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YctaHoska HEBOA-OEKOP

YepeHKOBCKUM BOOHbLIN
aetektop HEBO[
(06em 2000 m3)

91 kBasncgepunyecknu
N3MepuTenbHbLIN
Moaynb (546 ®3JY)

KoopanHaTHO-TPEeKOBbLIU
aetektop OEKOP
(nnowaab 70 m?)

8 BepTuKarnbHbIX
cynepmoaynemu
(CTpMeEpHbIE TPYOKK)
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Cynepmoaynu getektopa JEKOP
B rarnepesix BOKpyr BogHoro oorema getekropa HEBOL

Kaxxgbin CM nmeeT adppekTmBHyo nnowaab 8.4 M? n coctouT n3 8 nnockocten no 16 kamep
CTPUMepPHbIX Tpybok. [onnHa kamep 3.5 M, cedeHne BHYTPEHHUX TpyoOok 9x9 mm2. MnockocTu
OCHaLLeHbl CUCTEMOW BHELLHUX CTPUMNOB A8 CHUTbIBAHUA CUrHaNoB No ABYM KOOpAuHaTaM.




Pernctpupytouwiada cuctema
4epEeHKOBCKOro BoaHoro kanopumetpa HEBOL

("s L |

[MpocTpaHcTBEHHas1 peweTka cdopmupoBaHa M3 25 BepTuKanbHbIX TMpRAaHa no 3 wunm 4
kBasncgepuyecknx mogyns. OgmH KCM coctont n3 6 ®3Y-200 ¢ nnocknum dpotokatogom (J
15 cM), OpMEHTUPOBAHHbBIX BAOSIb OCEN OPTOrOHaNbHOM CUCTEMbI KoopAauHart. [uHamuyeckumn
ananasoH uamepeHun kaxgoro PY (ot 1 go 10° doToanekTpoHoB) obecnevmBaeTcs
ABYXOWHOOHBbIM CbEMOM CUIHasroB M NO3BONSET N3MEPATbL 3HEProBbIAENEHNS FPYMNN MIOOHOB.




[pynna MOHOB, 3apeructpuposaHHasa getektopom JEKOP

MHOXECTBEHHOCTb M = 5 yacTuu, 3eHUTHbIW yrosn 6 = 67°

Run 115 --- BEvent 490315 ----27-06-2023 23:21:36.25 Trigger(1-16):01000010 00010000 Weit_Time:37.060 msec
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FEEREERE

Y-npoekyus X-rpoekyus
(as3umymaribHbil y2071) (MPOEKUUOHHbIU 3€HUMHbIU y2071)

TOYHOCTb NoKanMsaunm TPEKoB 3apsAKeHHbIX YacTul = 1 cm.
YrrnoBas TOMHOCTb PEKOHCTPYKUMM TPeKoB, nepecekatrowmx CM, nydwe 1°.




[eomeTpuyeckasi PEKOHCTPYKLMA COObITUA C rPynnon MIOOHOB,

nonaswewn B yctaHosky HEBO-OEKOP

cpaboTasLwine PIY
(KPY>KKM), LLBETOM

TPEeKU MIOOHOB (NINHNN) NOoKa3aHbl aMNNUTyAbl
CUrHanosB

N

=y

CM petektopa AJEKOP
(MPAMOYronbHNKN)



JKkcnepumeHTanbHble gaHHble yctaHoskn HEBOL-OAEKOP

[Mepuoa namepenHnn: mam 2012 — nronb 2023

Kputepun otbopa rpynn MiOOHOB KOCMUYECKUX JTyYeEn:
MHOXECTBEHHOCTb M > 5 1 3eHUTHbIE YrMbl B = 55° — 129173 co6.
(75238 4 “>KnBoro” BpeMeHMu);

OOMNOSTHUTENBHO,
m > 5, 40° <0 <55° - 30 375 co06. (6 324 v),
m =4, 40° <0 <55° -4 130 co6. (1 043 v).

OBa cekTopa asumyTarnbHbIX yrinoB (105-165° n 195-255°) —
6 n3 8 cynepmoaynen JEKOPa akpaHmpoBaHbl BogHbIM o6bemom HEBO/[a

[Mpouenypa oTbopa cobbITUN:

- TPUITEPHbIN YPOBEHb (CcoBnaaeHmne curHanos 3-x pasHbix CM B npegenax 250 He);

- NporpamMMHas PEKOHCTPYKUNSA 1 oTOop (cobntogeHne ycrnosusi KBasu-
napansienbHOCTU TPEKOB B npeaesniax 5° KoHyca);

- OKOHYaTerbHad KJ'IaCCI/ICbI/IKaLI,I/Iﬂ CcoObITUN U noacyeT TPpEeKOB ornepaTtopaMm.



PacnpeneneHunsa rpynn MOOHOB

Mo MHOXEeCTBEHHOCTU N 3EHUTHOMY YIT1Y

1025 T T — T ' '3 102 L AL R R R B L R L R L A A L R 3
; m 9=40-55" ] ; E m>5
C g ] . 10
101 L ] ® 55-65 . 101 L - [ ] & m2 4
o ® A 65.75° " oos _ A m>20 3
L ] . 0 3 [ ]
T a .« = M = 10°F ° " Y
* E A ° m % E A A . ° . m
[72] F )
E 2 v 4 E 2 A L |
¢ 107 ¢ \ 4 A ° 3 ¢ 107 ¢ 3
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4 T I
10* Y ] 1 10* L { 1
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Minimal muon multiplicity Zenith angle, degree

OUEHKN MHTEHCUBHOCTU CODBLITUN C rpynnamm MHOOHOB NepeKpbiBaroT bonee naTn gekaa.

Mo namepeHHbIM pacnpeneneHnam xapakTepmucTuK rpyrnn MIOOHOB MOSTyYarTCs
aKkcnepumMeHTarnbHble oueHku CJIITM.



HoBbI noaxon K aHanu3ay gaHHbIX No rpyrnnam MHOHOB:
METOM CNeKTPoB fokarnbHon nriotHocTu (CITNM)

detector
h,e, v, n

B NepBOM NPUBIIMKEHUMN,

JTOKanbHagd NJ1oTHOCTb MKOOHOB.
D=m / Sdet (9’ (P)1

M — MHOXXECTBEHHOCTb MIOOHOB B rpyrne,
S et — NNOLWaab AeTekTopa NS AaHHOro

B cobbiTun € rpynnon MIHOOHOB OLIEHMBAETCS JloKanbHasi MSIOTHOCTb MIOOHOB D B Touke
HabnOeHUs, TaKk Kak TUNUYHble pasMepbl MIOOHHOW KOMMOHeHTbl LUAJT 3HaumnTenbHo
npeBbIWaT pa3sMepbl ycTaHoBKU. PacnpeaeneHne cobbituin no D n coopmupyet CIITM.



PacnpeneneHue no aHepruam NKJ1, parowmx Bknag B codbITUSA C

3agaHHOW MMOTHOCTbLIO MIOOHOB NPUN Pa3rindHbiX 3EHNTHDLIX YIT1ax

I I I I
| D=0.2 m? (about 5-7 muons hitting the DECOR), y = 2

—_
o

Fe, 78°
e, 8/\ p,780

o
(00)
I

p, 6 = 35°

o
(o]
T

D, 0 —> E,

dF/d(IgE,), arb. units
o
N

o
N
T

0'3014 1(;15 1016 1017 1018 1019 : 1020

[Mpn ognHakoBOW MIIOTHOCTU MIOOHOB pasHbiM 3€HUTHLIM yriam COOTBETCTBYHOT Ha MOPSAKU
oTnuyarwwmecs xapakrtepHole 3Heprun [1KJ1, palowmx Bknag B oTbOMpaemble coObITUA
(MOCKOSbKY pasneT MHOOHOB B rpynnax yBefIM4nBaeTcsl C pOCTOM 3EHUTHOIO yrna).
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JTanbl aHanm3a AaHHbIX MO JTIOKanbHOW MAOTHOCTU MHOOHOB

BocctaHoBneHue akcnepumeHTtanbHbix CJIIMNM dF(D,0)/dD 13 mnamepeHHbIX
pacnpeneneHnn xapaktepuctuk codbbitit N(m,0,¢p) C y4eToM reomeTpuu,
donykTyaunun, 3 eKTUBHOCTM perncTpaunm, TpUrrepHbIX ycrnosum n ap.

[MonyyeHue pacyetHbix CJIINMM B BMOe cBeptkn mogenu cnektpa [MKIT wm
doyHKUMN npocTpaHCcTBEHHOro pacnpeneneHusa (PriP) miwooHoB, KoTopble
BbIMMCNAOTCA Ha OcHoBe mogenupoBaHua LAJT ¢ nomouwlbio nporpaMmmel
CORSIKA gna 3agaHHbIX SHEPrun, 3eHUTHbIX YrnoB, MoAenen agpoHHbIX
B3anmogenctenn: EPOS-LHC, QGSJET-II-04, SIBYLL-2.3c (post-LHC),
QGSJETO1D (pre-LHC) n npegnonoxeHnn o maccosom coctase [KJ1 (p, Fe).

ConocTtaBneHne akcnepumeHTarbHbIX U pacdeTHbix CITM.

11



Annpokcnmauunsa cnektpa [NKJ1 // Astropart. Phys. 98 (2018) 13
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The all-particle spectrum, PDG 2016
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CJIINMM anga pasnnyHblX 3€HUTHLIX YInoB
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OHepreTndecknmn cnektp MNKJ1 no rpynnam mMooHOB,

3apernctpupoBaHHbiM Ha yctaHoBke HEBO-OEKOP

i R | LR | R | LA L R R H """_ A
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OHepreTndeckmnun cnektp MNKJ1 no rpynnam mMOHOB,

3apernctpupoBaHHbiM Ha yctaHoBke HEBO-OEKOP

10%°

"] o CASA 99

EAS-TOP 99

1 o GAMMA 14

19 O IceTop 19,20

{ 0 0 KASCADE 05 (Grande 12)

[ QGSJET-II-04 hadr. int. model
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" | @ Msu 91
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o J 0 Tunka 20

% ® (p) = (Fe) NEVOD-DECOR
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L

P,

1 024
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3 2 2 -1 -1
JE, eV m~™s sr

OHepreTndeckmnun cnektp MNKJ1 no rpynnam mMOHOB,

3apernctpupoBaHHbiM Ha yctaHoBke HEBO-OEKOP

[ QGSJET-II-04 hadr. int. model

,5 )& "] o 0 A Akeno 84,92, AGASA 03
1 0 O Auger 21

1 0 Haverah Park 91

1 0 O HiRes 08
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O O Yakutsk 18,19
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BbiBOAbI

U lNony4yeHbl oueHkn aHepretuyeckoro cnektpa [1KJ1 no namepeHHbIM B
LLUMPOKOM AnanasoHe 3eHUTHbIX yrroB (40 — 85°) cnekTpam nokanbHOM
MSIOTHOCTM MIOOHOB AS1I9 OBYX KpauHWX NpeanonoXeHMn O MacCOBOM
coctaBe (p u Fe) u 4yetblipex moaenen agpoOHHbIX B3aMMOLEWUCTBUU
(EPOS-LHC, QGSJET-I1-04, SIBYLL-2.3c, QGSJETO1D).

d B obGnactn sHeprun 101> — 101 3B MHTEHCMBHOCTb rpynn MHOHOB,
namepeHHasa Ha yctaHoske HEBO[-AEKOP, ny4we Bcero cornacyetcsi ¢
pesynsrataMmy 60nblINMHCTBA 3KCNEPUMEHTOB No pernctpauun LWAJT B
npeagnonoxeHun o rnerkom (p, He) cocrtase [KJl, ecnn octaBaTbCcs B
paMKax CyLLEeCTBYHLLUMX Mogenen agpoHHbIX B3auMMOOENCTBUN.

A TlNpu sHeprusx MKJT ~ 1018 3B paHHble akcnepumeHta HEBOO-OEKOP
cornocTaBuMbl C pesynsrtartamu yctaHoBok Akeno, Haverah Park, AkyTck,
rOe 3Heprust JIMBHEN OLIEHMBAETCS MO MAOTHOCTU YacTuy Ha OonbLiMX
paccTofHuax oT ocn WAIJT (pgee), B NpeanonoxeHun o nerkom (p, He)
coctaBe [1KJl, a ¢ pesynesratamn yctaHoBoK Pierre Auger Observatory,
HiRes, Telescope Array, rae aHeprus nMBHenM OoUeHUBAETCA NO AaHHbIM
doryopecCUEeHTHbIX N3MEPEHNN — TOSMBbKO B MNPEanONoXEHUN O TSXKENOM
(rpynna saep Fe) maccoBom cocTaBe.
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Hay4yHo-o6pa3oBaTenbHbIA LIEHTP







OHepreTndeckmnun cnektp MNKJ1 no rpynnam mMOHOB,

3apernctpupoBaHHbiM Ha yctaHoBke HEBO-OEKOP
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OHepreTndeckmnun cnektp MNKJ1 no rpynnam mMOHOB,

3apernctpupoBaHHbiM Ha yctaHoBke HEBO-OEKOP
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Conoctaenenune CJINM gna pasnnyHbiX 3€HUTHbIX YITI0B
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Comparison of LMDS at different 6 angles by means of Z-scale

(effect of the hadronic interaction model)
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Comparison of LMDS at different 6 angles by means of Z-scale

(effect of the model of primary cosmic ray energy spectrum)
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CpaBHeHune aaHHbix HEBO-OEKOP c pesynsratamu nsmepeHmnm

MIOOHHOMN KOMNOHeHTLI LLUAJ] B gpyrux akcnepmmeHTax
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WHISP (ICRC 2023)
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Figure 1: The muon phase space of cosmic-ray induced EAS covered by the experiments included in the
meta-analysis. On figure of the left, the muon energy threshold but at the production site in the EAS (estimated
according to [13]), Ey min, versus the effective atmospheric depth is presented (left). Points connected by
a line indicate variations due to the zenith angle of observation. At the central and right figures, the zenith
angle of observation # and the lateral distances, r, respectively, are plotted against the primary energy, E, of
the EAS. The points and the lines represent measurements in a limited region of the phase space, while the
shaded areas indicate the regions over which the measurements were integrated.
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WHISP (ICRC 2023)
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WHISP (ICRC 2023)

JEPOS-LHC

(G5 Jet-11.04

SIBYLL-2.3d

Fe

SIBYLL-2.1

P

e

—].- T T T T T
1{:1.‘! ]0?1 “}I.' 1|:|IF'- 1{:1'&
EleV

10'5 10'6 107 10'8 10
EleV

10" 10 107 10" 10"
EleV

10'% 10" 107 10" 10"

EleV

The z-scale values after applying the energy-scale adjustments

—8—  Auger FD+5D
—— Auger UMD+5D
—— Telescope Array
—4— TceCube
Yakutsk

—&— NEVOD-DECOR
—¥— SUGAR
—i— KASCADE-Grande
—=— EAS-MSLU®
—— AGASA
—ob— HiRes-MIA®
—4— Haverah Park

Expected from X,
- GSF

* ot energy=scale corrected

J.C. Arteaga-Velazquez, PoS (ICRC2023) 466



N3mepeHna rmyouHbl makcumyma passutuna LWAJT X .,

donyopecueHTHbIM MeToaoM (QPK)

Energy [eV]
1(}[3 10] 9 102'3
I | 1

9m 1 I rrerry II||||| I 1 IIIIIII Bbu_
¢ Auger FD, ICRC (2019) 500
' Auger SD, ICRC (2019) kT
?Eu_ .u-':'-'-t---.'."l .-i-l" i

& 800 — 700 e
E 5 & —F++
o 3 650 ¥ .m~'*'+ s
-~ -""'h 600 PE ___.,-“"'-.‘j-r.-. $ TALE Hybrid <Xmaxs

E - e ~——— GGSJETIL04 proton, rec.
5—— 700 )OF 550 ——— DGBJETILOA iran, rac.

* TA BRMWLR Hybrid
— EPOS-LHC 500 TA MD Hybrid
[ Augar & ayel.
S]t‘-‘}’]l 2.3¢c 450 HiReaMIA
600F =~ o QG8let 1104 |
~ | ) . i ) . . ) N . ) X | |
17 T 5 20 400™g 17 18 19 20
log(E/eV)
1g(E [eV])
Antonella Castellina, for the Hiroyuki Sagawa, on behalf of
Pierre Auger Collaboration, Telescope Array Collaboration,

ISVHECRI-2022 ISVHECRI-2022



HoBbI nogxoa K peLlleHno MIOOHHOW 3aragku

Kntoyom K noHnmaHuio npobrnembl M30biTka MIOOHOB MPU CBEPXBLICOKMX
QHEPrmax MOXeT CTaTb U3ydeHne N3MeHeHNs IHEPreTMHeCcKUxX XxapakTepucTmk
MHOOHHOW KOoMMNoHeHTLI LLUAJT ¢ poctom aHeprum MNKIJI.

OOuH 13 BO3MOXHbIX MOOXOOOB — W3MEPEHWE JHEepProBblAENIEHUA TPy
MIOOHOB B 4YepPEeHKOBCKOM BoaHOM Kanopumetpe HEBOL, Tak kak cpegHue
noTepu MIOOHOB B BeLLECTBE NPaKTUYECKU NIMHEWHO 3aBUCAT OT UX SHEPrUu.
dE/dX ~ a + bE.

CpeaHue 3Heprnn MIOHOB B rpynnax OueHMBanucb No 3HepProBbIAENEHUSIM C
npuBrnedYeHNemM pesynbtaToB MOAENUPOBaHUA OTKNMKaA YCTAHOBKM Ha
NpoxoXxaeHne MIOHOB Ha base naketa nporpamm Geant4.



3aBNCMMOCTM CpeaHEeN HepPrMm MIOOHOB B rpynnax

OT 3€EHNTHOIO YyITa W nokKasrnbHOW NIOTHOCTM MIOOHOB
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LMDS for different zenith angles (42 — 52°), ND
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LMDS for different zenith angles (57 — 67°), GSF
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LMDS for different zenith angles (72 — 82°), ND
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LMDS for different zenith angles (42 — 52°), GSF
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LMDS for different zenith angles (57 — 67°), ND
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LMDS for different zenith angles (72 — 82°), GSF
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DECOR 2002-2007 // Phys. Atom. Nucl. 73 (2010) 1852
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Fig. 9. Experimental and calculated differential spectra of the local muon density at the zenith angles of (a) 35°, (b) 50°, (¢)
65°, and (d) 78°. The displayed points stand for experimental data, while the solid and dashed curves represent the results
of the calculations performed by using the QGSJETO! and SIBYLL 2.1 models, respectively. In each panel, the lower pair of
curves corresponds to primary protons, while the upper pair corresponds to iron nuclei.
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Excess of muon bundles intensity from DECOR data 2002-2007

O. Saavedra et al., Journ. of Phys.: Conf. Ser. 409 (2013) 012009
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DECOR 2002-2007 + 2012-2016 // Astropart. Phys. 98 (2018) 13
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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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Fig. 7. Reconstructed local muon density spectra for three different zenith angles
(labels near the point sets) and piece-wise power law fits of the data (solid lines).
Arrows indicate the positions of the effective 107 eV primary particle energy for
different angles.



Local muon density spectra detection technique

E~ 1018 eV, 6 = 80°

muon
detector




Dependence of the effective EAS collection area

In the LMDS technigue on zenith angle

Event collection area is determined not by the detector size, but by transverse dimensions of
the showers in muon component (up to several km? at large zenith angles); sufficient to reach
energies of primary particles ~ 1018 eV.

107: ' I ' I ' I ' I ' 1

with Earth's magnetic field (EMF)

Zenith angle



Shower cross section in muons

Y1, km
Y1, km

1 3 5 -3 1 1 3 5

X1, km

-3 -1
X1, km

6 = 80° (without EMF) 0 = 80° (with EMF)
The content of particles in each of the colored area is 30% of the total number of muons

CORSIKA (100 EAS): proton, E, = 10'% eV, E, > 1 GeV

A muon detector with sizes of tens meters may be considered as a point-like probe in
comparison with a shower dimension in muon component. A small fragment of the shower

Cross section is registered in the experiment.



Local muon density phenomenology (1)

For inclined EAS, the muon detector may be considered as

a point-like probe. In a muon bundle event, the local muon density D
(in a random point of the shower) is estimated:

D = (number of muons) / (detector area); [D] = particles / m2.

Without considering fluctuations, spectrum of events in local density
may be written as

F(=D)=[N(>E(r,D))ds,
where N (> E) - primary spectrum, E is defined by the equation:
p(E, r) =D.

Dimension: [F (> D) ] = events / (s sr).



Procedure of reconstruction of LMDS

from the experimental data on muon bundles

The experimental events were sorted in nine 5°-wide intervals of zenith angles from 40° to 85°
and several bins of the density estimate D (with a constant step in the logarithm of the

density), then the matrix of the numbers of the observed events N, .(AD,A8) was formed.

The expected matrix of the event numbers N, ,(AD,A0) was calculated by means of the
Monte Carlo technique. Atrtificial events (muon density, arrival direction) were sampled
according to the reference local muon density spectrum model in the form

dF, /dD=CD PP cos* 0, a~47, p=2.1

Finally, the experimental estimates of the differential LMDS were obtained as

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



Muon bundle event in DECOR supermodules

multiplicity m = 124 particles, zenith angle 6 = 75°
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