-

( )= − detβ ,D m S
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tribution close to the experimental ones. Both the phys-
ical features of the DECOR detector and the conditions
of selecting events with muon bundles were considered
in the model. The NEVOD CWC’s response to the pas-
sage of bundles of muons with a fixed muon energy of
100 GeV was modeled for the selected events using the
Geant4 software package [14]. The mathematical
model of the NEVOD CWC was verified and calibrated
against the response to single near-horizontal muons
selected by the DECOR supermodules.

Different systematic effects affecting the measuring
results were considered, including track masking; the
residual contribution to the NEVOD detector’s
response from the electron–photon and hadronic
components of the EAS in the zenith angle intervals of
55°–60° and 60°–65°, which totaled (5.1 ± 1.1) and
(0.87 ± 0.30)%, respectively; underestimates of the
response due to the threshold of digitization; changes
in the conditions of recording in different series of
measurements; and the efficiency of the DECOR
detector’s response.

We moved from average specific energy deposits
measured directly to the average energy of muons in
bundles by obtaining ratio R of a measured specific
energy deposit to one modeled for fixed muon ener-
gies of 100 GeV (Fig. 1). Using the dependence of the
average losses in water on the muon energy [15], which
is virtually linear in the range of hundreds of GeV, we
used ratio R to calculate the average muon energies in
the Cherenkov water calorimeter and their errors. Fig-
ure 2a shows the dependence of the average muon
energy in bundles we obtained in the 55°–85° range of
zenith angles. The arrows indicate the characteristic
energies of primary particles [11]. The curves were
obtained by modeling the muon component of EASes
formed by primary protons (a lower group of curves)
and iron nuclei (an upper group of curves) in the
CORSIKA software package [16] for models QGS-
JET-II-04 (solid curves), SIBYLL-2.3c (dashed
curves), and EPOS-LHC (dashed-and-dotted curves)
of hadronic interactions. Experimental estimates of
the LMDS slope were used in calculating the expected
dependences.

Figure 2a shows the increase in the average energy
of muons in bundles when the zenith angle increases.
The predicted and experimental results are in good
agreement.

Figure 2b shows the dependence of the average
muon energy on the local muon density, obtained for
the 65°–75° range of zenith angles. The denotation of
the curves and arrows is the same as in Fig. 2a. The
expected dependences were obtained by modeling
showers for primary protons and iron nuclei with fixed
zenith angle θ = 69°. The excess of experimental esti-
mates of the average muon energy over those calcu-
lated for primary protons in different models ranges
from 4.2σ to 4.8σ for high densities corresponding to
primary energies above 1017 eV, and from 3.1σ to 3.7σ
MY OF SCIENCES: PHYSICS  Vol. 87  No. 7  2023
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Fig. 2. Dependences of average energy of muons in bun-
dles on the (a) zenith angle and (b) muon density within
the 65° ≤ θ < 75° range of zenith angles. Dots represent
experimental data, while the curves show expected depen-
dences obtained using results from EAS modeling with the
CORSIKA software package (a detailed description is
given in the text). Arrows indicate the characteristic ener-
gies of primary particles of cosmic rays.
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for primary iron nuclei (obtained according to the last
three points of the dependence).

CONCLUSIONS

At energies above 100 PeV, results from experi-
ments show an exess of the average energies of muons
in bundles over those expected, which could testify in
favor of inclusion of new mechanisms of the genera-
tion of high-energy muons at ultrahigh energies of pri-
mary cosmic rays.
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