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SH Neddermeyer,

CD Anderson: Discovery
of the muon

In a cloud chamber exposure with a
1cm-thick platinum plate in the centre,
6000 photographs were taken. Anderson
and Neddermeyer found about 25 events
where the energy loss in the platinum
absorber was much smaller than meas-
ured for electrons or positrons. Since the
mass should be between the electron
and proton masses, they first called it the
mesotron.

For several years, it was assumed that
this particle was the predicted Yukawa
particle.

www-zeuthen.desy.de/exps/2012_VictorHess/

Seth H. Neddermeyer, Phys. Rev., Vol. 51, 884 1937

Note on the Nature of Cosmic-Ray Particles

D. ANDERSON

SETH H. NEDDERMEYER AND CARL
¥ molay asadena, California

California Institute o




[1pouecchl B3anmogencTtems MIOOHOB

C aToMamu — rnonspusauus, Bo3byxgeHne, MoHn3aums;
C AgpamMu — yrnpyroe paccedHue, potoagepHoe B3anmogencremne,
TOPMO3HOE M3MydeHne, obpasoBaHUe SNEKTPOH-MO3UTPOHHbLIX Nnap

ML —47 Proc. 11th Ini. Conf. on Cosmie Rays, Budapest 1969

INVESTIGATION OF NUCLEAR INTERACTION OF MUONS
AT A DEPTH OF 316 m w.e. UNDERGROUND

L. B. Bezrukov, V. 1. Beresnev, M. I. Nyunin,
0. G. Ryazasgava, G. T. ZATSERIN

P. N. Lebedev Institute of Physics, Academy of Sciences of the USSR,
Moscow, USSR

Nuclear interaction of muons has been studied by means of scintillation counters
detecting the size of the showers and newtrons produced in the showers. Nuclear and
electromagnetic showers can be separated. The specirum of nuclear showers has been
obtained for the energy range from 10" to 2 - 10"t V. The experimental results in this
energy range can be explained in terms of the Hawp theory under the assumption
of a constant photonuclear cross-section o, = (1.14+ 0.2) - 10~* cm® per nucleon.

Up to now, investigation of the nuclear interactions of cosmic ray muons has
had three directions: the first — studies of nuclear “stars™ by means of nuclear
emulsion underground ; the second — investigation of penetrating showers produced
by muons in cloud chambers and counters: the third — studies of neutrons produced
in various substances by muons [1 —6). The present work describes an experiment
which has been made to study nuclear {penetrating) showers and neutrons pro-
duced by muons simultaneously. An arrangement has been operated in a salt mine at
a depth of 316 m w.e. below the surface of the earth. The apparatus consists of three
layers of liquid scintillation counters (Fig. 1). At the top and the bottom there are

S¢intillabion

T cauniers
] '
Beintillation
& counter with
. octabe af
— - gadolimum

—— Photomuttipliers

A paroffin

Fig. 1. The experimental arrangement

four counters of size 70 ¢cm x 70 ¢cm x 32 em which detect charged particles. Each of
the counters is viewed by a single photomultiplier. The inner surface of the counters
is covered by white reflecting enamel. The coefficient of reflection of the enamel is
about 0.9. The scintillator is made of 1 gflitre of PPO and 0.03 g/litre of POPOP
dissolved in pure white-spirit [7].

Acta Physica Academiae Scientiarum Hungarizae 19, Suppl. 4, pp. 185 =289, 1970

R.l. Enikeev et al.// 18th ICRC, 1983, Bangalore, India
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STUDY OF INELASTIC INTERACTIONS OF MUONS
WITH NaCl NUCLEI TN ENERGY RANGE UP T0 4 TeV

Enikeev H.I., Koralkova B.V., ‘Kudryavtsev V.A.
Malgin A.S., Ryaghskaya 0,G., Zatsepin G.T.

Institute for Nuclear Research of the Academy of
Sciences of the USSR, 60th October Anniversary

prospect, Ta, Moscow 117312, USSR
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The electromagnetic and nuclear cascades ge-
nerated by mions have been measured at the
depth of 550 m.w.e. with 100-ton seintilla-
tion detector during 10977 hours. Muon inelas-
tic scattering cross section €, P
shadowing coefficient & (v) and nuclear loasses

bruel (Ex) have been obtained from these data.
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The influence of the nuclear and atomic form factors on the
muon bremsstrahlung cross section!

A. PETRUKHIN
Meoscow P i

! Engincering Institute, M

~p V. V. SHESTAKOV

Received June 20, 1967

The eross sactian for the muon bramsstrahlung proces
follawing the Hetl
ar form factor is greater than that taken by Christy 2
don for the effect of the screening of the alomic electrons 15 found. The infiue
decrease in the cross section upon the interpretation of some expetim

form factor in the Born approxime
the o
EXTES

1. INTRODUCTION

The process of muon bremsstrahlung is of
great importance in the investigation of the
energy spectrum (Higashi ef al. 1964; Miyake
et al. 1964; Borog et ol 19662). Therefore
various corrections to the cross section for
muon bremsstrahlung allows one to exclude
some uncertainties due to the conversion of
the experimental data into the energy spec-
trum. Christy and Kusaka (1941) were the
first to investigate the influence of the nuclear
form factor on the muon bremsstrahlung cross
section. This question was also considered in
the report of Erlvkin (1068). He found that
the correction for the finite dimensions of the
than that obtained from the
formula of Christy and Kusaka, However, in
bath papers the inAuence of the nuclear form
factor was considered only for a transferred
momentum of g < u (p = the muon mass). 1§
the influence of the form factor is considered
in therange ¢ > g, the cross section decreases.

nucleus is less

2, BASIC FORMULAS
According to the method developed by
Bethe and Heitler {1934} the cross section for
high-energy muon bremsstrahlung (B 3 a)
can be writtén in the form:
(1} ole, E)dy = a(2Zrem/u)?
W [(2 — 2 4 oF)(s) = §{1—v)ds(5)}

where E = the primary energy of muons,

’J r'“-cuucl at the Tenth Interna Conlerence
on Cosmic Rays, held in Calgary, June 19-30, 1967,
MU-24,

Cansdlan Journal of Physics. Valume #6, 3377 {1668}

ce
taal resilts s eatimated

v = the energy fraction transferred Lo
the photon,
the charge of the nucleus,
the classical electron radius,
m = the electron mass,
and & = 1/137,

The least momentum transferred to the nu-
cleus is given by

T2EL

The functions ,(8) and ®.(8) differ slightly.
They are equal if the values of § correspond
to negligible screening, and their difference
tends to & when & —0 {Bethe and Heitler
1434). Since #{0) =8, the accuracy of
Paid) = Pu(d) = $(5) iz good. Then

(3) oly, E)dv = a{2Zrgm/fu)"

X (5 = f + o) B(3)du/o,

where

(4) ) = ‘L"

Folgh and Fig) are the nuclear and atomic
form factors respectively. The magnitnde of
the maximum transferred momentum 5 I8
defined by kinematics. Since gug. 3 p, and
when g u, ¥ig, &) = 0, then the upper
limit in the integral (4) is usually considered
to be egual to =

The following expression was obtained for
the function ¥, valid for all values of ¢

[Fale) — Ful@) "% (a, a“l_'{_

MU - 41 Proc. 11th Int. Conf. on Cosmic Rays, Budapest 1969
ANALYSIS OF THE CROSS-SECTION OF DIRECT PAIR
PRODUCTION BY FAST MUONS

R. P. KokouLv, A. A. PETRUKHIN

Moscow Physical Engineering Institute, Moscow, USSR

Exact analytical expression for the cross-section of electron pair production
by fast muens is found. The dependence of the total cross-section on the muon energy
is obtained. The ratio of the number of cascade showers initiated by pair production
by cosmic muons o the number of those initiated by bremsstrahlung process is calculared.

Introduction

The cross-section of electron pair production by charged particles was calcu-
lated by several authors. The present paper gives an analysis of their results in order
to obtain the general analytical expression for cross-section.

Some remarks on the cross-section

The energy dependence of the cross-section may be characterized by three
variables: either E, &, and &_, or E, v, and p, where
E = the energy of the primary muon;
£4, 6. = positron and electron energies, respectively;
& = the total energy of the pair;
v = g/E = the energy fraction transferred to the pair;

p= E 7B the asymmetry coefficient of the energy distribution of the pair.

[}

€

We shall use the variables E, v, and p in what follows.

An important characteristics of the process is the least momentum transferred
to the nucleus

s_ 21 +¢)
=2 1
= Bl —p) o
where
2 42
=2 =2 @

-

and p and m are the masses of the muon and. the electron, respectively.
The following regions may be considered: region I, where £ < 1, and I, where
£ > 1. These regions, as well as those relating to the screening of the nucleus by

Acta Physica Academise Scientiarum Hungaricae 29, Suppl 4. pp. 277284, 1970

14th ICRC, 1975, Munich, Germany
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THE CROSS-SECTION OF THE NUCLEAR TWTRRACTICK
OF HIGH EHERGY MUONS

¥.V.Borog and A.b.Petrukhin

Moscow Fhysical Engineering Institutc
Jivscow 115409, U.S5.5.R.

Simple analytical expression for the connection
of the muen nuclear interapetion cross-section

with: the phobonuclear cross-gection Uff“ for any
parameter J’\d of the inelastic fomm factor F(t)=
= {1+ "/A"‘ ~1 is obteined. The value M o0,4

m the accelerabor data is determined., The avai-

- o analyzed
lsble o are anal

Cross=

to deter

nueclei.
.9240,02 in
eV, if the

accelerator value GTN -
is extrapclated,

energy deperx

I}
rukov et sl,, 1
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a sitonation. First, the
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stisn=zen et

1973). Thers are
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theoretical formulae are

erimental data, Therefore it
the available experimental cata using the single theoretical
axpression for the cross—-section.

corresponding two virtusl

Theory. Two structure functions
arently introduced in the

on polawvizetion directions were apparc
astic lepton-nucleocn cross-section for the first time by

Gehlen (1960). In this peper ws use the expression given bY



MIOOHbI — UHCTPYMEHT nccnegoBaHum

Bnarogapsi cBOMM YHWKanbHbIM XapakTepucTukam: A0BOSfIbHO crnabomy
MOrSOWEHNI0 B BELLECTBE (TONbKO 3NEeKTPOMarHMTHoe B3aMOOeENCTBME),
OTHOCUTENbHO OONbLUIOMY BpEMEHM XM3HM (t = 2.2x10°% c) n,
COOTBETCTBEHHO, O0sibLLIOMY Npobery, MIOOHbI UrPaldT OYEeHb BaXKHYHO, a
NOpoMn N onpenenarLLyo porb Kak B oyHOAMEHTanbHbIX:

- MCCnefdoBaHME JHepreTU4YecKoro Ccrekrtpa WM MaccoBOro CcocTaBa
NepBUYHOIO0 KOCMUYECKOIO U3NYy4eHns;

- rpoBepka Mogenem afapoHHbIX B3aMMOLEWCTBUM, MOUCK HOBbIX
don3nyecknx rnpoLeccos,

- HeWTpuHHasa actpodmsunka (dOHOBLIE YCNOBUA permcTpaumn),

TakK 1 B NMpuKiagHbiX nccnegoBaHNAX KOCMU4YECKNX nyqe|7|:

- NpocBeYMBaHME pasfnyHbiXx 0OBLEKTOB (TOMOrpadusi) — nmpamuabl,
BYJIKaHbI, rpy3bl;

- MIOOHHas AnarHocTmnka atmocepbl 3emnu;

- uccriegoBaHue COMHEYHO-3eMHbIX CBA3eN U MOHUTOPUHI KOCMUYECKOU
noroabl (renmnocdoepa, marHutTocdepa).



[eHepauna MIOOHOB KOCMUYECKNX NyYen

pacnagbl © U K-Me30HOB (OObIYHbIM MEXaHU3M);

pacnagbl D-me3oHOB, A, -TMNEpPOHOB,
POXAEHME MIOOHHbIX Map y-KBaHTaMM BbICOKUX SHEPTUM,

LN Wl kanan, @ TT.. Zzatesepim///
1Bt ICRC,, 1973, e, WSR

NEUTRINO PRODUCTION IN THE ATMOSPHERE

G. T. ZATSEPIN and V. A. KUZ’MIN

P. N, Lebedev Physics Institute, Academy of Sciences, U.S.S.R.

Submitted to JETP editor March 8, 1961

J. Exptl. Theoret. Phys. (U.S.5.R.) 41, 1818-1827 (December, 1961)

A general expression for the p-meson spectrum
P"‘(x, E, 0) was obtained by us earlier[m taking
the decay and the energy loss of p mesons in a
spherical atmosphere into account. For the neu-
trino spectrum at energies ¢ & 10! ev, the ex-
pression simplifies somewhat since we can re-
strict ourselves to ionization losses only (see Fig.
1). PH(x, E, 0) is then of the form

PH(x, E, 0)= I, A E- ™ Seu r[1+ (x—t )]-(Hli

{1-{-222(5 [l-}-%(x—t)}}- di, (9
where
o= MPD o mo ‘S#_
AN A=y T T @ D EFBG—2)
(9a)

and B IS the Iomzatlon energ‘y loss of the Ch mesons

12G, T. Zatsepin and V. A. Kuz’min, JETP 39,
1171, 1961

1677 (1961) Soviet Phys. JETP 12,

2+ Muon spectrum
calculation

The solution of ki-
netic equation for
muon propagation
through the atmos-
Phere taking into
account their de-
cays and losses
gives the following
differential muon
spactrum:

r (\*59) er (x E(E *))x

h\t_ﬁ'i:rﬁ’iﬁ
{ oy o111
where x - depth in
lengths of nueclear
interaction of
muon-inducing compo=-
nent,

® - angle to the
vertical ,

g€, x%) -
muon energy at the

depth t if it has
energy E at the

depth x |,

(}rt‘:,E,GJJE

muon generation func-—
tion - the number

of* muons generated

at the depth t at
angle 8 with the
energy in the interval
E=E4qe

3

1g ( FE particles/m°ster year )

11
10

-1

-2
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(prompt — mexaHn3am “ObiCcTpon” reHepaunn);

ELEMENTARY PARTICLES AND FIELDS
Experiment

Fluxes of Cosmic-Ray Muons and Atmospheric Neutrinos

at High Energies
L. V. Volkova® and G. T. Zatsepin

P(E,, 8) E;. muon GeV?/(cm? s sr)

1072 pr90°

104

10-6
102 10 1010

E,.GeV

106 108

Fig. 6. Differential spectra P, (E,,. 8) of cosmic-ray muons
generated in the atmosphere that arrive at sea level along the
vertical (8 = 0°) or horizontal (8 = 90°) direction: (m + K
curve) muons from pion and kaon decays. (pr curves)
muons from charmed-particle decays. and (uu curve) our
estimate of the prompt generation of muon pairs.



MeToabl nccrnegoBaHus IHEPIreTn4eCcKoro crnekTpa MmmnoHOB

B obnactn E, > 10 TaB

MarHUTHbIU CNEKTPOMETP (M3MepeHne NMMNyrbca MIOOHA MO OTKITOHEHWIO
TpaekTopun B MarHuTtHom rnone) — MARS, MUTRON (m.d.m. ~ 22 TaB/c),
npobnembl: HEOBXOANMO CUNbHOE MarHMTHOE Nosie U OAHOBPEMEHHOE YBENnyeHne
CBETOCUIbI, NIEKTPOMAarHMTHOE CONPOBOXAEHNE OCNOXHAET PEKOHCTPYKLMIO
COBbLITUN C POCTOM SHEPINN MIOOHA

KpuBasi nornoweHus (M3aMepeHne MHTEHCUBHOCTU NOTOKa MIOOHOB

Ha pa3nunyHbix rnybuHax) — BIMCT, Frejus, KGF, LVD, MACRO,

npeaen goctTmxknmblx aHeprnn ~ 100 TaB obycnoBneH dOHOBbLIM NOTOKOM
Maro3HEepPrnyHbIX MIOOHOB, 06pa3yloLLMXCA B pe3ynbraTe B3auMo4enCcTBUN
HENTPUHO B OKPY>KaKOLLEM FPYHTE;

KanopumeTp (M3MepeHVe CrekTpa KackadoB C 3HeprMen € ~ E  , BbI3BaHHbIX
TOPMO3HbIM nanyyeHnem mwooHos) — ACA, BICT, POK MI'Y (= 30-50 TaB),
orpaHun4yeHne — Heobxoanma 3HauyMTerlbHas Macca MULLIEHU N3-3a Mariou
BEPOATHOCTU POXAEHNS TOPMO3HOIO y-KBaHTa C SHEpPrmeun, CpaBHUMMOW C 3Hepruen
MIOOHa, NepcrnekTnea — NCMNosfib30BaHUE MTMraHTCKMX HEUTPUHHbLIX TETECKOMoB

napmeTp (U3MepeHue Yncna n 3Hepruid kackafdos ¢ << E , obpasyroLmxcs 3a cyet
NPAMOro poXAeHUS SNEKTPOH-NO3UTPOHHLIX nap MiooHoMm) — NUSEX, BAPC, BICT



Kpueas nornoweHuns (LVD)

M. Aglietta et al. // Phys. Rev. D 58 (2005) 092005
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16th ICRC, 1979, Kyoto, Japan
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100=-TONS SCINTILLATION DETECTOR FOR THE REGISTRATION OF
THE ANTINEUTRINO FLUXES FROM COLIAPSING STARS IN OUR
GALAXY AND FOR HIGH ENERGY MUON INTERACTION STUDIES

V.I.Beresnev, A.A.Choodin, R.I.Enikeev, P.V.Korchagin,
V.B.Korchagin, A.S.Malgin, V.G.Ryassny, O.G.Ryazhskaya,
V.P.Talochkin, V.F.Yakushev, G.T.Zatsepin

The Institute for Nuclear Research of the USSR
Academy of Sciences, Moscow




Kanopumetpudeckuin metog (ACL)

19th ICRC, 1985, La Jolla, United States HE 5.1- 6

THE SPECTRUM OF COSMIC RAY MUONS OBTAINED WITH
100-TON SCINTILLATION DETECTOR UNDERGROUND AND
THE ANALYSIS OF RECENT EXPERIMENTAL RESULTS

F.F.Khalchukov, E.V.Korolkova, V.A.Kudryavtsev,
A.S.Melgin, 0.G.Ryazhskaya, G.T.Zatsepin

d 6 .1 The vertical muon'spodrur; ]
N '52'65:6“" _ Fo at sea jevel.
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MU -8 Proc. 11th Int. Conf. on Cosmic Rays, Budapest 1969

STUDY OF HIGH-ENERGY MUONS '06

BY MEANS OF EMULSION CHAMBERS *L"o "o
¥ N P, -
K. V. CHERDYNTSEVA, I. P. IVANENKO, G. B. KHRISTIANSEN, 0
S. I. NikoLsky, I. V. RAKOBOLSKAYA, G. T. ZATSEPIN Ay = 71
Institute of Nuclear Physics, Moscow State University, Moscow, USSR, B H
P. N. Lebedev Physical Institute of the Academy of Sciences of the USSR,
Moscow, USSR
b
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g: (©) /1.81-210";1, Fig. 1. Emulsion chamber for detecting muons
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Fig. 4. Determination of the energy of a p-quantum by photometering at various depths of
lead, in the case of y-quanta with energies a) 1.5 - 10'3 eV; b) 5.0 - 10" eV; ¢) 1.5 - 1012 eV

Fig. 3. Development of an electromagnetic cascade produced by a p-quantum of the energy
of 1.5+ 10 eV. The arrow indicates the lower layer of the X-ray film
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24th ICRC, 1995, Rome, Italy 10°F ., ub .

f
The Analysis of the PCR Nucleon Energy Spectrum and Charm .
Production Cross-Section as observed in MSU Muon Experiment 1o T

. 4
N.P.I'ina!,N.N.Kalmykov?, I.V.Rakobolskaya!, G.T.Zatsepin' 10"
1Phys. Dept. Moscow State University, Moscow, 119899, Russia
2Institute of Nuclear Physics Moscow State University
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1000 P,L(E)ES®cm™2xs™ " «sr™' Gev™2%° 1 e £ Gev °
- cm?
- Figure 2: Cross-section of charm production versus energy. Ezperimental points:
i asterisk — [1], cross - [12], square - [18], triangle - compilation of accelerator deia
B taken from [14]. Curves 1 and 2 represent possible bounds of theorefical predictions
L according [14]
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Figure 1: Energy spectrum of the horizonial muon fluz. Frperimental points are from
{1]. Curve 1 - calculation for constent vy = 1.65, curve 2 — vy breaks from 1.65 to
3.14 at E, = 10TeV, curve 8 —yn breaks from 1.65 to 3.22 at E, = 40TeV
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ENERGY SPECTRUM OF CASCADE SHOWERS INDUCED BY COSMIC RAY
+ Io-‘?cm"zs-ls""

MUONS IN THE RANGE FROM 50 GEV TQ 5 TEV §§§

Ashitkov V.D., Kirina T.M,, Klimakov A.P., 15 & § + -
Kokoulin R.P., Petrukhin A.A,, Yumatov V,I,

Moscow Physical Engineering Institute, Moscow 115409, USSR *

Abstract. Results of a new measurement of the energy 10 n
spectrum of cascade showers induced by electromagnetic © -DEIS }
interactions of high energy muons of horizontal cosmic . ~MUTRON

ray flux in iron absorber are presented. The total “PRESENT DATA

observation time exceeded 22,000 hours. Both the energy

spectrun and angular distributions of cascade showers 05
sre fairly described in terms of the usual muon genera- 90 85 80 75 70 e°
tion processes (i.e, through - and K-decays in the .

atmosphere) with a single power index of the parent

meson spectrum over the muon energy range from 150 GeV

to 5 TeV,

lﬂ_ I T T T T

- o - (ABYA32)
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)
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Experiment:
O showers with known axis =
(zenith angles of 85°-90°) ]
B showers with reconstructed axis
(zenith angles of 50°-90°)

Lines: calculations for different values of y
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Spectrum of cascade showers, initiated by muons in
water (preliminary). Here y is the slope of the integral
energy spectrum of parent pions and kaons.
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IceCube Lab
\__{_.-: o IceTop
- T = — == 81 Stations
= —7 324 optical sensors

50 m -

IceCube Array
86 strings including 8 DeepCore strings

5160 optical sensors

Amanda Il Array
1450 m il / (precursor to lceCube)
B DeepCore
$ : . .. .
8 strings-spacing optimized for lower energies
/ 480 optical sensors
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Kanopumetpudeckumn metog (lceCube)

Low Energy

1,000/second
Minimum Ionizing
Single Muons

10-100 TeV CR

Bundles HE Muons
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Minimum Ionizing Stochastic
20-10,000 Muons 1 HE Muon, 10-100 others
1 PeV-1 EeV CR 100 TeV-10 PeV CR
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Experimental Data Events
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Kanopumetpudeckumn metog (lceCube)

P. Berghaus, ICPPA-2015
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[TapmeTp: noea metoaa

N.C. Anekcees, [.T. 3auennH. J-Me30Hbl BbICOKOM SHEPTUMN.

Tpyabl MexgyHapogHon KOHdepeHUnn rno KocMmuyeckum rydam (1959).
T. 1: ApepHble B3anmogencTena npun aHeprusx 101 — 1014 aB.

Mocksa, 1960, N3ag. AH CCCP, ctp. 326-329.
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MeToa napmeTpa

[MapmeTp — MeToa CrneKTPOMETPUN MIOOHOB BbICOKOW 3HEPrnm, OCHOBAHHLIA HA 3HEPreTUyeckom
3aBUCUMOCTUN CEYEeHUsI NPSIMOro obpas3oBaHUA SMEKTPOH-MO3UTPOHHBLIX Map MHOHaAMWU. OHeprus
MIOOHa MOXeT ObITb BOCCTaHOBMNEHa MO KOMWYEeCTBY M MOLLHOCTM BTOPUYHbLIX Kackados,
obpa3oBaHHbIX MIOOHOM B TOSICTOM CIO€ BeLLecTBa.
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nepegaHHbIX 3HeprV||7| B norepun saHeprmm MIOOHOM
OcHoBHble TpeboBaHWs: YyBCTBUTENLHOCTL K nepedadam aHeprum ~ 1072 E ; TonwyHa MuLIeHu
(AN N3MepeHns aHeprmn nHamMBmnayanbHbIX MIOOHOB) — BoribLLEe COTEH paa. ef.

Ona  nonHomacwTtabHouM  peanu3aumm  MeToda  HeobXxogMMbl  MACCUMBHbIE  YCTaHOBKMU
(COTHU — TbICSAAYM TOHH) C A4OCTATOYHOM CTEMEHLIO rPaHyNAUNKM (OECATKM — COTHU CIOEB).



3apybexHble paboTbl N0 MeTOAY NapMeTpa

PacuyeTHble paboThl:
M.K. Moe // Nuovo Cim. B, 66 (1970) 90
T. Wada, T. Kitamura // Progr. Theor. Phys., 41 (1969) 1587

OTun paboTbl CTanm 0CHOBOW co3aHuns npoToTmna napmetpa B komnrnekce MKOTPOH:
T. Kitamura et al. // Proc. 13th ICRC, Denver, 1973, v. 4, p. 2974
T. Kitamura et al. // Proc. 14th ICRC, Munich, 1975, v. 6, p. 2145

30ecCb poanocb COBpeMEHHOE Ha3BaHMe MeToaa:

pair meter —» nap-meTp — napmeTp

QKCcnepumMmeHTbl ¢ npotoTunom napmetpa MIOTPOH:
|. Nakamura et al. // Proc. 16th ICRC, Kyoto, 1979, v. 10, p. 19

2. The Apparatus of PAIR METER. The apparatus consists of twenty
layers of § cm thick lead and proportional counter interspaced
with lead. Fig. 1 shows the outline of our apparatus with the
size of 1 m x 2 m x 2.5 m. This apparatus is set up just in ifront
of the Mutron magnetic spectrometer in order to calibrate the
energy measured by PAIR METER.
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NUSEX

[lepBasi akcnepMMeHTanbLHasa oueHKa SHepPrum MIOHOB Ha BornbLUNX rIyOnHax:
C. Castagnoli et al. // Astropart. Phys., 6 (1997) 187
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BAPC

OAaHO 13 NepBbIX NPUMEHEHNI KPYNMHOIO YCKOPUTESbHOIO AeTeKTopa
09 9KCNepMMeEHTa B KOCMUYECKUX NyYax:

S.V. Belikov et al. // Preprint IHEP 96-65, 1996

V.B. Anikeev et al. // Proc. 27th ICRC, Hamburg, 2001, v. 3, p. 958
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Kanopumetpuyeckmumn metog oueHkn aHeprnm mooHos (BINCT)
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MeTtog aBykpaTtHbix B3anmogencrtaeunm (bIrCT)
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[Tpoekt MONOLITH

] Y mospherc M. Ambrosio et al. // The MONOLITH Project.
‘ 1999 LNGS-LOI 20/99, CERN/SPSC 99-24
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[uraHTckmne HenTpuHHble Teneckornsbl (lceCube, KM3Net, GVD)
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Fig.2. Examples of high energy mucn penetraiion
through I km waler layer, Ordinare gives the common
logarithm of the mumber of relativistic charged particles
{associgted cascade electrons plur muon itself).

R.P. Kokoulin et al. //
24th ICRC, Rome, 1995, v.1, p. 746
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[Mpumep BbICOKOIHEPINMYHOIO
cobbITus B ycTtaHoBKe IceCube

100 TaB-HbIn MtooH gaet npumepHo B 100 pas
bonbLle cBeTa, YHeM MIOOH YMEPEHHON 3HEepPruu!
[Mpobnembl: 6bonblne pnykTyaunm, MIOOHbI
COMPOBOXOEHUS, peaKas “‘peleTka’, CBoncTea
cpenbl (HEOQHOPOAHOCTL) U T.1M.
TeM He MeHee, peanusauuns MetToda napmetpa
npeacTaBnaeTcss BO3MOXHOWN.

http://icecube.wisc.edu



Excess of the muons in HIRes/MIA data

T. Abu-Zayyad et al., Phys. Rev. Letters 84 (2000) 4276
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Excess of muon bundles with high multiplicity
from ALEPH and DELPHI detectors data (LEP, CERN)

ALEPH side C ) DELPHI
C. Grupen et al., Nucl. Phys. B (Proc. Suppl.) 175-176 (2008) 286 J. Abdallah et al., Astroparticle Physics 28 (2007) 273
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Excess of muon bundles with high multiplicity

from ALICE detector data (LHC, CERN)

The ALICE collaboration, JCAPO1 (2016) 032
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Excess of the number of muons in highly inclined EAS

from Pierre Auger Observatory data

G. Rodriguez, EPJ Web of Conf. 53 (2013) 07003
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Novel approach to the analysis of data on muon bundles:

method of Local Muon Density Spectra (LMDS)

Description of the phenomenology of the LMDS — A.G. Bogdanov et al., Physics of Atomic Nuclei. 2010. V. 73. N 11. P. 1852

local density of EAS muons:
D=m/ Sdet (6’ (P)

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.

Event collection area is determined by transverse dimensions of the showers
iIn muon component (up to several square kilometers at large zenith angles).



Shower cross section in muons
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CORSIKA (SIBYLL+FLUKA), p, E, = 10t eV, 100 EAS, E > 1 GeV



Dependence of the effective EAS collection area

In theLMDS technique on zenith angle
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PacnpegeneHue aHeprun nepeuyHbix Yactuy, K, garowmnx Bknag

B COOLITUSA C PUKCUPOBAHHOM MITOTHOCTHHO MIOOHOB MPU
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Bknag B cobbiTnsa ¢ oMKCMPOBaAHHOW FTOKanNbHOM MNOTHOCTBIO MIOOHOB Aal0T IMBHU C pa3fnyHbIMU
SHEPrUsAMU, perncTpupyemMbole Ha pasHbix (CrydanHblX) paccToaHusX oT ocu. OgHaKo, Kak nokasanmu
OLIEHKW, BCneacteme ObICTPOro YMeEHbLUEHUSI WMHTEHCUMBHOCTM KOCMUYECKUX Jlyd4enm C POCTOM
3Heprmn apdPeKTUBHbLIN MHTEPBAN 3HEPTNN NEPBUYHBIX YaCTUL, OKa3blBaeTCA OTHOCUTESIBHO Y3KUM.
[Mpy oonHaKoBOW MNOTHOCTM MIOOHOB pa3sHbiM 3€HUTHbIM YyrflaM COOTBETCTBYHOT CYLLECTBEHHO (Ha
nopsiakn) pasnuyaroimnecs: apdeKkTuBHble 3HEPINN NEPBUYHBIX YaCTULL.



Experimental LMDS (local muon density spectra)
reconstructed from DECOR data on muon bundles

D3dF/dD, 1/(ssrm?)
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Measured (points) and calculated LMDS for 4 zenith angles (labels in the frames). Thin lines represent partial
power fits of the data between 10%¢ and 1017 eV (integral spectrum slope B,), and above 10" primary energy (B.).
The solid and dashed curves represent the results of the calculations performed by using the QGSJETO01 and

SIBYLL-2.1 models. The lower pair of curves corresponds to primary protons, upper pair — iron nuclei.



Excess of muon bundles intensity from DECOR data 2002-2007

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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Reconstructed energy spectrum of primary cosmic rays at ultra high energies

At large zenith angles and high multiplicities, the measured muon bundle intensity
IS not compatible with fluorescence data for any interaction model, even under
assumption of a heavy primary composition. This contradiction becomes even more
significant, if one takes into account that fluorescence data favor a light
(predominantly proton) composition near 1 EeV.



Excess of muon bundles intensity from DECOR data 2002-2016
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“MiooHHas 3aragka”

B 3KCMNepMeHTax No pernctpaumm KOCMUYECKNX Ny4emn

B psige akcnepuMMeHTOB MO perucrpaumMm KoCMmUYeckux ryden B obractu Bbicokux (ALEPH,
DELPHI) n cBepxsbicokux (OEKOP, Pierre Auger Observatory) aHeprun Habntogaetcs
N30bITOK MHOFOMIOHHBIX COBLITUIA MO CpaBHEHUK C pacyeTamu, BbINOSIHEHHBIMW B paMKax
CYLWeCTBYOLMX MoLernen aapoHHbIX B3aMMOLEWCTBUW, Oaxe B MNPearnorioKeHUN TSXenoro
(sapa kenesa) cocTaBa NeEPBUYHOIO KOCMUYECKOTO U3STyYEHUS.

Heobxoanmo mnccnegoBaHMe SHEPreTUYECKUX XapaKTEPUCTUK MIOOHHOM KOMMOHeHTbl LUAJI.
Bo3MOXHbIM noaxod — U3MepPEHUEe SHeproBblgeneHnsa rpynn MHOOHOB MPU UX MPOXOXOAEHUMU
Yepes BELEeCTBO AeTeKkTopa.

CpenHve noTepy MIOOHOB B BELLECTBE NPAKTUYECKN NIMHEMHO 3aBUCAT OT S3HEPINN MIOOHOB:
dE/dX ~ a + bE.

AE,

MosiBneHne un3bbiTka MIOOHOB  BbICOKUX
SQHEeprum B rpynnax AOMKHO NPUBOAUTL K
N3MEHEHWIO 3aBUCUMOCTHU cpeaHunx
OHEProBbIAENEHUI OT JHEPrUn NEepPBUYHBLIX
4YacTuL, KOCMUYECKUX NyYen.
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Reconstructed local muon density spectra for three different zenith
angles and piece-wise power function fits of the data. Arrows indicate the
positions of effective 107 eV primary particle energy for different angles.



LVD (muon energy loss) and EAS-TOP (air shower size)

combined data analysis
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Fig. 8. From simulations: (AE/AL) as a function of shower size 0 2 4 6 8 | 0 2 4 6 8
for pure proton and pure iron compositions. Data are also shown, AE/AL (MGV/Cm) AE/AL (MGV/Cm)
Fig. 5. Distributions of energy deposition per vnit track length in LVD scintillators for muons time correlated with EAS-TOP shower

events, with shower size Ne belonging to four different intervals (a)-(d). Saluration occurs in each interval at the rate of 2.1%, 2.5%,
3.4% and 5.2%, respectively, for intervals (a), (b). (¢) and (d).




YctaHoska HEBOA-OEKOP

YepeHKOBCKUM BOOHbLIN
aetektop HEBO[
(06Bem 2000 m3)

91 kBasncoepnyecKnm
mMoaynb (546 ®IJY)

KoopanHaTHO-TpPEeKOBbLIU
netektop JEKOP
(nnowagb 70 m?)

8 cynepmogynen (NnacTukoBble
rasopaspsagHble Kamepbl)

Om




Pernctpupytouwiada cuctema
4YepEeHKOBCKOro BoaHoro kanopmmetpa HEBO/

(LNl L

[MpocTpaHCTBEHHAdA peLleTKa, B y3rnax KOTOPOW pPacrnosfioXeHbl
KBasncgepnieckme namepuTernbHble MOAYIN:

25 rmpnsaHg (91 KCM) = 16 rmpnaHg x 4 KCM + 9 rmpnaHg x 3 KCM




KBa3sucepundeckne namepurtensHole mogynu (KCM)
(| &
Jomasl’

. 'C

Kaxabim KCM coctout n3 6 doTtoymHoxutenen dY-200 (I nnockoro doTtokatoga 15 cm),

OPUEHTUPOBaHHbLIX BOOMb OCEW OPTOroHarbHOW cuUcTeMbl KoopauHart. Lunpokun guHammydeckun
ananasoH 1 — 10° ¢oTtoanekTpoHOB obecneynBaeTca CbeMOM CUrHanoB ¢ 12-ro u 9-ro AMHOOoB
dIY 1 NO3BONSET peann3oBaTb KanopUMETPUHECKUN PEXUM U3MEPEHUST SHEPTOBLIAENEHUN,




Cynepmoaynu (CM) getektopa JEKOP —
B ranepee BOprF BO,EI,HOFO obbema LJB,EI, HEBO,EI,

OpnuH CM umeeT acppekTmBHYO nNnowanb 8.4 M2 n
COCTOUT 13 8 NSIOCKOCTEN ra3opaspsaHbIX CTPUMEPHbIX TPYOOK.
[TNOCKOCTM OCHaLLeHbl ABYXKOOPAMHATHON CUCTEMOMN CYMUTbIBAHUS CUTHANOB C BHELLUHUX CTPUMOB.




[pynna MOHOB, 3apeructpuposaHHasa getektopom JEKOP

MHOXECTBEHHOCTb M = 29 yacmuu, 3eHUTHbIN yron 6 = 49°

Run 239 --- Event 595423 ----06-05-2012 01:34:04.17 Trigger(1-16):01111000 00010000 Weit_Time:294.108 msec
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Y-rnpoekyus X-rpoekuyus

TO4YHOCTL fioKanusauumn TPEKOB 3apAXEeHHbIX YaCTuy = 1 cwm.

Platel:Step=25nsec

NOODWNE O

Plate2:Step=25nsec
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YrrnoBasi TOMHOCTb PEKOHCTPYKLUMKN TpeKoB, nepecekatowmx CM nydwe 1°,




JKkcnepumeHTanbHble aaHHble yctaHoskn HEBOL-OEKOP

OKCMEPUMEHT NO NCCNeaoBaHMIo S3HEPTroBbIAENTIEHNIA TPy MIOOHOB
HaudaT Ha yctaHoBke HEBO[-AEKOP B 2012 roay

[MpencTaBneHbl pe3ynsraTbl aHann3a gaHHblX 4515 Tpex cepumn NaMepeHni:
10 (man 2012 — mapt 2013),
11 (monb 2013 — anpens 2015),
12 (ntonb 2015 — mapTt 2016)

“Knpoe” Bpems — 23215.5 4

m (MHOXXeCTBEHHOCTb) > 5 and 6 (3eHUTHbIe yrnbl) > 55° — 39542 co6.;
gonosiHuTenbHo: 40° < 0 < 55° — 15084 co06. (3253 )

[1Ba cekTopa asumyTtanbHbIX yroB (105-165° n 195-255°) —
6 n3 8 cynepmoaynen QEKOP skpaHupoBaHbl BogHbIM 06 bemom HEBO[L



[Tpmep cobbITnS € rpynnon MHOOHOB

B aKkcnepumeHTanbHoMm komnnekce HEBOO-OAEKOP

KCM HEBO/L
PEeKOHCMpYyuposaHHbIe

mpeKu MHOOHO8

usemom rokasaHabl
amnnumyobi
cuzHarsos O3y
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[1OTHOCTEL MIOOHOB OLEHMBAETCA Mo AaHHbIM ycTaHoBkn JEKOP.
OHeprosblgeneHne N3mMepsieTcs B YepeHKoBCKOM BoAHOM KanopumeTtpe HEBO/.



3aBUCUMOCTb yOEeINbHOINo aHeproeblgernieHnAa oT 3 eHUTHOTIO YrJia
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3eHUTHbIN yron

Mpn manbix 3eHUTHbIX yrnax (40 — 55°) cylwecTBEHEH OCTATOMYHbIM BKMNag 9NeKTPOHHO-
doToHHOM M agpoHHOM kommnoHeHT LWAJL. [Ona 3eHUTHbIX yrrnoB 0 > 60°, rge B COObITUAX
OCTalOTCA MNPaKTUYeCKM TOMbKO MIOOHbI, HabnwgaeTcs pocT cpedHero  yaeribHoro
9HEeproBbleneHnsa ¢ yBermMYeHNeM 3eHUTHOro yrra. 9TO roBoput o6 yBenuyeHuu cpegHewn
9HEprnn MIOOHOB B rpynnax W corfnacyetca C OXugaemou 3aBUCUMOCTbIO, MOSTyYEHHOW C
NOMOLLbIO MOoAeNMpPoBaHUA MIOOHHOM KOMMOHeHTbI LLAJT Ha ocHoBe nporpammbl CORSIKA.



Average specific NEVOD response as a function of muon density
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In fact (for a fixed range of zenith angles), this is a measurement of the dependence < N, / D >
on the energy of primary particles. Results of simulations demonstrate a trend to a decrease of
the mean muon energy in the bundles with the increase of the primary particle energy. On the
contrary, the data exhibit a hint to some increase of the energy deposit at densities of muons
greater than 1 particle/m? (effective primary energies of 1017 eV and above).



Cnacmbo 3a BHumMaHune!






