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Abstract. The experimental data of the Andyrchy-BUST using the “Andyrchy” EAS arrayRetkov et al.2006. High
experiment are presented. The three types of experimentanergy muon component (with 230 GeV threshold energy of
data, taken in our experiment, have been analyzed: high emmuons) is measured using the Baksan Underground Scintilla-
ergy muon number spectrum, EAS size spectrum and depertion Telescope (BUST)Alekseev et a].1998. The location
dence of the mean number of high energy muons on EASf the “Andyrchy” right above the BUST gives us a possibil-
size. Joint analysis of these experimental data have been uséty for simultaneous measurements of both EAS components.
for both studying the primary composition and testing inter-  In this paper three types of experimental data are analyzed:
action models. muon number spectrum, EAS size spectrum and correlation
between muon number and EAS size simultaneously mea-
sured. Integral muon number spectrupetkov et al.2009

has been measured using the Baksan Underground Scintilla-
tion Telescope (BUST). The EAS size spectrubiydakov

et al, 19973 has been measured using the “Andyrchy” EAS

cleus, direct methods for studying the energy spectrum and@T@y. The dependence of the mean number of high energy
nuclear composition of primary cosmic rays become ineffi- MUoNS on EAS sizeGhudakov et al.1997h Petkov et al.

cient because of a decrease in the flux of primary particle2003 has been measured by simultaneous operation of both

with an increase in their energy. Therefore, at these and, of €VICes-

course, higher energies, indirect methods based on simulta-

neous measurement of the characteristics of different com-

ponents of extensive air showers (EASs), initiated by the pri-2 Experimental data

mary particle in the atmosphere, are used. The interpretation

of these measurements requires their comparison with EAZ.1  EAS size spectrum

simulations in the atmosphere. In turn, the calculation re-

sults depend on the hadronic interaction models. But it isThe standard definition of the shower sizg is the total
widely known that none of the present interaction modelsnumber of the charged particles (mairiy) at the level of
can completely describe a full set of experimental data forobservations. As a scintillation detector measures the energy
cosmic rays. Joint analysis of the various characteristics ofleposition, and not the number of particles, the reconstruc-
different EAS Components measured in the same experimerﬁzon of shower parameters is performEd in units of relativistic
can be used for both studying the primary composition andParticles. One relativistic particle (r.p.) is the most proba-
testing interaction model#\pel et al, 2007 Garyaka et aJ.  ble energy deposition from a single cosmic ray particle, for
2008. At the Andyrchy-BUST experiment the electromag- our detector it is 10.6 MeVRetkov et al.200§. The mea-
netic and high energy muon components are measured. Theired sizeN,., is the total energy deposition in allegedly

electromagnetic component in our experiment is measuregontinuous infinite detector. The shower sivg, , the slope
of the lateral distribution function and the core location are

determined by ax?-like method, in which the logarithm
Correspondence tdv. B. Petkov of the energy deposition in each detector is compared with
BY (vpetkov@yandex.ru) the one expected from the NKG lateral distribution function
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1 Introduction

In the range of primary energies of #0- 10'°eV per nu-
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Fig. 1. EAS size spectrum. Points - experiment. Lines 1 and 2 Fig- 2. Integral muon tracks number spectrum. Points - experiment.

are calculated spectra for the primary compositions 1 and 2, correkines 1 and 2 are calculated spectra for the primary compositions 1
spondingly. and 2, correspondingly.

with ro=96m. This function reproduces with a good ac- set has been taken during 1984 — 1995 (live time 9.8 years)
curacy the experimental dat€lfudakov et a).19973. In and contains information about BUST events where 100 and
the present analysis next selection conditions were used: 1y'0re detectors were fired. The latter condition corresponds
sed < 1.05 (near vertical events); 2) 22 fired detectors; 3) to 20 or more muons crossing BUST for near vertical di-
> 4 detectors with energy depositidfy > 10r.p. well in- rections. It is to be noted that owing to muon tracks num-
side the array; 4) reconstructed axes in central part of th&er saturation there is no sense to analyze this spectrum for
array (the distance from the center is not larger than 50 m) > 170, where the relatiom,, /m becomes more than 1.5.
The accuracy of reconstruction was calculated using data ob- . _

tained from a simulation that includes the experimental dis-2-3 The mean number of muons vs. EAS size (Fig. 3)
persion. The size spectrum is reconstructed without distor-

tions for showers with F5<IgN, , < 8.0 (Petkov et al. The size, axis position and the EAS arrival direction are de-
2010. For these showers the accuracy of t¥ig,. determi-  termined using the Andyrchy array data; the BUST data are
nation is better than 15% and the accuracy of the axis poused to determine the number of muons crossing BUST. The
sition determination is better than 5m. Figure 1 shows theunderground telescope measures only a part of the total num-
measured differential size spectrum taken during live timeber of muons in EAS and the uncertainty in the determination
1.297-10%s (1501.2 days), in r.p. units. The steepening of of the EAS axis position at the BUST level is comparable

the spectrum is observed atNg,, ~ 6.35. with the size of the BUST. Therefore only mean number of
muons as function of EAS size can be measured in our ex-
2.2 Muon number spectrum periment Chudakov et a]1997h Petkov et al.2003 2010.

Coordinates of hit BUST detectors are used to reconstruct

tracks of muons crossing the telescope. Generally the num3 Calculations

ber of muon tracks: differs from the number of muons,,

in the group Petkov et al.2008. In order to avoid additional The development of EASs in the Earth’s atmosphere have
uncertainty we use only experimental muon tracks numbetbeen simulated by means of the CORSIKA code (version
spectrum for study of primary composition. The conversion6.900) Heck et al, 1998. The QGSJetll-03 and Fluka were
of the number of muons to the number of reconstructed muorused as the high and low energy hadronic interaction mod-
tracks is included in the calculations. The integral spectrumels. The CORSIKA output files were used then as input
of the number of muon tracks for near vertical directions files for AndyrDet code, which performs a detector response
(6 < 20, effective muon threshold energy is 230 GeV) was simulation. The results of the simulations were summarized
measured fom = 1— 250 (Fig. 2). This spectrum was ob- as parametrization functions of the EAS characteristics, that
tained using two BUST data sets. The first data set has beethen was used for calculations of the observables (integral
taken during 2001 — 2004 (live time 3.3 years) and containamuon number spectrum, EAS size spectru_m,J(N,p) de-
information about all the BUST events. The second datapendence).
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Fig. 3. N,(N+,) dependence. Points - experiment. Solid line 1 Fig- 4. Dependence of the mean EAS size on energy of primary
and dashed line 2 are calculated dependencies for the primary conirotons. Points - CORSIKA results. Line 1 - fit to the CORSIKA
positions 1 and 2, correspondingly. The dotted lines are calculatedesults. Line 2 - changed dependen¢e, (Eo).

dependencies for pure protons and iron nuclei.

4.10° TeV. This composition gives a good fit for the EAS
The integral muon number spectrum in BUST was calcu-size spectrum (Fig. 1, line 1). But the muon number spec-

lated numerically in the same way asRetkov et al(2008. trum calculated for this composition is in contradiction with
The EAS size spectrum can be presented as: experiment (Fig. 2, line 1). For the second composition the

protons knee position i€, = 2- 103 TeV and total flux at

T dF4(Eo) 1TeVis Q215 (nf s sr TeV) L. This composition gives a sat-

I(Ny.p.) :Z/TWA(EOJVr.p.)dEO (1) isfactory fit for the muon number spectrum (Fig. 2, line 2).
A0 0 But the EAS size spectrum calculated for this composition

is in contradiction with experiment (Fig. 1, line 2). For both

compositions the calculathM(Nrp) dependences are very
) T close to one another and both are in contradiction with exper-
cleus with energyo to produce EAS with sizeV;. . at ob- iment (Fig. 3). So, predictions from both considered mass

servation level. , composition models do not give satisfactory fits to all data
The dependence of the mean number of high energiqat ohtained from our measurements

muons on EAS size was calculated taking into account the

energy spectra of the primaries and anticorrelation between

the number of high energy muons in EAS and EAS size4 Discussion

at fixed primary energy. The calculations of the observ-

ables were performed for two composition models with five Discrepancies between EAS size spectrum and muon data
groups of primary nuclei (see Table 1 and Table Patkov ~ can be lessened to a considerable degree using two ways. The
et al, 2010. Energy spectrum of every primary group is a firstone is to change muon production function (MPF, the de-
power law with rigidity dependent kney, = Ey,, - Z (Ter- pendence of the mean number of muons per EAS on energy)

whered F4(Ep)/d Eg is the energy spectrum of the primary
nuclei andWy (Eo, N;.p.) is the probability for primary nu-

Antonyan 2007): for muons withE,, > 230 GeV Petkov et al.2010. Thus
changed MPF, that increases slower with energy increase in

dF,(Ep) 0 oy Eo \* e comparison with MPF fitting to the CORSIKA results, gives

d—EO =F"-Eo " [1+ (E_k) } () acceptable agreement between EAS size spectrum and muon

data for the primary composition 1. But as high energy muon
where Eq is energy per particle anfi.? is absolute flux at  production is sensitive to average multiplicities of charged
1TeV per particle. The sharp knee was applied for bothparticle production in high energy collisions, the new data
composition modelse. = 3.5 andy. =5.2. Both compo- from the CERN LHC detectors might change models used in
sition models do not give closest fit for the complete data sefEAS simulations and predict new muon gain.
of direct measurements, but the data do not contradict these Another way is to change the dependence of the mean EAS

models. size,N,,,(Eo), on energy of primary particles. The changed
For the first composition total flux at 1TeV is N,,,(Eo) for the primary protons is presented in Fig. 4 to-
0.2677 (mfssrTeV)! and protons knee position By, = gether with CORSIKA results. The EAS size spectrum
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Fig. 5. EAS size spectrum. Points - experiment. Line is calculatedFig. 6. NM(NVP) dependence. Points - experiment. Solid line

spectrum for the primary composition 2 and changed dependencés calculated dependence for the second primary composition and

ﬁ,[,(Eo). changedN,, (Ep). The dashed lines are calculated dependencies
for pure protons and iron nuclei.

calculated for the second primary composition and changed

N,p(Eo) is shownin Fig. 5. Th&V, (N,,) dependencies cal- Chudakov, A. E., Petkov, V. B., Poddubny, V. Ya., and Voevod-
culated using Changd_ﬂrp(Eo) are shownin F|g 6. One can Sky, A. V.: A measurement of the EAS differential size SpeCtrUm
see that the dependencies calculated for the second primary around the knee, Proc. 25th ICRC, Durban, 6, 177-180, 1997.

- ~ . - hudakov, A. E., Petkov, V. B., Poddubny, V. Ya., and Voevodsky,
composition and changed,, (Eo) gives acceptable fit to the ) , " .
experimental data. A. V.: Cosmic ray composition around the knee from simulta-

neous surface and undergraund measurements at Baksan, Proc.
25th ICRC, Durban, 6, 173-175, 1997.

Garyaka, A. P., Martirosov, R. M., Ter-Antonyan, S. V., et al.: All-
particle primary energy spectrum in the 3-200 PeV energy range,

Three types of experimental data taken in our experiment ééggézlﬁ}l'\igg'd;ggé Phys., 35, 1152@hi:10.1088/0954-
hi\;]e bg?Jagﬁgged ICT ;(:rluskpaperihC(?]RilKAdC(I)de V'6'900Heck, D., Knapp, J., Capdevielle, J. N., Schatz, G., and Thouw,
Wi Q. . etll- . an uka as the high and low engrgy T.: CORSIKA: A Monte Carlo Code to Simulate Extensive Air
hadronic interaction models, has been used for EAS simu- Showers, Report FZKA 6019, Forschungszentrum, Karlsruhe,

lations. The discrepancies between EAS size spectrum and 1ggg.
muon data can be lessened to a considerable degree by ipetkov, V. B., Szabelski, J., Smirmov, D. V., and Novoseltseva, R. V.:

5 Conclusions

troducing changes, either related to MPF ori_\lg,(Eo), in High energy muon number spectrum detected at the Baksan Un-
CORSIKA results. In any case the primary composition gets derground Scintillation Telescope, Nucl.Phys. B (Proc. Suppl.),
heavier across the knee. 175-176, 362-365, 2008.
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