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The results of the analysis of the NEVOD-DECOR data on the study of
inclined muon bundles (6 = 40° — 85°) of cosmic rays for the period from
2012 to 2023 are presented.

The estimates of the energy spectrum and the behavior of the mass
composition of primary cosmic rays in a wide energy range from 2x10> eV
to 3x1018 eV were obtained. They are compared with the data of other
experiments.



General view of the NEVOD-DECOR setup

Cherenkov water
detector NEVOD
(volume 2000 m?3)
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Detecting system of Cherenkov water calorimeter NEVOD

91 QSMs are arranged in an array of 25 vertical strings. Each QSM consists of 6 PMTs
with flat photocathode directed along rectangular coordinate axes. A wide dynamic range
(1 — 10° photoelectrons) allows to measure energy deposit of muon bundles.




DECOR SMs in the galleries around the NEVOD water tank

Each SM has an effective area 8.4 m2 and consists of 8 vertical planes of streamer tube
chambers. The length of the chambers is 3.5 m, inner tube cross section is 9x9 mm?2. The
planes of the chambers are equipped with a two-dimensional system of external readout strips.




Typical event with muon bundle in DECOR supermodules

multiplicity m = 7 particles, zenith angle 6 = 62°
Run 96 --- Event 1094310 ----25-05-2023 17:18:04.38 Trigger(1-16):01010010 00000000 Weit_Time:16.527 msec
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Spatial and angular accuracy of muon track location in the SM
IS better than 1 cm and 1°, respectively.




An example of geometry reconstruction of muon bundle event

detected by the NEVOD-DECOR setup

NEVOD QSMs with

firgd phototubes reconstructed muon
(circles, colors reflect tracks (blue lines)

signal amplitudes)
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NEVOD-DECOR experimental data

Experimental data accumulated from May 2012 to July 2023 are used:

multiplicity m > 5 and zenith angles 0 > 55° — 129173 events
(“live” observation time is 75 238 h);

and additionally,

m =5, 40° <0 <55° — 30 375 events (‘live” time is 6 324 h),
m =4, 40° <0 <55° -4 130 events (‘live” time is 1 043 h).

two sectors of azimuthal angles are used (¢ = 105-165° and ¢ = 195-255°) —
six of the eight DECOR SMs are shielded by the water volume of the NEVOD

The procedure for selecting events:

- hardware selection of 3-fold coincidences of signals from different SMs within
a time gate of 250 ns;

- software selection and reconstruction of candidate events containing quasi-
parallel tracks within a 5° cone;

- final classification of events and visual track counting by several operators.



Multiplicity and angular distributions of muon bundles
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Data embrace the range of about 5 orders of magnitude in the event intensity.
From these data, local muon density spectra have been reconstructed.



Record-breaking multi-muon event (with large multiplicity)
detected by the NEVOD-DECOR setup

multiplicity m = 124 particles, zenith angle 6 ~ 75°, E, ~ 7x1018 eV
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Record-breaking multi-muon event (with large zenith angle)
detected by the NEVOD-DECOR setup

multiplicity m = 33 particles, zenith angle 6 ~ 84°, E, = 4x10'° eV

Run 775 --- Event 393380 ----10-11-2022 06:04:40.22 Trigger(1-16):01110100 00010000 Weit_Time:332.878 msec
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Original approach to the analysis of data on muon bundles:
method of Local Muon Density Spectra (LMDS)

detector

77 h,e,v,u
" at first approximation,

local density of EAS muons:
D=m/ Sdet (9, (P)1

m — muon bundle multiplicity,
S4et — detector area for a given direction

In an individual muon bundle event, local muon density D (at the observation
point) is measured. Distribution of events in muon density D forms the LMDS.
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Distribution of primary cosmic ray particle energies contributing

to events with a fixed muon density at different zenith angles
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At the same muon density, different zenith angles correspond to substantially
different (by the orders of magnitude) characteristic energies of primary cosmic ray

particles contributing to the selected events, as the lateral spread of muons in
bundles increases with zenith angle.
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JTanbl aHanm3a aHHbIX MO JTOKanbHOW MIOTHOCTU MHOOHOB

BocctaHoBneHue akcnepumeHTanbHbix CIINMM dF(D,0)/dD n3 unamepeHHbIX
pacnpegeneHnn xapaktepuctuk cobboltmn N(m,0,p) C yd4eToM reomeTpuu,
donykTyaunun, aoPeKTUBHOCTM pernctpaunm, TPUrrepHbIX yCrnosum u T. 4.

[MonyyeHne pacdeTtHbix CJINIM B BUAe CBEPTKM MOLENU ISHEPreTUYecKoro
cnektpa [1KIT ©n dyHKUMM npocTpaHcTBeHHOro pacnpeneneHna (PriP)
MIOOHOB, KOTOpble BbIYUCIIAKTCA Ha oOcHoBe wMogenuposaHma LWAJT c
nomowlbto nporpammbl CORSIKA Onga 3agaHHbIX SHEpPrun, 3eHUTHbIX Yrnos,
Moaenen agpoHHbix B3ammopgencteun: EPOS-LHC, QGSJET-11-04, SIBYLL-
2.3c (post-LHC) n QGSJETO01D (pre-LHC) v npegnonoXeHnn o mMaccoBOM
coctase [1KJ1 (p, Fe).

ConocTtaBneHne akcnepmMeHTanbHbIX 1 pacdeTHbix CJIITM.
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Differential local muon density spectra for different zenith angles

At the energies ~ 100 eV 3
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BnuaHmne anekTpoHHO-POTOHHOM KoMMNoHeHTbI LLAJT Ha CITTM
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JkcnepumeHTanbHble CJITNM n HoBble (2025) moaenu agpoHHbIX
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Estimates of the primary cosmic ray energy spectrum

Muon bundles are part of the muon component of air showers, so
their intensity can be directly recalculated to the intensity of the
primary CR flux, but under certain assumptions about the mass
composition and the hadronic interaction model.

Reconstruction of the differential CR energy spectrum from the
experimental LMDS (for each zenith angle interval):

dJ/dE, =(dN/dE,),,,, <[ (dF/dD),, /(dF/dD),, |

where (dN / dE;),,.q IS the model of the CR spectrum,
(dF / dD), is the experimental LMDS,

(dF / dD),, is the theoretical LMDS

(convolution of the muon LDF with the spectrum model).
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The differential energy spectra of the primary CRs obtained from

the intensity of muon bundles detected at the NEVOD-DECOR
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The differential energy spectra of the primary CRs obtained from

the intensity of muon bundles detected at the NEVOD-DECOR
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The differential energy spectra of the primary CRs obtained from

the intensity of muon bundles detected at the NEVOD-DECOR
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The differential energy spectra of the primary CRs obtained from

the intensity of muon bundles detected at the NEVOD-DECOR
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Behavior of the prinary cosmic ray mass composition

It is possible to estimate the behavior of the mass composition
with a change of the primary CR energy using the NEVOD-DECOR
data in the case of an a priori choice of a certain hadronic interaction
model and energy spectrum model.

A convenient value that allows obtaining such estimates is the
z-scale, which was proposed by WHISP:

Z:[|n(NSet)—In(NESim)}/[In(NEeSim)—ln(NSSimﬂ

where N, is the observed value

(muon density, muon number, in our case LMDS, etc.),

N,Ps™and N Fesm are the calculated estimates of this value for EAS
formed by primary protons and iron nuclei

(z = 0 —only of protons, z = 1 — only iron nuclei).
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Comparison of new NEVOD-DECOR data by means of z-scale
with muon measurements from other air shower experiments
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The all-particle spectrum (experiments and models)
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Comparison of new NEVOD-DECOR data by means of z-scale

with muon measurements from other air shower experiments
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For interpretation of our data, assumption on
the primary all-particle spectrum is necessary.
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Conclusions

0 A long-term experiment on the systematic study of muon bundles in a
wide range of zenith angles in extensive air showers generated by
primary cosmic rays with energies of 101 — 101° eV is being conducted at
the NEVOD-DECOR setup. The mean energies of muons in bundles are
hundreds of GeV.

O The experimental data on the muon bundles intensity allow us, within the
LMDS method, to obtain estimates of the primary CR energy spectrum,
making certain assumptions about the mass composition and the
characteristics of hadronic interactions, as well as to study the behavior of
the CR mass composition using the models of the energy spectrum and
hadronic interactions.
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Thank you for your attention!
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YacToTa permcrtpauum rpynn MOOHOB
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OT160p cobbiTu B ABYX 60° cekTopax asumyTasibHbIX YrIioB




Y, km

Shower cross section in muons
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comparison with a shower dimension in muon component. A small fragment of the shower
Cross section is registered in the experiment.



SdbdekTnUBHAA nnowagb cobupaHua cobbitnn ana metoaa CJINMM
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JkcnepumMmeHTanbHble oueHku CITM

B HE3ABUCMMOM OT AOETEKTOPA BNAE

dF/dD =dF,/dD x[ AN, (AD,A8) ] /[ AN,,, (AD,A0) |

exp

“onopHas” mogenb: dFo/dD — CD *Ycos*0 C=7x10%a=47np=21

D° dF/dD =[Ny (AD, AB) /Ny, (AD, AB)]CD?* P cos™ 6



Pacuetbl CJIINMM

WhTerpanehbii CITMM: - F (2 D) = J- N (Z E, (r, D))dS cobbITuin / (c cp)

N (= E,) — aHepreTuyeckuin cnektp MK

E, onpeaensietTcsl ypaBHEHVEM: p( E, ,r) =D

OuddepeHumanbHbii CINM:  dF/dD = j(dN/dEO )/[dp(EO ,r)/dEo]dS



AN / AlgE (norm.)

PacnpeneneHne nepBuYHbIX YacTuu, no aHepruam E,,

koTopble gatoT Bknaa B LUAJ1 ¢ 3agaHHbIM yncrniom yactuu N,

0.20
[ p,6=25-35° E,=10"-10"eV,y=2.7 Ig(N)=4.9-51 ]
0.15
(LF Piﬂl
0.05 1 i
4.5 5.0 55 6.0 6.5 7.0

I9(E,, GeV)

7.5

AN/ AlgE (norm.)

0-20""l""l""l""l"""
[ p,0=25-35°,E =10"-10"eV,y=27 Ig(N)=5.9-6.1
0.15
- |

0.10 HJ L]
0.05 'J
0.00 L - . R

5.5 6.0 6.5 7.0 7.5 8.0 8.5



N3y4yeHne MooHHON KoMnoHeHThI LLAJT Ha pa3Hbix ycTaHOBKax

4) Combined analysis ISVHECRI 2024
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J.C. Arteaga-Velazquez, A combined analysis from the WHISP working group
on the muon data from ten extensive air shower experiments
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WHISP (ISVHECRI 2024)

4) Combined analysis

» The z-scale after applying the energy shifts for common energy calibration.
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Conoctaernenune CJINM gnsa pasnnyHbiX 3€HUTHbIX YITI0B
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Conoctaernenune CJINM gnsa pasnnyHbiX 3€HUTHbIX YITI0B
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Conoctaernenune CJINM gnsa pasnnyHbiX 3€HUTHbIX YITI0B

(BNuAHMe BblbOpa aHepreTmndeckoro crnekrtpa lNKIT)
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N3mepeHna rmyouHbl makcumyma passutmna LWAJT X .,

donyopecueHTHbIM MeTOA40M

John Matthews, Telescope Array Collaboration, ISVHECRI-2024
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NEKOP (2002-2007) /I SidepHas cpusuka, 73 (2010) 1904
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Puc. 9. dxkcnepumenTaibHble H pacueTHble AU HEpeHIHANIBHBIE CNEKTPB! JIOKAALHOH MJIOTHOCTH MIOOHOB /1151 3€HHTHLIX YIVIOB
359 (a), H0° (6), 65° (8) u 787 (). Toukn — 3KCMEPUMEHTABHbIE JIAHHBIE, CIUIONIHbIE W IITPHXOBLIE KPHBHIE — pacueT ¢

mojensmu QGSJETOL w SIBYLL 2.1 cooteercteenno. Huxuue napbl KpHBLIX HA KaxK10M PUCYHKE — MEPBHUHLIE NPOTOHLI,
BEPXHHE — s1/1pa XKeJle3a.
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OHepreTudeckmnn cnektp MNKJ1 npm cBepXBbICOKMX SHEPTUAX

R.P. Kokoulin et al., Nucl. Phys. B (Proc. Suppl.) 196 (2009) 106; O. Saavedra et al., Journ. of Phys.: Conf. Ser. 409 (2013) 012009
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OueHkn cnektpa NKW, ocHoBaHHble Ha gaHHbIXx [JEKOP no rpynnam mooHOB npu 60nbLunx
3€HUTHbIX Yyrrax, OKasblBalTCS MSIOX0O COBMECTMMbl (Oae B MPeanonoXeHUn TSHKeNoro
MaCcCOBOro cocTtaBa) ¢ AaHHbIMK ycTaHoBoK HiRes, PAO, TA. 3To npoTMBopevne cTaHOBUTCAH
ewe 6ornee 3Ha4YMMbIM, €CMN MNPUHATb BO BHMMAHWE, 4YTO [aHHblE ONYOPECLEHTHbIX
OETEKTOPOB yKa3blBalOT HA JOMUHMPOBAHWE Nerkux saep B obnactu aHeprun ~ 1018 3B.
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Fig. 8. Reconstructed local muon density spectrum at 64° zenith angle (dark trian-
gles) and expected spectra calculated for protons and iron nuclei as primary parti-
cles (lower and upper groups of the curves respectively) with five different hadron
interaction models. Arrow indicates the position of the effective 107 eV primary
particle energy.
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Fig. 9. Reconstructed muon density spectrum at 78° zenith angle (dark circles) and
expected spectra calculated for protons and iron nuclei as primary particles (lower
and upper groups of the curves respectively) with five different hadron interaction
models. The open square represents a combined estimate based on all events with
muon multiplicity m = 10 in the respective angular bin. The arrow indicates the po-
sition of 10" eV effective primary energy.
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LMDS for different zenith angles (42 — 52°), ND

PCR spectrum - ND
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LMDS for different zenith angles (57 — 67°), ND
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LMDS for different zenith angles (72 — 82°), ND
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[epexon oT cpegHnX yaenbHbIX SHEProBbIAENEHNN

K CcpedHUM SHEPIrndM MKOOHOB B Ipyrinax
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3aBUCUMOCTb  CpefdHero  yaenbHoro CpefnHve yaoenbHble NoTepyn MIOOHOB,
9HeproBblAeNneHna rpynn MOHOB OT HOpPMUPOBaHHbIE Ha noTepu Npun aHeprumn 100 3B

3EHUTHOIO YyImna



3aBNCMMOCTM CpeaHEeN HepPrMm MIOOHOB B rpynnax

OT 3€EHNTHOIO YyITa W nokKasrnbHOW NIOTHOCTM MIOOHOB
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3aBNCMMOCTb CpeaHen aHeprum 3aBUCMMOCTb CpeaHen aHeprum MHOHOB B
MIOOHOB B rpynnax ot 3eHUTHOro yrina rpynnax ot nokanbHOWM NMIOTHOCTU MIOOHOB

[na 6onbluMx NIOTHOCTEN, COOTBETCTBYOLWMNX aHepruam MKJT > 1017 3B,
NPEeBbILLIEHNE 3KCNEPUMEHTArbHbIX OLIEHOK CpeaHen 3HEPrMm MIOHOB
Hag pacyeTHbIMU: Ana p Ha 4.2 — 4.8c, ana agep Fe Ha 3.1 — 3.7c.
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Passutne 9K HEBO/[ — netektop TPEK

264 npendoBble kamepsbl (MDPBI),
2 NNOCKOCTU nnowagblo = 250 m?,

paspeLlleHne OBYX TPEKOB = 3 MM

oTKNuK getektopa TPEK Ha npoxoxaeHue rpynnsl MIOOHOB
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