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The vertical sea-level muon spectrum at energies above 1 GeV and the muon intensities at depths up to 18
km w.e. in different rocks and in water are calculated. The results are particularly collated with a great body of
the ground-level, underground, and underwater muon data. In the hadron-cascade calculations, we take into
account the logarithmic growth with energy of inelastic cross sections and pion, kaon, and nucleon generation
in pion-nucleus collisions. For evaluating the prompt-muon contribution to the muon flux, we apply the two
phenomenological approaches to the charm production problem: the recombination quark-parton model and the
guark-gluon string model. To solve the muon transport equation at large depths of a homogeneous medium, we
used a semianalytical method, which allows the inclusion of an arbifdegreasingmuon spectrum at the
medium boundary and real energy dependence of both continuous and discrete muon energy losses. The
method is checked for accuracy by direct Monte Carlo calculation. Whenever possible, we give simple fitting
formulas describing our numerical resulf$0556-282198)00313-0

PACS numbds): 13.85.Tp, 96.40.Tv

[. INTRODUCTION uncertainties in the required input dafarimary spectrum,
cross sections for light meson production, ettnder the
The flux of cosmic-ray muons in the atmosphere, underachievement of these ends. Because of this, a vital necessity
ground, and underwater provides a way of testing the inputs in a normalization of the calculate@nodel-dependept
of nuclear cascade models, that is, parameters of the primagtmospheric neutrino flux and the muon flux is perhaps the
cosmic-ray flux (energy spectrum, chemical composition only tool for such a normalization. The point is that atmo-
and particle interactions at high energies. In particular, measpheric muons and neutrinos are generated in just the same
surements of the muon energy spectra, angular distributionprocesses. Therefore, the accuracy of the neutrino flux cal-
and the depth-intensity relatidiDIR) have a good potential culation can be improved by forcing the poorly known input
for yielding information about the mechanism of charm pro-parameters of the cascade model to fit the data on the muon
duction in hadron-nucleus collisions at energies beyond théux.
reach of accelerator experiments. This information is a sub- The sea-level muon data obtained by direct measurements
ject of great current interest for particle physié$and yetis  with magnetic spectrometers are crucial but still insufficient
a prime necessity in high-energy and very-high-energy neufor this purpose. The fact is that numerous sea-level mea-
trino astronomyf 2]. Indeed, the basic and unavoidable back-surementgsee, e.g., Ref$7—17] for the vertical muon flux,
ground for many future astrophysical experiments with full-Refs.[18,19 for near-horizontal flux, and Ref20] for a
size underwater or underice neutrino telescopes will be ansompilation of the dataare in rather poor agreement with
effect of the atmospheric neutrino flux of energies fromone another, even though each of the experiments by itself
about 1 TeV to tens of PeV. However, in the absence of dypically has very good statistical accuracy. This is true to a
generally recognized and tried model for charm hadroprogreater or lesser extent everywhere over the whole energy
duction, the current estimates of thg and (most notably  region accessible to the ground-based installations.
ve backgrounds have inadmissibly wide scatter even at On the other hand, a quite representative array of data on
multi-TeV neutrino energies, which shoots up with energy.cosmic-ray muon DIR in rock and, to a lesser extent, in
At E,~ 100 TeV, different estimates of the, andv, spectra  water has been accumulated. Underground muon experi-
vary within a few orders of magnitudésee Refs[2-5] for =~ ments may number in the tens in a span of 60 yéaee
reviews and references Refs.[21-46 and alsd47-49 for reviews and further ref-
The present state of the art of predicting the atmospherierences It should be noted that the results of many early
neutrino flux seems to be more satisfactory at energies belomeasurements, specifically those performed at shallow
a few TeV. However, the theory meets more rigid require-depths, have not lost their significance today, considering
ments on the accuracy of the calculations higk for an  that modern experiments principally aim at greater depths.
unambiguous treatment of the current data on upgéatg Underwater muon experiments have over 30 years of history
mospheric neutrino inducgdnuon flux, the neutrino flux [50-57 and it is believed that they will gain in importance
must be calculated with a 10% accuracy at least, whereas thwath the progress of high-energy neutrino telescopes.
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It may be somewhat unexpected but the underground daia the energy spectrum of the primaries&g=10° TeV to
are more self-consistent in comparison with ground-levephotodisintegration of nuclei with pion photoproduction by
data, at least for depths to about 6 km of water equivalenphotons with energy-70 eV inside the cosmic-ray sources.
(w.e) (corresponding roughly to 3—4 TeV of muon energy atThe chemical composition is given with the following values
sea level and hence they provide a useful check on nucleafor B,: B,=0.40(=0.03)B,=0.21(+0.03), B;s=0.14
cascade models. There is a need to piece together all thege g.03), B,,=0.13(+ 0.03), andBs,=0.12(+0.04) for the
data in order to extract some physical inferences thereolﬁve standard groups of nuclei. The numerical valuesiof

Also, it would be useful to correlate the underground andpgicate the average atomic weights in the groups. The cor-
underwater data with the results of the mentioned direct Me3esponding differential spectrum is given by

surements of the sea-level muon spectf@mi17] as well as
with the data deduced by indirect rout33,36,37,44,58— dF 3
64]. d d—EO=yF0E0(7+l)§ Ba
It is the purpose of this paper to discuss the above-
mentioned data on the vertical muon flux at sea level, under-
ground, and underwater in the context of a single calculation, X
with emphasis on the prompt-muon problem. The implemen-
tation of the results to the normalization of the high-energy The NSU approximation has been deduced from an analy-
atmospheric neutrino flux will be discussed elsewhéts. sis of fluctuations in the relative number of electrons and
In Sec. Il we discuss the model employed for the primarymuons in extensive air showers and corresponds to the data
spectrum and composition as well as the nuclear-cascads absolute intensities of primary protons and various nuclei
model for production and propagation of high-energy nucle-at energie€,=1,1¢,10° TeV/particle, and also to the data
ons, pions, and kaons in the atmosphere. Some required fosn the shape of the integral spectrum in the vicinity of the
mulas for the atmospheric muon flux are given in Sec. Ill; atknee(see Ref[66] for specific sources of the data
the end of that section, we give a simple parametrization for The model, on the whole, fits the modern data on the
the calculated vertical spectrum of conventionat,K) primary spectrum and composition from about 100 GeV/
muons at sea level. The models for charm hadroproductiorparticle up to 100 EeV/particle. Specifically, &,<10>
those used in the present work to make an estimate of thgeV/particle, the model fits reasonably well the recent results
prompt-muon(PM) contribution, are the concern of Sec. IV; of the COSMOS satellite experime[&7], the JACEE bal-
the recombination quark-parton model is considered in somfon experimenf68], and the BASJE air-shower experiment
detail. We also give the model formulas for the muon spectrfi69]. On the other hand, there is a strong discrepancy be-
from the inclusive semileptonic decays oDameson and\,  tween the NSU model and the recent data of the Japan
hyperon in the laboratory frame. At the end of this sectionballoon-borne emulsion chamber experimgf@], which in-
we present simple parametrizations for the predicted differdicates a milder knee shape than that found in the previous
ential and integral PM spectra. In Sec. V we compare ouexperiments, although the data of REf0] for the nuclear
predictions for the vertical muon specttdifferential and  composition agree with the NSU model By=10 TeV/
integra) with the direct and indirect data at sea level. Sectionparticle. The data for the spectrum and composition are most
VI is concerned with muon propagation through matter. Calinconsistent in the vicinity of the knefp(10°—10%) TeV/
culation of the muon intensity at large depths is a ratheparticle]. Scanty experimental data favor a pure proton com-
nontrivial problem even though the muon energy spectrum gbosition atE,=10* TeV/particle rather than the almost fixed
the medium boundary is assumed to be known; we brieflxomposition predicted by the NSU model. In connection it
sketch our semianalytical approach to that problem. Th&hould be noted that an essential contribution to the deep
comparison between the calculated muon DIR and the aforainderground flux of muons, in particular, ones originating
cited underground and underwater data is fully considered ifrom the decay of charmed hadrofa depths below- 10km

Eo\ ™%
1+ 5AX

L @%EolA

. (2.2

Sec. VII. Our conclusions are presented in Sec. VIII. w.e), is given by the primaries with energies from the knee
region. Thus the long-standing problem of the knee is closely

Il. NUCLEAR-CASCADE MODEL allied to the PM problem. At the same time, the total inten-

A. Primary spectrum and composition sity of underground and underwater muons is scarcely af-

. ) . fected by the regioiE,>10* TeV/particle. Thus we will not
For energies above 1 TeV we use the semiempiricaiscyss here the problem of the primary spectrum and com-

model for the integral primary spectrum proposed bypqsition at superhigh energiésee Refs[69,71 for current
Nikol'sky, Stamenov, and Ushd6] (NSU): reviews.

F(=Eq)=FoEy "> Ba
A

E —&
1+ 5AKO) . (2.1 B. Nuclear cascade at high energies: Basic assumptions

Our nuclear-cascade calculations at high energies are
Here E, is the energy per particle in GeWy=1.16 based on the analytical model of RgF2] which describes
cm 2stsrl y=1.62(+0.03), andae=0.4. The 5,’'s  well all available experimental data on hadron spectra for
specify the region of the “knee” in the primary spectrum. various atmospheric depths and for energies from about 1
We adopts,=6x 10" 7 and 65~ ,=10"°. These values cor- TeV up to about 600 TeV. The processes of regeneration and
respond to the hypothesis which attributes the changevercharging of nucleons and charged pions, as well as pro-

054001-2



ATMOSPHERIC MUON FLUX AT SEA LEVEL ... PHYSICAL REVIEW D58 054001

duction of kaons, nucleons, and charmed particles in pion- TABLE I. Fractional moment&;;(y) of inclusive distributions

nucleus collisions have been properly accounted for. Let usf nucleons, pions, and kaons for the two valuesyof

outline the basic assumptions of the model.
(i) The nuclear component of the primary spectrum is f

replaced with a superposition of free nucleons. Equation p n " T K* K™ K

(2.2, transforming to the equivalent nucleon spectrum, y=1.62

;'ﬁédﬁeﬂfo';osl!ow'”g differential energy spectra of protons ;1454 0763 0.0474 0.0318 0.0067 0.0023 0.0045
' 7+ 00070 0.0060 0.1500 0.0552 0.0120 0.0120 0.0100

dF 1 y=2.02
d—EpEl?g(ENFDl(ENH > ;4 Da(En), p 0.1980 0.0585 0.0257 0.0162 0.0039 0.0012 0.0026
N - «t 0.0060 0.0040 0.1480 0.0346 0.0100 0.0100 0.0080
dFn 1
dEy =Dn(En)=3 AZ“; Da(En). Then the fractional moment$ Z factors”) defined by
Here Ey is the nucleon energgin GeV), 2, (7)= flx“/*lwf-(x)dx 25
I I .
0
CaDoEN"" Y] 2dEn o o
Da(En) = are constant inside the regions with constant expopdtttat

+ L
(1+ 5AEN)ae[ Y(1+ OaEn) is, outside the knee energy region in the primary spectrum

Do=yB;F,=0.75 cm? s ! sr(GeV/nucleon)?, and bele : s};hows fractrilonal ?Ome.gﬁ”(y) for It_he two values

Ca=Al"7B,/B;(A=1,4,15,26,51). Outside the knee region 0 3’ n the case_w ere i € |inC| Oent particles a protpE or

we use the asymptotic formulas 7' meson and‘—p.,n,rr K ,KL. The momeqts for.—n

and 7~ can be derived using the well-known isotopic rela-
CADoER Y for EN<EWQ, tions for the inclu§ive cross sections. To calculateZhfac-

3 —(yrarl) 2 tors for all reactions exceptrtA—NX and 7A— KX, we

1.256, *CADoEy for E\>Ey’, used a parametrization of CERN Intersecting Storage Rings
23 (ISR) data put forward by Minorikawa and Mits{ir3]. The

where E(Nl): 6.5/5, GeV/nucleon andE(Nz):O.6/5A Gev/ guantitiesZy . andZy . were calculated from the two central

: . ! moments(x) and (x®) for the inclusive distributions ob-
nucleon. A numerical procedure is applied to smooth out th?a'ned by Anisovichet al. [74] in the framework of the

calculated spectra of secondary hadrons at energies arouaéasinuclear quark model.
the knee region.

. N . (iv) The kaon regeneratiofti.e., the processe& ™A
(i) We assume a Iogantr;gluc growth with energy of the—>KtX, K=A—KOX. etc) is disregarded in our calcula-

FOtalﬂ']ndaSt'T cro;s,s se;\tlosmﬁ,\h fordlntera(;:tmns of_a ha]:jron tions. Also, we neglect the nucleon and pion production in
I with & nuclear targea. such a dependence arises om a4, nycleus collisions as well as pion production in kaon
model for the elastic amplitude of hadron-hadron CO”'S'OnS’decays which makes it possible to split up the total system
ba_\s_ed on the conception Qf a_d_ou,ble Pomeron_ with a SUPEEt the transport equations into a nucleon-pion part and a
critical intercept 72]. For simplicity’s sake we will use also kaon one. Our estimations show that the inclusion of the

anothgr consequence of t_h|s model: the asymptotic equaI'té{forementioned effects will cause the muon flux to increase,
of the inelastic cross sections for any hadron. Thereby but no more than by a few percent. It is clear that similar

. E effects for charmed particles are completely negligible.
O_;rAeI(E): UiOA+ UA'“(E_) (i=N,m,K,...) (2.9 (v) At the stage of nuclear cascatlaut, of course, not at
1 the muon production staythe decay ofr™ mesongcritical

or__ : . .
at E=E,;=1 TeV. The following values of the parameters enei.rgylET{—.O.lz Tev 'Sl”_?g\lle(flt_ﬁq for dwe_chops closetlto
are adoptedira=19 mb, 02,=275 mb N=p.n), o° vertical at pion energies 1 TeV. This approximation greatly

Da(En) =

0 . 0T A simplifies the description of the pion regeneration and the

=212 mb, andry =183 mb K=K=,K",K"). . production of nucleons, kaons, and charmed particles in
(ii) It is assumed that Feynman scaling holds in the fragpion-nucleus collisions.

mentation region of the inclusive process$és— f X, where

i=p,n, 7=, f=p,n,7°,K*KK® and A is the “air C. Nucleon-pion cascade equations

nucleus.” So the normalized invariant inclusive cross sec-

tions (E/oihd3ais_ix/d°p are energy independent at

large x (wherex is the ratio of the final particle energy to

that of the initial ong Let us denote

In line with the above-listed assumptions, th&x 4 sys-
tem of transport equations for the nucleon-pion part of the
cascade can be written

d3 ! Di(E,h Zlflw DEth

max, 2 . _— —_— . = —_— - | — JE—

Wfi(x):»lJ(pT ?E EM>d 2. ah+)\i(E) i(E.h) 7 )\]Q 0 i 0D, X' x2
O':ge 0 PL dsp (26)
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(i,j=p,n,7",77), with the boundary conditions
Dy(E,0=D)(E), Dy(E,0=DJ(E),

D_+(E,00=D,-(E,0=0.

HereD;(E,h) is the differential energy spectrum of particles
i at the atmospheric depth

o 1

A

Ni(E)= =—,
I NofTiOA

NoolR(E)

andNg is the number of target nuclenil g of air.

The solution to the syster2.6) can be found as an ex-
pansion in powers of the dimensionless paraméiex, ,
where A y=1/(Ngo)=14.5.9. Within the power-behaved
regions of the primary spectrum described by Ef3), the
solution is of the form

Dy(E,h)= %[N+(E,h)+N7(E,h)],
1

Dn(Eah): E[N+(E,h)_N7(E,h)],
1

D,+(E,h)= E[H*(E,h)+H*(E,h)],

1
DW—(E,h)=§[H+(E,h)—l_[_(E,h)],

where
DY(E)+ xD°(E
Nw(E, = DR DB
ZJK K’
h { h)
exp ———|| 1+ 0| —| |,
F{ ARE(E) A
DY(E)+ «xDY(E) A,
(BN = B 7 ()|
AN
X2 (—«")exp — P+OFW
(e AfS () all’
1 1+«'j“E) 1-«'j*(E)
= + (k,&'=2%),
AS(E)  2AK(E) 2A%(E)
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AN AR Z5NZR A2
J.K(E): 1+ WNONg K_1+ N ONﬂ'O K,
AN 2N0N0
1 1-Z§y 1-Z%, 1 1z

Ac 228 220 7 ANE) M(E) 2\

K

ZQN:pr‘l‘ kZ Z;W=Z7T+7T++KZT,+7T—,

np»

atn

Z;N:Zw+p+ kZ ﬁw=zpw++Kpr—.
The functionsAﬁ’;'(E) can be treated as the generalized ab-
sorption lengths. Not counting the processes of nucleon-

antinucleon pair production by pions, the formulas for
Aﬁ';’(E) are very simple:

ANEE)=ANE), ANL(E)=A%E),

and thus
N*(E,h) h
“(E,h)xexp — — :
| ANB)]
I1%(E,h) h
“(E,h)cexp —
iG]
p[ h
—exg — — .
AN(E)

The O(h/\,) corrections were calculated in R¢F.2] and it

was demonstrated that they became importarthi>ab00—

600 g/cnt. However, these corrections are of no significance
for the present purposes, because the greater part of the at-
mospheric muon flux is generated at the depits300

glent.

D. Kaon production and transport

Kaon decay cannot be neglected even at very high ener-
gies; as a result the differential energy spectra of kaons,
Dk(E,h,?9), depend on the zenith angfe In line with ap-
proximation(iv) of Sec. Il B and assuming isothermality of
the atmosphere, the transport equation for kaons may be
written as

d 1

EZ(9)
o Ne(B)

En Dy(E,h,9)=Gg(E,h)

(K=K*,KD), (27

whereEg(9)=m,Hgsea/ 7, is the kaon critical energgat
9=<75°), m¢ and 7¢ are the kaon mass and lifetime, and
Ho=6.44 km is the parameter of the isothermal atmosphere.
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The source functiorG(E,h) describes kaon production in
NA andwA collisions. Taking into account the explicit form
of the nucleon and pion spectra outside the knee re@iea
Sec. Il O, we have
)dx
X2

(Yh)

Gk(E,h)=

|pnww

J Wiki(X)D;| —

KN(Yh)

~—2 N“(E,h)+ I1%(E,h) |,

w

(2.9
where
Zin(¥n) = Zkp(vn) T K Zkn(vh),
Zy (¥Yn) = Zi+ 7+ (Yn) + KZ+ o~ (¥n),
and y,= y+h/\,.
Upon integrating Eq(2.7) with the source functior2.8)

and neglecting the weak dependence of the kadhfactors
we obtain

DK(E,h,ﬁ)zfohexp{—

zr(sK(ﬁ))exp[—

(h_hr) h’ Eﬁr(ﬁ)/E
N(E) KF) C(ERDd

w®
Ak(E)

<2

K

h
N

X IE(E,h,9) |, (2.9

NG
m

DY(E)+ kDY(E)

1K

(19)—h [1+(’)(£)
SK ’A?K,(E) )\A
il
A
X2 ( ')*( (9) " )

e s () ——
< Y| €k Q"(E)
|
7\_/.\ .

Here e (9)=ES(9)/E+1, T is the gamma functiony is
the incomplete gamma function,

> (i“+«&")

!
K

Nk(E,h, &)=

Xy

L

Dy(E) +«Dy(E)

1K

ITE(E,h,9)= Zon(y)

X|1+0
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Y(e,z)= LJlt“le‘ztdt
NEEITTE) o '

and

1 1 1
AE(E) ALS(E)  Mk(E)
The approximate solutiof2.9) is valid atE<40 TeV (with
y=1.62) andE=2x 10° TeV (with y=2.02). TheO(h/\ )
corrections are small &=<500 g/cnt and the derived solu-
tion will suffice for our purpose.

E. Nuclear cascade at low and intermediate energies

For the “low-energy part” of the nuclear cascadgq(
=<1 TeV/particlg, we adopt the relevant results of Refs.
[75,761 obtained within a rather circumstantial nuclear-
cascade model. The model includes the effects of strong scal-
ing violation in hadron-nucleus and nucleus-nucleus colli-
sions, ionization energy losses of charged particles,
temperature gradient of the stratosphere, geomagnetic cut-
offs, and solar modulation of the primary spectrum. The
computational results were verified considering a great body
of data on secondary nucleons, mesons, and muons in wide
ranges of geographical latitudes and altitudes in the atmo-
sphere. The model was also tested using low-energy data on
contained events observed with several underground neu-
trino detectors.

Since the key features of the model were discussed in
several paperésee, e.g., Ref6] and references therginwe
shall not dwell upon the question here. Only one point needs
to be made. The geomagnetic effects for the sea-level muon
flux are sizable up to about 5 GeV. However, later on, we are
going to deal with muon data at high latitudes that are insen-
sitive to the geomagnetic cutoff. The same is all the more
true of solar modulation effects.

IIIl. CONVENTIONAL MUON FLUX

Our calculation of the muon production and propagation
through the atmosphere is based on the standard continuous
loss approximation. Our interest is in the muon flux at mo-
mentap=1 GeV/c. Thus theO(me/pz) effects can be ne-
glected. For simplicity, the nonisothermality of the atmo-
sphere will be ignored in the formulas which folldgee Ref.
[76] for the corresponding corrections

Let D,(E,h,d) be the differential energy spectrum of
muons at depthh and zenith angled and g,(E)
=—dE/dh=a,(E)+b,(E)E be the rate of the muon en-
ergy loss due to ionizatiopa,(E)] and radiative and pho-
tonuclear interactions in the dib,(E)E]. The muon trans-
port equation is

o ES(9)
h " TEn

D (Ehﬁ)—

[,BM(E)DM(E,h, 9)]

+G"(E,h,9), 3.0

with
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TABLE II. Parameters of the fitting formulés.4) for the vertical energy spectrum of conventional muons

at sea level.
Momentum range (Ge\&) C (cm?2stsr! Gev'l) Yo Y1 V2 Ya
1-9.2765% 1¢? 2.950< 103 0.3061 1.2743 -0.2630 0.0252
9.2765< 10°—1.5878< 10° 1.781x10 2 1.7910  0.3040 0 0
1.5878< 10°-4.1625< 10° 1.435¢ 10 3.6720 0 0 0
>4.1625< 10° 10° 4 0 0 0
ES( ) mz -1 horizontal directions and can be disregarded with an accu-
GZvK(E,h,ﬂ)z > B(M ,2)——— ;‘ racy better than 3% for directions close to vertical. In this
M=#" K* hE mM approximation,

E
DM ;,h,ﬂ dX

ER(9)
B(K ,Ls)w

+ 2

K=K*K?
+

xf F“(X)DK( ,h ﬁ)dx 3.2
X

Here Efj(ﬁ)=mMHosea‘}/7le.O3 se®@ GeV is the muon

critical energy,B(M ,,(3)) are the branching ratios for the

7,2, Ko, andK 5 decays,Fi(x) is the muon spectral

function forK ,; decay, and

— 2 2 2 2
—ZmM[(mK—mﬁJr m,)

2 2 2\2 2.27-1
+\(mg—mi+m2)2—4mimg]

The explicit form ofF{(x) is rather cumbersome but there is

no need to write it out because tig ; decay contribution to
the muon flux does not exceed 2.9%].
The solution to Eq(3.1) is given by

h
DM(E,h,ﬁ)=jo W, (E,h,h’,9)

X G (EE,h—h"),h",8)dh’,
Here

BL(E(E,h—h"))
Bu(E)
Ecr(ﬁ) dhr!

h
o] [ B0
F{ h' €(E,h—h") h"

and&(E,h) is the root of the integral equation

F 0E
EIB,U,(E)_ ,

W, (E,h,h’, )=

3.3

e B _
&(E,h)= +h exp(b,,h) >
and
BL(E(E, h))
B ) ombh.

In numerical calculations we use,=2.0 MeV cnf/g and

b,=3.5x10"® cm?/g. Equation(3. 3) can be simplified in
the two particular cases. AE> Ecr(ﬁ) the muon decay can
be neglected, and so

W, (E,h,h",8)=exib,(h—h")].

At E<a,/b,~0.57 TeV, the radiative and photonuclear en-
ergy loss is inessential and thus

h/
(F
The combined results of our calculations for the vertical
momentum spectrum of conventional muons at sea level can

be summarizedwith a 2% accuracyby the following fitting
formula:

E;’( 9)/(E+a,h)
W,,(E,h,h’, &)=

SR
E+a,(h—h')

D,(p,h=1030 g/cr,¥=0°)

=Cp~ (Yo% 71logp+ yolog?p+ y3log) (3 4)
with parameters presented in Table Il for a few momentum
ranges [here p is the muon momentum in Ge¥/and

D, (p,h, ) =(p/E)D,(E,h,9)].

Figure 1 compares our result for the vertical differential
muon spectrum at sea level with the results of Volkeval.
[78], Dar [79], Butkevich et al. [80], Lipari [81], and
Agrawal et al. [82]. In this comparison, we used the fitting
formulas from Refs[78,79, and the corresponding tables
from Refs.[80-82. In Table Ill, we show the ratio of each
calculated spectrum from Ref$78—82 to ours for E
=1,10...,1¢ GeV. The ratios are inside the wide range
0.75-1.48. In the momentum region from5 to 5x 10°

that is, the energy which a muon must have at the top of th&eV/c, our result is in very good agreement with the recent

atmosphere in order to reach deptlwith energyE. As our
analysis demonstrates, the weddgarithmig energy depen-
dence of the functiona, andb,, is only essential for near-

Monte Carlo calculation by Agrawat al.[82]: the discrep-
ancy is less than 6%. This is consistent with the uncertainties
of both calculations caused by the uncertainties in the input
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' ' ' ] tively describe the main features of some popular models for
1 charm productior[4,95]. Let us briefly look at two recent

approaches based on the perturbative QERCD and the

4 dual parton mode{DPM) [5,94].

] Thunman, Ingelman, and Gondol6] apply a state-of-

the-art model to simulate charm hadroproduction through

PQCD processes. To leading order in the coupling constant

ag, these are the gluon-gluon fusiomgd—cc) and the

—_
o
'
-
T T

... Volkova et al., 1979
_. Dar, 1983

P3DH(P) (em?ssr(GeV/e)?)

-2 ) £ . . . . .
10 a E'Utk?v;Ch etal., 1989 9 guark-antiquark annihilationgg— cc). The next-to-leading
- X - . . .
o P"gf;'h’lalgisal 1996 order, (’)(ag’), contributions are taken into account by dou-
Present work bling the cross sections. To simulate the primary and cascade

interactions, the authors use the well-accepted Monte Carlo
-3 codePYTHYA. Without going into details of their approach,
10 ™ ' 2 3 2 5 we emphasize that the PM flux predicted by Thunreaal.
1 10 10 M1O M 10t (E;OV/ ) is one of the lowest ones. It overcomes the vertical
ton Yiomentum { fyevic ar,K-muon flux at energy of about210® TeV and therefore

FIG. 1. Vertical differential momentum spectra of conventional IS undistinguished in present-day ground-based undeground,
muons at sea level calculated by Volkoeaal. [78], Dar [79],  and underwater muon experiments.
Butkevich et al. [80], Lipari [81], Agrawal et al. [82], and in the In the paper by Battistoret al. [94], a new Monte Carlo
present work. calculation of the PM fraction in atmospheric showers was
made using th®PMJET-Il code based on the two-component
parameters. At low energied—10 GeV, our calculation DPM and interfaced to the shower codemAS. The calcu-
agrees closely with the fitting formulas by Volkow al. lation does not yield the absolute PM flux but, from the
[78] and Dar[79]. estimated prompt-to-conventional muon ratio, one can see a
leastwise qualitative agreement with the result of R€[. In
particular, according to the DPM, the prompt component
IV. CHARM PRODUCTION AND PROMPT MUONS overcomes the conventional one in the region of 1-3 PeV

The prompt muon and neutrino component of the cosmic{N0t réachable with the simulated statisfics

ray flux originates from the decay of short-lived particles In oulr p_revlious wor{@g,gt_l,ga, the t""ﬁ diffteretr;]t phﬁ'
(mainly charmed hadror®™, D°, D°, A+, .. ) produced omenclogical nonperturbative approaches to the charm-

. . . , r ion problem hav n li he recombination
in interactions of cosmic rays with the atmosphere. For th oduction proble ave been applied, the recombinatio

. ; uark-parton modelRQPM) and the quark-gluon strin
last 15 years, a lot of papers with calculations of promp odeIE)QGSM). In the present calculati(?n We%se just thgse
lepton production in the atmosphere have been publishe '

ith diff Suffice | hat th o models. For this reason, the most salient features of
‘c’j".'tt (‘j’ery ' eret”t f}!“ﬁ“tf- u t'."el It to oy |t F?I:/Itﬂe pLe' them will be outlined below in this section. The RQPM wil
icte energlyt athWt 'Cf e ve; Ica seda}—(e(\j/e UX B€he discussed at greater length, considering that the QGSM is
frgﬁes ggu'?evo o a 1003m_|9§\r/13 d:eopn;r?dning oneizgsa\zjac:;)iz d well accepted and covered adequately in the literaf@6e
- el : Iso Refg1 7] f iews. A le of
charm production model. Early worK83—-9Q were based (see also Refq1] and[97] for reviews. As an example of a

. ; calculation giving a particularly high PM flux, we will also
on empiricalad hocmodels for open-charm production and sketch a semiempirical model put forward by Volkastzal.

some extrapolations of the accessﬂﬁiather fragmentar)y . [90]. Comprehensive reviews of the current experimental sta-
accelerator data to the orders-of-magnitude higher energu%S of the charm-production problem can be found in Ref.
of the primary and secondary particles participant in cosmic 8]

ray interactions. The successive works apply more advance[g ’
phenomenological approaches to the charm-production prob-
lem [3,5,91-94 or a set of parametrizations for the energy
dependence of the inclusive cross sections which qualita- 1. Recombination quark-parton model

A. Models for charm hadroproduction

The RQPM is one of the models with “intrinsic charm.”
The models of this class are based on the following key
assumptions.

Ref. E (GeV) (i) The projectile wave contains an intrinsic-charr_n Fock

1 10 16 10° 10t 10° 10P component(see Refs.[99,100). As an example, Fig. 2
shows the componemtiudcd generated by the virtual sub-
[78] 1.010 0.996 1.135 1.056 1.189 1.156 1.483 processgg— cc where the initial gluons couple to tw@r
[79] 1.001 1.046 0.958 0.873 1.023 1.047 1.405 more valence quarks of the projectile.

TABLE lll. The ratios of vertical differential spectra of conven-
tional muons calculated by different workers to ours.

[80] - 1.015 1.079 0.909 0.958 0.902 1.140 (i) The interaction of partons in the final state leads to a
[81] 0.753 0.820 0.858 0.823 0.955 0.923 1.160 recombination(or coalescengeof the charmed quark with
[82] 1.355 0.992 1.017 0.938 - - - projectile fragments and to production of leading charmed

hadrong101-103.
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TN tion (4.1) is written for thefragmentation regiorof the pro-
jectile p,. Let us assume that the distribution of “wee” par-
tons is universal and does not correlate with the distribution
of fast partons. Then

p — L c
L___L__¢ (3) =) (2) )
C sz(xqj,xq,xq)—sz(xqj)sz(xq,xq).
- d
N Considering that

FIG. 2. Intrinsicluudcc Fock component in the wave function
of & projectle proton. UtpoFt):Z J O-ij(Xqi'qu)FE)]:;_)(Xqi)Fg;)(xqj)dxqidxqj

An indication in favor of these models was found in :
muon-nucleon scatterind04]. It was shown that there ex- yje|ds
ists a visible excess of the charmed particle yieldxat
=0.15 andQ?<40 Ge\* over the model expectations based
on photon-gluon fusion and conv_e_ntional_ QCD gvol_utipn. XFdUpp—>MX: totf F@(x,, %) Ry (X Xgi ) dxgd X
The upper bound for the probability to find an intrinsic- dxg L B 4 a
charm Fock component in the proton wave is about 0.6%.

It has been shown by Brodslet al. [100] that diagrams In a similar spirit one can derive the inclusive cross section
with intrinsic charm, in which ac¢ pair is coupled to more for the generic reactioN — fX:
than one constituent of the projectile hadron, are suppressed
by powers ofM2{(1—x.) (hereM « is the invariant mass of
the pair andx, is the fraction of hadron momentum carried  Xg
by a parton; i.e., the relative contribution of the intrinsic-
charm mechanism to the longitudinal momentum distribution

of charmed hadrons is expected to be especially large in thﬁere x, is the fraction of the projectile momentum which

fragmentation region of a projectie. In other WOrds, eiongs to the partony, F({x) is the two- or three-quark
tra ASt (t:h(; :ame t(i)mg Strﬁ)eetot(z:il iigusiev)e/ c?oss scelézor? sgr? %distribution in the projectile hadron andRy({xd;x) is the

: . ’ : nction of recombination of two or three quarks into had-
rather large(it depends strongly on the assumptions abou

the charm structure function of the projectile hadrorhese ons.
. . Projec It would appear reasonable that far away from the thresh-
features cannot be obtained in perturbation thdeeg, e.g.,

Ref. [105] where a comparison of 600 GeX~ emulsion old of open-charm production, the parton distributions and

) . L recombination functions do not depend on the projectile par-
datgewnh the next-to-leading order PQCD predictions Wagicle energy. Then the dependencg of thelorn ?X/éXF < p
mads. -

In the RQPM, the process of hadronization occurs bydetermmed by the energy g?pendence of the total cross sec-

means of a recombination of quarks to hadroh@2]. It is tipn fc_)r theiN_ interaction,oi_N(s), and there_fore the_scaling
assumed that only slo'wee" ) partons of colliding had- violation is fairly small. As in the case of light-particle pro-

H tot H H
rons take part in the interaction and the distributions of fas uction, we use fo.r theiN(S.) the model of elastic amphtude
partons do not change during the collision. Therefore thd"oM Ref. [72] which predicts that the total cross section
inclusive spectra of produced particléhose with smalp+

grows as Is at the asymptotic energies.
and with not too smalk;) are entirely governed by quark We assume that the-quark sea in a hadron is essentially
distributions inside the projectile hadron.

nonperturbative and it is characterized by a flat momentum
a. Charm production in hadron-nucleon collisioriBhe

spectrum(see, e.g., Ref99]). According to the parton con-
inclusive cross section for production of a meddr-qq in ception, in the infinite momentum frame, the lifetime of fluc-
pp interaction is

da—iNHfX _ _tot

dxe _UiN(S)f Fi({xk})Rf({Xk};XF)l—k[ axy.
42

tuations containing heavy quarks is very large; the flatness of
heavy-quark spectra follows from a simple picture of a had-
ron as an aggregate of partons with approximately equal ve-
locities and from calculations of structure functions for
strongly coupled states.
To calculate the two- and three-quark distributions
X Ru(Xq  Xq Xp) dXg,dXq, dXqd g (4D Fi({x}), we use the statistical approach by Kuti and
Weisskopf[106]. The functionsF;({x,}) are constructed
Hereq; andq; are the “wee” partons from protong; and  through “uncorrelated” parton distributiong}?(x) and
p,, respectively p, is the projectilg, oj; is the total cross £3¢%x) for valence and sea quarkis% u,d,s,c) and through
section for theq;q; interaction,F{" is the m-parton joint  the correlation function&'(1—x). For example, the two-
distribution inside the protop,, andRy, is the function of particle distribution ofu andc quarks in a proton is of the
recombination of the paigq into mesonM. The cross sec- form

do
pp—MX (1)
Xp—F———= crij(xqi,xqj)Fp1

(3) a
dXF ij (Xqi)sz (quaquxq)
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F(2(x, .XE):[ZGﬂ(l—Xu—XE)f\Jal(Xu) HereB(a,b) is the beta function, and andb are constants
P defined by the form of the valon distributions. Regarding the
+GH(1—xy—xx) Frtx ) 1fetxg) . valons as constituent quarks bound nonrelativistically in a

_ o _ _ bag, it can be showfil09] that their average momen{a;)
The three-particle distribution af, d, andc in a protonis  are proportional to their masses . Then, considering the
two-valon distribution in @D° meson, we have

F)(XyXg . Xe) = f2(x,)

2Gﬁd(1—2 Xq w1
a (x,) m,

iotxy) | xg) FEotxe) b (9 M 6

+Gg<1—2 Xq

Below, we adopti=1 in all numerical calculations.
fﬁal(xu) b. Nuclear effectsin order to take nuclear effects into
account, we use the additive quark mofiElQ]. Let us as-
e e sume that passing over the target nucléua valence quark
fatxa) fE°T%0), of the projectile behaves as a free particle between its colli-
sions with nuclei. If at a collision with a nucleus the quark
loses the bulk of its momentum, that quark may be thought
2 Xg=XytXgtXc. of as captured by the target and its contribution to the pro-
duction(through the recombinatigomf hadrons with large

Both the uncorrelated distributions and correlation func-c@n be neglected. On the contrary, the quark which escapes
tions for light quarks and gluons in a proton and pion werecollisions can hadronize by recombining with slow quark
calculated by Takasugi and T4t07] in the framework of as described above. Because our prime interest is in the high-
the statistical model using all appropriate accelerator data. fN€rgy range and in the fragmentation region of projectile
can be shown that the correlation functions are little affected@rticles, one can neglect the interaction of secondary had-

by introducing the sea of charmed quarks and hence we wifo"S with the target pucleus. In_deed, the time of generation
use the results of Ref107] without any modifications. In so of hadrons is proportional to their momenta and fast hadrons

doing and using Eq(4.2), the uncorrelated distributions &€ produged qutside the nuclleus. Inlline vyith these assump-
£e%x) could be basically extracted from the data on char tions, the invariant cross section for inclusive production of
pcroduction In fact the realization of this program is some- adrons in hadron-nucleus collisions is expressed in terms of
what limited because Ed4.2) only holds at asymptotic en- the “recombination” hadron-nucleus cross sections and the
ergies(far away from the charm-production threshokhd, probab|I|t|es_ for capturing valence quarks by_ the target
besides, the available accelerator data at high energies CO\}%VCIGUS‘ US”.‘Q standard “nuclear qpt|cs techniqués]

a narrow range 0x-=<0.9. Within this range, the best fit and the additive-quark-model relations for the total cross
of the ISR data om\ production inpp interactions[108]  Sections{110], 2o =30 ,,=20q, (q=u,u,d,d), one can
and the European Muon Collaborati@®MC) data on charm derive the following formulas for the inclusive charm-
production in deep-inelastic muon scatterifg04] is  Production cross sectiofd02]:

achieved with the following simple parametrizatidi€?2]:

+[265(1—2 Xq

+ GB( 1— D Xq|F3%x,)

dO’pA_>D+x_3( O-frrA_O'qA)do'ppaD*X

cseq ) _ [ 35 1037 %%(1-x)" 1% for protons, dxe Top dx.
e ) 7.7x10 3 Y(1—x)"%® for pions.
_ L9l
In our calculations, we do not make distinctions between d‘TPA*DX::g(‘TPA UqA) pp—D~X
pseudoscalar and vector charmed mesons of an identical dxe Opp dxe
qguark composition at production. So byDameson produc- CE

tion cross section is meant the overall cross section for the
production ofD andD* mesons.

For the recombination functions of quarks iroand A .
we use the formulas derived by Hwa in his valon model

+3

o UqA) pp—D~X

O'pp dXF

[109]: dUpAHDOX::g OzA— OgA do.ppﬁDOX
dXF O'pp dXF '
Rof( pp— X1>a(xz)b5( Xy X)
DX, X X) =5~ | | & X1+ Xp—X), [uycl
B(a,b) X X dUpAaEOX_(UDA_i_ UﬂTA_ZO-qA) O-DD—>50X
dx B dx
R N X [X1%2|?( X5\ " F Tpp F
AC(X1,X2,X3,X)_B(a,b)B(a,a-i—b)\ x ) \x UWA—(rqA> "[pufat)x
+3 ,
X 8(X1+ Xo+ Xz—X). Opp dxe
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U[uvdVC] TABLE IV. ParametersZ;(y,E,) of fitting formula (4.3) for
do'pA—u\c*X Tpa— O qp)|  PP=ACX the fractional momentZ;;(y,E) calculated with the RQPM for the
dxe =3 Top dxe two values ofy.
O_[Uvdsc] f
O'pA+0'wA_20'qA pp"A:X
Tpp dxe i D* D~ D° DO Ad
LUsavel y=1.62
+
+§ UpA—fqu) pPp—AcX p 46x10°* 65x10°* 3.8x10°* 6.9x10°* 4.9x10°*
2\ opp dXe 7t 1.3x10°3 9.0x10 % 9.0x10°* 1.3x10°® 6.0x10*
[ue] y=2.02
TmA— Oqn Top—-a;x p 54x10* 7.9x10* 45x10°* 8.6x10 4 6.2x10°*
+3 po ) axe " 1.8x10°% 1.2x10°% 1.2x10°% 1.8x10°% 7.9x10°*
pp

These results do not contradict the accelerator data even at
very low energies, although the data are rather uncertain yet.
. _ For example, the BIS-2 experimeftt14] (a 37.5-70 GeV

(D=D*.D°D%.  neutron beamgives ()= 0.73+0.23 for D° production.

As discussed above, we assume that the captured quarks

Heredol, }/dxe is the contribution to théN cross section  take no part in the recombination. This leads to a small un-
from a quark diagram with a final hadrdrthat contains the derestimation of the cross sections, because some portion of
leading valencév) or sea(s) quarks indexed in the brackets. wounded quarks actually will recombine. Let us estimate the
To sufficient accuracy, the total cross sections in the foregoupper limit of thea assuming thaall the valence quarks of
ing equations are assumed to be energy independent. In otie projectile can recombine. This assumption yields
numerical evaluations, we setj,=o for the hadron-
nucleus cross sectiorisee Sec. )landog,=13.0 mb for the
guark-proton cross sectidi11]. The numerical results are
represented in the traditional form

dUw*AHDX_Z( UwA_UqA) do—prDX

dXF 0.71'p dX;:

do’iA—»fX_(UiA)dUiNan
JiN

dxe dxe

and thus «<0.85 for 7TA—DX and a<0.79 for pA
= A@(XE) doin_x —D(A)X. This estimate demonstrates that the uncertainty
dxe dxg in the A dependence within our simplified approach does not
exceed~ 15% for the air nuclei.
For the reactionpA—D*X, pA—DX, and mA—DX(D C 4 factors_.Owing to the mentioned small scaling viola-
ot 0 =0 v o ' tion, the fractional momentgs; calculated with the RQPM
=D~,D",D"), @=0.765, independently ofg. It should be  from Eq. (2.5 are energy dependent. They can be approxi-

pointed out that accelerator data at low energies show gated with an accuracy ¢2—3% by the following expres-
higher value ofa. For example, in the WA82 experiment gjgn:

[112] (a 340 GeVw~ beanm the valuea=0.92+0.06 was

obtained forD mesons with(xg) =0.24. However, it seems E\&

plausible that this is a reflection of the “near-threshold ef- Zfi(y,E)=Zfi(y,Ey)(—) , (4.9

fect” and the « will decrease with a rise of the projectile E,

energy. In any event, nonperturbative effects should become

more important as/s andxg increase and therefore shadow- where E is the energy of secondary particld(f

ing is expected to become more essential at higher center-of= Di,DO,BO,A:), andE, and ¢, are the constants depen-

mass energies and at large [113]. dent on the primary cosmic-ray spectrum. In particular,
For the rest reactions and within the range &XQ

=<0.95, the functions(xg) may be parametrized as follows:

doia_ix

E,=10° GeV, £,=0.096 for y=1.62,

— — _ 2 3
apA‘}DOX(X)—O.754_O.O34( 0.00&“+0.02% ' Eyz 106 GeV, gy:oo76 for ')’2202

apa_p-x(X)=0.769-0.158+0.27X%*—0.174¢, Parameter<Z;(y,E,) for i=p,n" are presented in Table
IV. For i=n,7~ one can use the relations

_ 2_ 3
apa-n+x(X)=0.780-0.36K+0.6722~ 0.456¢, Zon=Zot,  Zo =250, Zom=Zos,
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u 5o u B ud TABLE V. Parameter<Z(y,E,) and ¢, (in parenthesgsof
ot C ot C ud C fitting formula (4.3) for the fractional moment&;;(y,E) calculated
Do with the QGSM fory=2.02 atE=10° TeV.

d _ D~ f
dd

ud : [ D* D~ DO DO AL

@ ) © p  6.5x10°° 9.9x10° 7.1x10° 21x10* 9.5x10°*

FIG. 3. F . ‘ K chains inib i th (0.050 (0.046 (0.050 (0.049 (0.041)
- 3. Fragmentation of quark chains inbb mesons in the =~ - 105 19,104 65x10°° 1.2¢10°% 95x 104

QGSM: (a),(b) favored fragmentation int®°; (c) unfavored frag- (0.050 (0.045 (0.050 (0.045 (0.041)

- (8),(b) 1ay ¢
mentation intoD ~ and D" 7t 55x10°% 1.4x10% 1.4x10°% 55x10°% 1.5x10°°

7y S . e g (0.04)  (0.048  (0.048  (0.04)  (0.039
DOn= 4D pr  SATNTLATpr  £DYaT T ED07T T £D0r 7~ 1.4x10°% 55x10% 55x10°% 1.4x10°* 1.5x10°°
(0.048  (0.04)  (0.04)  (0.048  (0.039

ZD_w_:ZDOW_:ZSOﬁ+1 ZA;rﬂ'_:ZA;ﬂ"*'!

which follow from considerations of the isotopic symmetry. ~ Our calculations of the inclusive cross sections within the
framework of the QGSM have been done without attempts to

2. Quark-gluon string model optimize the set of parameters of the model. In particular, we

The QGSM[96] is a nonperturbative approach to the de-do not include the intrinsic charm component as was sug-
scription of hadron collisions. It is based on the topological9ested recentl{97]. Below, we are dealing with a qualitative
1/N; expansion of QCD diagrams for elastic scattefibgs] ~ analysis of the QGSM prediction for charm production at
(associated with the multiple Pomeron exchange expansioffoSmic-ray energies rather than with a close examination of
and the string model of hadrons and hadronic interactionghe model. For this reason, in evaluating the nuclear effect
The particles are produced in this model by breaking thavithin the QGSM, we adopt=0.72 for all processes under
strings connecting the incident hadron’s constituégtearks ~ consideration. This simplification can lead to a small
and diquarks (<15%) error in theZ factors, compared to the exact calcu-

The QGSM is considered to be one of the most satisfaclation within the additive quark model. The energy depen-
tory of the tools available to represent open-charm producdence of the factorg;;(y,E) calculated with the QGSM is
tion. It describes a great body of data on hadronic interacsomewhat different as compared with the RQPM prediction.
tions at all available energies. However, the model is not fre@he parametrizatiofd.3) is valid for the QGSM only at very
from difficulties. For instance, the QGSM predicts clear-cuthigh energies £ 10° TeV) and the parametes, are in gen-
flavor correlations. In particular, there must be preferentiakral different for different reactiori®\ — fX. The parameters
production ofD® mesons inpp collisions (“favored frag-  Zti(7.E,) and&, fori=p, n, =%, and=~ are presented in
mentation”) owing to the (1—ud) composition of the proton Table V at y=2.02 (above the knee energy regjorThe
and €u) composition ofD® (Fig. 3). This prediction is not €nergy dependence of thefactors atE<10’ TeV can be

supported by experimerit.16], although this disagreement found in Ref.[3].

can be caused in part by bad flavor identification in the ex-

periment(see Ref[1] for a discussion 3. Semiempirical model
To calculate the inclusive cross sections one must know

the dlstrlbL_Jtl_on functions of the dressed qua(rdns_ nstltue_nt}s 90] (VEGS) is a typical example of an approach which pro-

of the colliding hadrons and the fragmentation functions o ceeds from a parametrization of available accelerator data for

these constituents into charmed particles. These function$ . P . .
: ; Inclusive spectra of charmed particles together with some

can be approximately determined by the use of Regge-model; .. . .

) : additional assumptions to extrapolate the parametrization to

argumentg117], in terms of interceptarg~ — ay~0.5, of . . . ' .

known Reaae poles. and the intercent of fEReade tra the kinematic regions, where data on the inclusive charm

: 9gge poles, . cep ~egge t production cross sections are absent.

jectory, a,,, on which there is no direct experimental infor-

mation. Hencex . is a free parameter of the model. It qov- Volkova et al. make use of a very steep inclusive spec-
: ¥ P -1t tﬁum of producedD mesong «(1—xp)°/xp, wherexp is

ems, in parti(_:ular, the st_eep_ness .Of the inclusive_spe_ctra e ratio of theD-meson energy to the nucleon energy in the
charmed particles. If thec trajectories are lineaas it is in boratory framéwith a sharp cutoff in the central region

the case of light quarks and generally in the string models o 2 . h
hadrong, the intercept of they trajectory is fairly large do/dxp=0 atxp=0.05). In splt.e of such a cutoff_the Inte-
(=—2.2) and the longitudinal momentum distributions of 9'& J(do/dxp)dxp was normalized to the totddD cross
charmed hadrons are rather steep. A complete list of theection USE(EN)- Considering the accelerator data B
distribution and fragmentation functions as well as the valuess1 TeV together with some implications of the QGSM, it
of their various parameters is given in RE36]. has been adopted that

The model of Volkova, Fulgione, Galeotti, and Scavedra
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0.48logEny—3.075 mb  for 1 TeV=E\<500 TeV,

DD,
E =
70 (EN=1126 mb  for E\=500 Tev.

A consequence of this assumption is a relatively strong scal- Calculation of the PM flux can be performed in almost
ing violation in the fragmentation region. perfect analogy to the conventional muon flux with only one
The VFGS model predicts comparatively large PM flux essential difference: the PM generation function includes a
(see belowsince, owing to the cutoff, all produced particles rich variety of multiparticle semileptonic decay modes. Thus
are in the fragmentation region of a projectilee., there is  the inclusive approach is best suited to the problem. The
no central part of the inclusive spectrunit was also as- corresponding muon generation function may be written as
sumed thatindependently ok:) a=1 and 2/3 for reactions
with D mesons and\, hyperons in the final state, respec- GZ’AC(E,h,i})= 27 B(i— uvX)
tively. i=D*,09,D% A,
The approach of Ref90] includes some other assump- o .
tions which also tend to increase the PM fraction in compari- y Eir(d) (x F”(x)D-(E H ﬂ)dx
; X - | —,h, .
son with our result. The most important ones are concerned hE Jx : X
with the primary spectrum, semileptonic decays of charmed
particles, and certain elements of the nuclear-cascade model. (4.4
A more detailed comparison of the approach under considrere F#(x) is the normalized spectrum of muons in the in-
eration against the RQPM and the QGSM, in connectionysive decay — uv,X (x=E/E;) and
with the PM problem, has been done in Rgf2].

F _ 2 2 2 2 2 2 2271

F=2m2[ (M2 ml =) = V(M + m? — 5,02 —4mom?] 2,

B. Prompt-muon flux at sea level . L . .
with sy the minimal invariant mass square for the hadron

1. Interactions and decay of charmed particles systemX. The other designations are completely similar to

Inasmuch as we neglect the production of nucleons, piond® Ones previously used. , , , _
and kaons by charmed particles and charm regeneration, the 10 Simplify matters we consider the inclusive deday
transport equations fob and A, spectra are identical in — uvX as a three-particle one. We assume the simplest form
form to Eq.(2.7) for kaons. Notice that the PM flux weakly pf matrix elements according to R¢f.18]. The form factors
depends on the specific values of the inelastic cross sectioffdvolved (one forD— uv, X and three forA .— pv,X) are

for D and A, up to about 16 TeV of muon energy, due to replaced with their averaged values. In so doing the mass
! »n eff

the very short lifetimes of these particles. Thus a rough estisduare of the X particle,” sy*, may be fitted in such a way
inel inel as to correlate the calculated and experimental values for the

mation of and o, =, will suffice for our purposes. We - . " ;
7DA TagA _ Purp - differential and total decay rates. Omitting rather tedious de-
use the same formulé2.4) as for thoe light hadrons with tajls of the calculation, we present the final formulas for the
opa=100 mb 0=D*,D° D% ando, +,=200 mb. muon spectral functions5(x) andF4 (x):
Cc

2

11 1 1
FE(X)= 761" r5)(1=5rg—2rp)+rpx—5(1=2rp)x*+ =x>+rpin

1
ZD=1—2(1—rg)(1—8r%+r‘5)—rglnr%,

1
FKC(X)ZZ—ACKE 3fifja:"1j(x)y Zy =

iIsj<

BRUIULCE

I=sisjs<

11 1 9 7 3 8
@(X)= 5 3y - —ri—1234 Sri o3+ ZrS+er3(2+r,)x— 5(3—2rA—5r/2X)x21L =x8

2 2 6 3
4 2 6
ra(3+6ry+ry) ra 3 1-x
+ - +r3(124+9r, +6r2—r3)In ,
1=x (1-x2 T AT AT
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5 5 4
& (X) = §—GrA—9r§—24ri+3r1+ 183 - §ri+24rix—3(1—2rA—ri)x2+ §x3

2ri(3+6ry+ri)  2r§ 1—x
— +2r3(124+3r,+6r2—r3)In ,
1—x (1_X)2 A( A A A) rjz\

1 17 8 2rt(3+r2)  2r§
@X)=— = +3r3—3r - 1§ —12r4x+3(1-3r3)x?— x4+ A A

3 3 3 1-x  (1-x)2
1-x
—2rj§(3+rf\)ln( > )
Fa
1 2 4 23 40 22 4
anZ(X):(lJr—r)z §—§rA—§ri—24ri—2]Jj‘\+ gl’i-i- grz—§ri+2ri(6+9rA+6rf\—ri)x
A

3 4 1 riE+1r, +142+8r3+rh)
—E(l—4rﬁ—4ri+rf\)x2+ §(1+rA—rf\)x3— Sxt+ T«

6 2

rr(1+ry) 1—x

A b3zt ewr 243+ 1003+ 4rd - r)in|
(1-x)? r’a

&p3(X) = 213(X),

11 21, 5.9, 5. 1 6 3 3 212, 8 3
ae33(x)=€+3rA——rA+1zA+—rA—9rA+—rA—GrA(Z—rA)x—5(3+2rA—5rA)x + 35X

2 2 6 3
4 2 6
ra(3—6ry+ry) ra 3 » 3 1-x
+ — —r3(12—-9r,+6r5+r3)Inf —|,
1=x (1-x2z M0 AT R

e =(1-r3)(1—-2r,—7r3 =203 = 7r4 —2r3+r)— 243 (1 +r2 +r3)lnr,
= (1-r3)(1—4r,—7r2—403 —7rt —ar3+rS)— 243 (2+r +2r2)lnr
513:523:01

1 2

_ 2
B g—rA—6r§—28ri—32ri+28r1+6ri+ri— grio
A

—24r3(1+2r,+3r3+2r3+13)Inr |,

@ga=(1—-r3)(1+2r,—7ri+20} —7ri+2r3+r) +243(1—ry—r?)linr, .

Hererj=s3"/m3, ri=s3"/m, , ands{" is the effective in- the decay form factors averaged ovaf we have f,

variant mass square. The best fit to the data on the differer=0.991,f,~2.170, andf3~0.805.
tial and total decay rates is achieved using

0.63 GeV forD* and D- 2. Parametrization of the calculated PM flux
Vs&'=1{ 0.67 GeV for D° and D°, In the energy region 5 Te¥E<5x10° TeV the differ-
127 GeV for A ential spectra of PM in the vertical direction at sea level,
. c-

DP(E), calculated in Ref[3] with the RQPM and the
Thereforerp=~0.337, rpo 5o~0.359, andr,~0.551. For QGSM, can be approximated by
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I
IS

DY(E,h=1030 g/cr,9=0°) N .
2 1111 MACRO best fit
> 0.35f a) J
.\ B\ ® l . f
=C'|=| |1+|= . (4.5 5 03f PATTR. ]
E E "o ol Fm T
'g 0.25F ‘ + b
Here é 02k ]
C'=453x10 8 cm2s 1sr! Gev'l, /=296, % 015 ? asSSo0s

T » o Nottingham, 1984
<+ o MARS, 1975, 1977

o
e

] T Relies 1o
_ +
a=0.152 (RQPM),  Toxas, 1671
u Nottingham, 1968

@

=)

&
T

. X ,
10 10° 10°
Muon Momentum ( GeV/c )

C'=1.09<10 ¥ cm?stsr! Gev'?i y'=3.02

a=0.165 (QGSM),

1111 MACRO best fit

andE,=10° GeV in both cases. Equatig@.5) fits the nu-
merical results with accuracy better than 4%. With the same
accuracy it is also valid for zenith angle$<80° in the
energy interval 10—10TeV, i.e., within the “region of isot-
ropy” of the PM flux (see Ref[3] for more details Beyond

the interval 5-5 10° TeV, Eq. (4.5 can be used as an ex-

P’D,(p) (em”ssr ! (GeVie))

trapolation of our result which would suffice for calculating 2 o Moscow State University, 1994 RQPM
the muon DIR. From Eq4.5) we find the following expres- O] ke e, QS
sion for the integral PM spectrum: 5 Nomebeet 1oa
¢ r.DAARs, 19717972 @K - muons
v Durgapur,
pr, = =0° L L
ZP(E,h=1030 g/cm,3=0°) e " e
r_q471— Muon Momentum ( GeV/c)
(y' —1)(1—a) E FIG. 4. Vertical differential momentum spectrum of muons at

sea level. The direct data are taken from RE8s:16], and indirect
A comparison of our calculation of the PM flux with the (undergrouniidata are from Ref$44,60,62-64 The shaded areas

results of other authors can be found in RE8&91,97 (see are for the MACRO fif{44]. The solid curves represent the results

also[95)) ' of this work for the conventionalit,K) differential muon spectrum
According to Ref[37], the differential and integral PM and for theqf,K muon spectrum plus the PM contribution calcu-

spectra calculated in the VFGS model can be approximatelﬁlted according to the QGSM, RQPM, and VFGS model

(at all zenith anglesby )
et al. [9]); Kiel spectrographsgAllkofer et al. [10]), MASS

Df[(E,hleSO g/cm, 9) apparatus at Prince Albert, Saskatchew@e Pascalet al.
o oag o 11 1 [15]); EAS-TOP array at Campo Imperatore, Gran Sasso
=2.92x10°E cm s “sr- GeV -, (Aglietta et al. [17]).
or Nonabsolute ground-based measuremervite Durgapur
Z)'(E,h=1030 g/cnd, ) spectrograpiNandi and Sinhd11], the data were normal-

ized to the Nottingham spectrufi4] at p=20 GeVk);
Durham spectrograph MARShompsoret al.[13]; the data
(E in GeV). This approximation holds true to about’rDev. ~ Were normalized to the previous MARS resUii2] at 261
GeVlc); L3 detector at CERNBruscoli and Pier{16]; the
absolute intensity in the momentum range 40—70 GeArd
its error were taken from the Kiel resuytt0]).

Indirect datafrom several detectors in the Kolar Gold
Comparison of the calculated differential and integralFields(Ito [38], Miyake et al.[58], Adarkaret al.[61]); uni-
muon spectra with direct data from spectrometers and indimodular scintillation detector “Collapse” of the Institute for
rect data extracted from underground measurements Nuclear ResearcliNR) at the Artyomovsk Scientific Station
shown in Figs. 4a),4(b) and 5a),5(b). The ground-based (Khalchukov et al. [60]); Baksan underground scintillation

measurements can be classified as absolute and nonabsoltegkescope of INR situated in North Caucagféiadreyevet al.

(normalized. In line with this arrangement we present here[36,37], Bakatanowet al. [62]); x-ray emulsion chambers of

the following three groups of experiments. Moscow State University situated in the Moscow md&at-
Absolute ground-based measuremenith MARS appa- sepin et al. [64]); proton decay detector Fus under the

ratus in Durham(Aurela and Wolfendald7], Ayre etal.  Alps (Rhode[63]); detector MACRO at the Gran Sasso Na-

[12]); Nottingham spectrograpliBaber et al. [8], Rastin  tional Laboratory(Ambrosioet al.[44]).

[14]); spectrometer near College Station, TexBateman The marked curves in Figs. 4 and 5 refer to the differen-

=1.97x10E" " cm?stsr?

V. CALCULATED SEA-LEVEL MUON
SPECTRA vs EXPERIMENT
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[16]. In our opinion, the L3 spectrum was underestimated
owing to incompletely correct normalization.

At p<2 TeV/c our prediction, regardless of the charm-
production model, is in very good agreement with the Not-
tingham direct and absolute measurememt.

+ At energies above a few TeV we only have indirect data
+ MASS, 1993 . .. ..
e o Notingham, 1984 at our disposa[119] and the uncertaintiegboth statistical

¢ MARS, 1975

¥ Durgapur, 1972
® Nottingham, 1968
4 KGF, 1964

and systematjcare vastly greater here. The data of Refs.
[37,38,44,58,61,63have been deduced from the muon DIR

* Durham, 1963 measured in different rock@aksan, Kolar, Alpine, Gran
g » ¥ Sass®. We will dwell on the initial underground data in Sec.
10 10 10 VII. Here, it should be pointed out that in all underground
Muon Momentum ( GeVic) experiments, among the systematic uncertainties related to
inhomogeneities in density and chemical composition of the
'é 10.1_' Elgﬁfsf.f,’ﬁ’séggs ' b | matter overburden, topographical map resolution, muon
2 o Saloan,1o00 range-energy relation, muon range fluctuations, effectl\_/e d|f—
o o KGF 1990 (X = (92 2x10°) ferenhql aperture of the array, etc., another' uncertainty is
T ' essential. It results from the necessity to assign some model
5, for the energy spectrum and zenith-angle distribution of
é 10 muons at sea level which are functions of the PM fraction in
& the muon flux or, to be more specific, the raoof the
2. wimuns + PM (QGSM) prompt-muon spectrum to the+K production one. Hence
4 3-mKmuons + PM (RQPM) one is forced to assume some value of the ratidas a
107} 4-miemuons + PUVFGS) function of energy when reconstructing the sea-level verti-

10

10t 10°
Muon Momentum ( GeV/c)

cal muon spectrum. But the greater the adopted value, of
the harder the resultant spectrum. For this reason alone the
conversion procedure is fairly ambiguous.

FIG. 5. Vertical integral momentum spectrum of muons at sea As an illustration we consider the KGF results. The KGF

level. The direct data are taken from Rdf5,8,11,12,14,15,17and
indirect (undergroungidata are from Ref437,38,58,62 The solid
curves represent the results of this work for the conventiongK{

muon spectrum in the energy range 200—7500 GeV was de-
duced[58] using the underground data from RE26] and
assuming<=0, which is quite reasonable for this range. But

integral muon spectrum and for the K muon spectrum plus the  the data at higher energig8] (see also Ref61]) demand a
PM contribution calculated according to the QGSM, RQPM, andngnzeroX. To estimate the rati¥, the authors have assumed

VFGS model.

a pion-production spectrum of the forf(E,)><E_” and a
K/ ratio of 0.15. TheX ratio was assumed to be a constant.

tial and integral muon spectra, respectively, calculated withThen ayx? analysis indicated that witty=2.7 for muon en-

out the PM contribution(* 7,K” muons) and with the PM

ergy of 8—250 TeV, there is PM production at the level of

contribution according to the three charm production model=(9+2)x 10™*. In Fig. 5b), we show this resulithe cor-
(QGSM, RQPM, and VFGSunder consideration. As seen responding data points are represented by diamotwls
from the figures, the PM contribution to the sea-level muongether with the spectrum deduced on the assumptionxXhat

flux calculated with the QGSM is very small: up po=100

=0 (the data points are represented by the symbpl As

TeV/c it does not exceed 16% for the differential spectrumwould be expected, the spectrum reconstructed With0 is

and 22% for the integral spectrum.
Unfortunately, it is difficult to extract some quantitative subject to variation also in response to variation of the

assessment for the validity of our nuclear-cascade modeldoptedK/ ratio andy [120]. It should also be recognized

from the presented set of data evenpatl TeVic. As is

softer. It is not difficult to understand that the final result is

that the real spectra of muons and mesons are far short of

seen from Figs. @ and Ha), a wide disagreement between being power-law ones.

the results of different experiments takes place despite the Let us touch briefly on some essential points of the rest of

fact that the quoted errors are relatively small in the majoritythe underground data presented in Fig®) 4nd 5b).

of the experiments. It indicates the existence of significant In the Baksan experimefi87], X=(1.5+0.5)x 10" 3 was

systematic errors in some experiments which may be akund as the best fit of the calculated total intensity of con-

much as(30—-35% at momenta 10—-1000 Ged//
It should be noted in this connection that only statisticalsuming a power-law primary nucleon flux with spectral in-

errors are indicated in the data points of the MASS experidex yy=1.65.

ment. According to Ref[15], the systematic errors in the

ventional and prompt muons to the experimental data, as-

In Ref. [63] the complete data set of downgoing muons
recorded with the Fjas detecto39] has been reanalyzed.

MASS experiment may be as much as 15%at40 GeVE.
The systematics in the nonabsolute measurements is, asHowever, in this analysis, the sea-level spectrum was derived
general rule, unknown. For example, no attempt was made tasing in essence the continuous loss approximation with
estimate the systematic errors in the CERN L3 experimensome effective and energy-independent energy loss coeffi-
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cients. The muon range fluctuations are discussed in Rebest-fitX ratio changes from (2:60.8)x 10 3 atE=5 TeV

[63] exclusively to estimate the uncertainty of the analysisto (3.3+1.0)x10 2 at E=40 TeV.

But it is a matter of common knowledge that, on calculation Up to about 5 TeW¢, our prediction for the differential

of the muon DIR, the continuous loss approximation resultsand integral spectrdirrespective of the charm-production

in a downward bias and the corresponding error increasesiode) does not contradict the results of the Artyomovsk

fast with depth[121-124. It is our opinion that the muon detector and the x-ray emulsion chambers of MSU. Below a

spectrum obtained in Ref63] was significantly overesti- few TeV the predicted spectrum agrees well with the data

mated while the systematic errors were underestimated fdrom Baksan, Frigis, and MACRO extracted from the muon

E=10 TeV in consequence of the oversimplified analysis. DIR, as well as with the Baksan data obtained from the spec-
The MACRO fit [44] presented in Figs. (4),4b) by  trum of electromagnetic cascaddé?).

shaded areas has the following form: The region from 5 to 15—-20 Te¢/is rather oracular: the
data of KGF[58], Artyomovsk[60], Baksan[62], and one
DYARY(E,h=10° glen?, 9) data point of MSU[64] show a broad dip in the differential
_y and/or integral spectra, whereas the rest of the data indicates
—C ( E ) # some flattening or even a bul§a7].
%1 GeVv, Above ~20 TeV/c, the data of Baksaf37], MSU [64],

and Frgus [63] clearly indicate a significant flattening of the

X ! + 0.054 (5.1  muon spectrum. Neither the QGSM nor the RQPM can ex-
N 1.1E cos ¥ 1+ 1.1E cos ¥ |’ plain this effect; even the maximum VFGS flux is not suffi-
115 GeV 850 GeV ciently large to this end, although the VFGS flux is not in

contradiction with these data. It will be demonstrated in Sec.
with Co=(0.26+0.01) cm?s 'sr! GevV ! and Yo VIl that this flattening is not confirmed by the body of direct
=2.78+0.01. The quoted errors are due to statistics and thenderground data, while the late result of KGF8] seems to
topographica| map resolution. According to Rézﬂ_z].], the be (somewhat more credible. It is also of interest that, irre-
overall systematic error resulting from rock density uncer-spective of the charm-production model, our prediction for
tainties and hard energy loss cross sections is about %% in the horizontal muon spectrum is in agreement with the cor-
and, what is much more important, 3% i),. But a 3%  responding MSU datg84] up to about 40 TeW. The KGF
variation in y, corresponds to uncertainties of 47%, 78%, Spectrun{38] obtained a=(9+2)Xx 10 " is in qualitative
and more than 100% in the surface muon flux at energies gtgreement with the RQPM prediction. Apparently the incon-
1%, 1%, and 10 GeV, respectively. Therefore, the result of sistency of the data from different experiments gives no way
MACRO is greatly uncertain anpro formait is not in con- of deducing a definite conclusion about the PM fraction in
tradiction with all the rest of indirect data shown in Fig. 4. the sea-level muon flux.

The results of the rest of the underground experiments

were obtained with quite different methods. The experiment ~ VI. MUON PROPAGATION THROUGH MATTER
with the Artyomovsk 100-ton installation “Collapse[60]
(situated in a salt mine at the depth of 570 m ywietects the
energy release of the showers produced by cosmic-r
muons in salt and scintillatoiQ;oH»,) . In the Baksan “calo-
rimetric” experiment{62], the integral muon intensity at the

position of the scintillation telescope.5 km w.e) was uclear interactions of muons with matter, and to take into
evaluated from the spectrum of electromagnetic cascadet N
account the real non-power-law behavior of the muon

generated by muons in the telescope. To find the muon i oundary spectrum. The solution to the transport equation
tensity at the surface, the authors used a conversion progF- y Sp ) P q

dure similar to that which was used in Ref86,37. As a or.the d'ifferential'muon inten'sit_y_D,L(E,h), i_s cqnstrupted
result of a 10% error in the calibration of the energy evolu-by iterations, starting from an initial approximation with the

tion in the detector, the systematic error in the determinatiort?)(;”.ic.t dz;gh-aenr:je;g?/maslgmptotlc behavior. Let us sketch the
of the absolute muon intensity can reach 25% in this experi- sicideas a u'as. :
The equation describing the high-energy muon propaga-

ment. One might expect a supplement systematic uncertain on throuah a homogeneous medium mav be written
due to the conversion procedure. Comparing with the result 9 9 y

of other experiments, the authors moved up their data by
12%. We use the same normalization in Figd)4and 5b).
The data of Moscow State UniversitMSU) [64] were ex-

To calculate the muon depth-intensity relation we apply
a&}he semianalytical method proposed in REL24]. The

ethod allows us to avoid any simplifying assumptions
about the scale invariance of the cross sections for radiative
(direct e*e~ pair production, bremsstrahlungind photo-

J
“hDu(E.) = —=[B(E)D,(E,h)]

tracted from a multidimensional analysis of the measured 1

energy and angular distributions of electron-photon cascades = _E f [(1-v) *®(v,E,)DL(E, ,h)
generated by muons in x-ray emulsion chambers. However, k=p.bn JO

the output of this method is also very sensitive to the adopted —®y(v,E)D,(E,h)]dv, (6.2

models for the primary spectrum and charm production. Ac-
cording to Ref[64], the estimated primary spectrum index is with the boundary conditio®,,(E,0)=Dy(E). Here Dy(E)
yn=1.64+0.03 at nucleon energies 20—400 TeV and theis the ground-level muon spectrum, aBids the rate of the
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muon energy loss which is treated as continuous. In the 9
present calculatior3 includes the ionization energy loss and on ~BE)ZE[S(EN)
the part of the loss due te*e™ pair production withy

<vo=2X10"% wherev is the fraction of the energy lost by 1

the muon(see Ref[125]). However, the method is indepen- :% fo Pi(v,E){Q(E,E, ,h)[1+&(E, ,h)]
dent of the specific choice d8(E). The right-hand side of

Eq. (6.1) describes the “discrete” muon energy loss result- —[1+w(E,h)v][1+ &(E,h)]} 7(v,E)dv,

ing from directe™e™ pair production withv>v, (k=p),
bremsstrahlung K=b), and inelastic nuclear scattering (

=n). The corresponding macroscopic cross sectionsyith
®,(v,E) are defined by

(6.9

Do(E) Do(&o(E, ,h))

doy(v.E)  _doEE) OEE D) Do, EN)
O (v,E)=Ng d =NyE - ,
v dE" e ue xexg K(E,h)~K(E, ],
where Ny is the number of atoms per 1 g of matter aad Q(E)—Q(&(E,h))
(E") is the initial (final) muon energy. It is implied that the w(E,h)= B(E)+o(E)E '
differential cross sections are averaged over the atomic num-
ber and weight of the target nuclei amtdb(v,E)/dv=0 Q(E)=[&(E)—B'(E)]E+ {(E)B(E).

outside the ranges<v""(E)<v™{(E)=<1 allowed by kine-
matics. LastE,=E/(1—v). A summary of the explicit for- Clearly §(E,0)=0. We shall seek the solution to E(5.4)
mulas for the cross sections used in our calculation may basing an iteration procedure. It is based on the following

found in Ref.[125]. consideration.
Let us seek a solution of the transport equati®d) in the Let us suppose that the functiods(v,E) and {(E) be-
form come energy independent Bs—. If so, it is a matter of
direct verification to prove that the asymptotic behavior of
D,(E,h)=Dy(&(E,h))exd —K(E,h)][1+ 6(E,h)]. the function 8(E,h) is c,(h)/E? with c,(h) an energy-

(6.2 independent function. Hence it follows tha(E,,h)—(1

o _ _  —0)%8(E,h)x(1-v)2WE® as E—w. Thus, putting
The functions involved are defined by the following chain of5(1)(E h)=0 as a first approximation for the function

equations: S(E,h), the second one can be found from the equation

3

K(E h>=FQ(E'h)g(E')—€<E’>9<E'>—B'(E'>dE,
1 E B(E!)+Q(E/)E,

J i h) [6P(E,h)= h
%_B(E)E_RZ(EI ) (E! )_ml(Ev )1

1 where we introduced
0(E)=2 focbk(v,EU)n(v,E)vdv, ,
R.(E,h)=; fo<I>k(v,Ev){Q(E.Eu,h)(1—v)'

1
§(E)=; fo[<I>k(v,E)—n(v,E)<I>k(v,EU)]dv, —[1+ o(E,h)v]} 9(v,E)dv, 1=0
, and R (E,h)=Ry(E,h). Repeating the consideration, one
L(E)=— EDo(E) (0.E)= Do(E,) can prove by induction that 8(E,h)— &' V(E,h)
Do(E) ’ o, (1-v)Dy(E)" «c,(h)/E' asE—w. Let us define
[As is easy to see/=vy+1 and n(v,E)=(1—v)” in the 0,(E,h)=8"(E,h) - &' "D(E,h), 1=2

special case of a power-law boundary spectrum(E)
«E~*1] The function&,(E,h) is the only root of the

1
equation %(E,h>=2k focbk(v,Evm(E.Ev,h)[®|(Ev,h)

—(1-v)'0,(E,h)]n(v,E)dv, [=2.

FQ e —h; (6.3

E B(E')+po(E")E’ Then the following recursion chain of equations for the func-
tions ®(E,h) is derivable from the above reasoning:
it can be treated as the effective energy, which a muon must J 5
have at the boundary of the medium in order to reach the| ¢ R _
depthh having energyE with a nonzero probability. Last, |sh B(E) 7g ~RIEN) OB =R 4(E.h), =2,
the functions(E,h) satisfies the equation (6.5
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The solution to Eq(6.5) is given by

o -3
h h ,_'f"'i 10 3! o Crouch World Survey, 1987 7}
®I(E’h):f eXF{J R[E(E,h—h"),h"]dh” a4 v Crookes and Rastin, 1973 ]
0 h’ £ 10 ¢ ¢ Bergamasco et al., 1971 3
2 E o Stockel, 1969 ]
XA _1[E(E,h—h"),h"]dh’, o 10'5; x Castagnoli et al., 1965 ]
g B x Avan and Avan, 1955 3
where &(E,h) is the root of Eq.(6.3) with o=0 on its 5 -6 |1 * Randall and Hazen, 1951 ]
left-hand side. 210 ¢ = Bollinger, 1950 3
The formal convergence of this procedure can be provec 7t 4 \CI?vlﬁv anf:;/;; Gemert, 1939 ]
L . lison, E

under quite general assumptions on the energy dependenc 10 K
of the functions involved, specifically, if the functioii E) ' --- T f-muons

and®,(v,E) increase monotonically and sufficiently slowly, 10 8;- miemuons +, 3
while Dy(E) decreases with energy so thdE) is a slightly _9§
varying function of energy. It follows from our numerical 10 ¢
analysis that in a “real environment” the rate of conver- _10§
gence is very high: the first approximatigd(E,h)=0] 10 F

works with a reasonable exactness up to about 6 km w.e. an
three to four iterations are sufficient to obtain a few-percent 19 L
accuracy for the differential muon spectrum fe18 km g
w.e. andE=1 GeV. 10 L

The results obtained by the method being discussed agre :
well with our previous calculationgl 23]. At h<16 km w.e. 1613
of standard rock, the method was verified by a direct Monte s
Carlo calculation, using an updated version of the code by 0 2 4 6 8 10 12 14
Takahashiet al. [122]. The accuracy of our calculation for
the muon depth-intensity relation,

W= 2.17x10°"® emZssr

h

16 18
Depth ( 103hg em? )

o FIG. 6. Muon intensity vs standard rock thickness. The data are
Zﬂ(h)ZJ D,(E,nNdE (Ex~1 GeV), from Refs.[21-25,28-31,4Pp The dashed curve represents our
Eth m,K-muon DIR; the solid curve represents the same plus the

. . . trino-induced back d after C A).
is estimated to be und€2—3% at all depths of interest. The neutrino-induced muon background after Croge]

systematic errors can only be caused by the uncertainties 6
the input parameters, namely, the boundary muon spectru‘%

and the muon-matter interaction cross sections. An add'boints ath=7.5 km w.e). All the data were converted by

tional error, arising in the comparison with the data of a~ .« {0 standard rockZE 11, A=22, p=2.65 glcm)

particula(; ((ajxperiment(,j ishrelatedl to the uncertai(ntihes in th?/vith some correction for the depths. Crouch’s original com-
averaged density and chemical composition of the matteig. . : i

2 . ilation also includes data from depths well beyond 18 km
overburden (p), (Z), (A), (ZIA), (Z°IA)) [126]. Strictly |\ o "\ pare the atmospheric muon contribution is entirely

spea!ﬂng, the homogengous-me.dlum approximation maMegligible compared to the neutrino-induced muon flsee
also introduce a systematic error into the calculation for th%elovxb as well as three data points from an underwater ex-
real inhomogeneous mecia27]. periment[53] (we dropped these three points, intending to
discuss the complete set of underwater data below
VIl. CALCULATED MUON DIR vs UNDERGROUND At h=11 km w.e., the fluxZ;, of muons produced by
AND UNDERWATER DATA atmospheric neutrino interactions in the surrounding rock be-

In Fig. 6, we present a comparison between the calculate@omes important. The value &, can significantly vary
vertical intensity (vs depth undergroundof conventional from one experiment to another due to different registration
muons and the data obtained in early underground experthresholds, the topology of the matter overburden, and so on.
ments performed with relatively small detectppd—25,28— S0, to account for the neutrino-induced background, we shall
31] as well as the Crouch’s 1987 “World Survey” d4t9]. use the specific experimental data rather than some theoreti-
To expand the comparison, we represent in Fig fragment ~ cal predictions. In Fig. 6 we use the result of Ref9]: 7,
of the same information relevant to shallow depths. =(2.17-0.21)x10 Becm ?s st

The data obtained by Wilsof21] and by Clay and Van According to Crouch, the presented datdatl km w.e.
Gemert[22] in the late 1930s are rather uncertain since thecan be approximated by the following empirical function:
techniques used were unable to estimate the effects of show-
ers, scattering, and electrons. We have normalized these Z,(hy=exp(A;+Azh) +expAs+ A+, (7.0
data to our curve. All the other data points in Figs. 6 and 7
are absolute. The Crouch World Survey comprises the dataith A;=-11.22-0.17, A,=-0.00262-0.00013, Aj
of different experiments, in particular, the early KGF data= —14.10+0.14, andA,= —0.001213- 0.000021(the result

,27] and extensive data from East Rand Proprietary Mine
RPM) near Johannesburf34] at great depthdall the
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FIG. 7. The same as in Fig. 6 but for shallow depths. FIG. 8. Muon intensity vs Kolar rock thickness. The KGF data

are from Ref[38]. The curves are for the,K-muon DIR and for
of a least squares fitHereZ,,(h) is in cm?2sYsrtandh the DIR with the PM contributions calculated according to the

(the depth in standard rogks in hg/cn? (1hg/cnf=1 m  RQPMand VFGS model.

w.e). The fit(7.1) is in good agreement with the result of the

Utah group[32]. background has been subtracted from the data using the mea-
As Figs. 6,7 suggest, our DIR for conventional muonssured angular distribution of muons. The four curves in Fig.

agrees well with most of the data within a wide depth rangeB represent our predictions for the muon intensities without

from about 30 to 9000 m w.dthe exceptions are the points and with adding the PM contribution from the QGSM,

from Refs.[25] and [28] at h~300 m w.e. and also the RQPM, and VFGS model. Our calculations are done for the

points from Ref[23] lying in the range 2.1-2.5 km w)e. Kolar rock with (Z)=12.9, (A)=26.9, (Z/A)=0.495,

The maximum disagreement with the best (f.1) at (Z%A)=6.31, and(p)=3.05 g/cni.

h=1-7.5 km w.e. is about 10%. However,tat 9.5-12 km Up to 6—7 km w.e., one can see an excellent agreement

w.e., our intensity noticeablgxceedshe ERPM data. Ah between our predictions and the KGF data, irrespective of

=11.5 km w.e., the disagreement ranges up to about (67% the PM flux model. Contrary to the data presented in Fig. 6,

about 30%, if one takes the experimental errors into acthe KGF muon DIR visibly exceeds the calculated

cound. Such an error goes far beyond the expected accuracy,K-muon intensity ah=7 km w.e., hinting at some PM

of our calculations and thus is attributable either to uncercontribution. Both the RQPM and the VFGS model are in

tainties in the input parametefprimary spectrum?or to  agreement with the KGF data up to about 10 km w.e., but the

some systematics in the ERPM data. It is clear that the datdFGS model better fits the deeper data. This is not in con-

give no indication of some PM fraction in the muon flux, and tradiction with the situation presented in Figbb for the

so we do not show the corresponding curves here. As asea-level integral spectrum when the ambiguities of the con-

illustration, let us note that, dt=12 km w.e., the calculated version procedure mentioned in Sec. V are taken into ac-

muon intensities with the PM contribution which result from count.

the QGSM, RQPM, and VFGS model are, respectively, 1.7, In Fig. 9 we show a comparison of the calculation and the

2.3, and 3.3 times larger than the Crouch best fit. data obtained with the Baksan underground scintillation tele-
Figure 8 shows a comparison with the data obtained fronscope(North Caucasus, Rusgialhe data obtained at zenith

several detectors located at different levels in the deep minangles 50°—70%Ref. [36]) and 70°-85°(Ref. [37]) were

of the Kolar Gold Fields, Mysore State, South Ind28] converted by the authors to the vertical direction and to stan-

(vertical telescopes at 745, 1500, and 3375 m w.e., a horidard rock and the neutrino-induced muon background was

zontal telescope at 3375 m w.e., and proton decay detectossibtracted from the data at high depths. A systematic differ-

at 6045 and 7000 m w.e.In Ref.[38], the neutrino-induced ence between the two sets of data takes place in the depth
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. FIG. 9. Muon i_nt(_ensi_ty vs standard rock thickne_ss measured FIG. 10. Single-muon intensity vs standard rock thickness mea-
with the Baksan scintillation telescop®6,37]. The notation for the sured in two experiments under Mont Blanc: S[35] and NUSEX

curves is the same as in Fig. 8. [41]. The curve is for the predicted, K-muon DIR.

interval from 6 to 9 km w.e.: in the first set (50°—70°) a clear from the figure, the NUSEX DIR has a much greater
bump of intensity is clearly visible, while there is no such abrupt grade compared with the predicted one for the
bump in the second set of data. 7,K-muon DIR and, at 9—11 km w.e., the predicted intensity
The authors of Ref[36] argue that the observed bump (without any PM contributionis 2—3 times higher than the
can be interpreted in terms of prompt muons. In our viewNUSEX data. So large a discrepancy has no relation to the
this is not the case. The odds are that the bump is caused Inyultimuon events, whose intensity decreases with depth
errors in the determination of the oblique depths. Beyond theuicker than the single-muon one and is negligible at
interval 6—-9 km w.e., the data of both sets fall on a smootth>6-7 km w.e. within a few percent accuracy.
curve. At the same time, the datatet 10 km w.e. may be It is our opinion that the NUSEX result at large depths is
attributed to the presence of some PM fraction in the meaincorrect. Notice that the muon DIR measured in the
sured underground muon intensity. Because of rather largUSEX experiment has been converted to standard rock.
experimental errors, any model of charm production undeAlthough the averaged values pf Z, A, Z/A, andZ?/A in
consideration cannot be excluded by the Baksan {data the Mont Blanc rock are rather close to the “standard” ones,
cluding the case with a zero PM contributjpibut it seems this conversion might be a serious source of a systematic
the data are more favorable for the RQPM. A collation oferror because of very complicated and heterogenéays
Figs. 9 and ®) suggests that the sea-level integral spectrurmered chemical composition of the rodlsee Ref[35]).
reconstructed in Ref.37] from the Baksan muon DIR was We note here that our calculations are in good agreement
distinctly overestimated. with the result of the French-American muon experiment
Figure 10 shows the comparison of the predicted DIR fo33] also carried out in the Mt. Blanc tunnel with a GM
the conventional muons with trengle-muorintensity mea- telescope. The depth range explored in that experiment was
sured with the detectors SCE and NUSE3%5,41] located in 0.5-5 km w.e. and therefore overlaps in part the SCE-
the Mont Blanc Laboratory. Our calculation represents theNUSEX depth range. This suggests that the SCE and
muon intensity averaged upon the muon multiplicities andNUSEX experiments may have an added source of system-
therefore we can make nothing more than qualitative concluatics related to their experimental procedures.
sions from the comparison. Figure 11 represents the comparison of our prediction
In the overlapping regionh(=7 km w.e) the data of both  with the data from SOUDAN 1 and SOUDAN 2 under-
detectors superimpose andwith allowance for the ground experimentf42,43 (the data points are taken from
multimuon events agree with our result. However, as is the compilation presented in R¢#4]). The SOUDAN data
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FIG. 11. Muon intensity vs standard rock thickness measured in FIG. 12. Muon intensity vs standard rock thickness measured in

the SOUDAN 1 and SOUDAN 2 experimer2,43. The curve is the Frgus expgrlment[3_9]. The dashed curve represents our
. m,K-muon DIR; the solid curve represents the same plus the
for the predictedr,K-muon DIR.

neutrino-induced muon background, , according to Ref[40].
were normalized to the DIR for standard rock using theThe other curves are for the muon DIR with the PM contributions
Crouch World Survey, as described in Rgf3). calculated according to the RQPM and VFGS model dljis

Despite some spread of experimental points and a bump
at 3—4 km w.e., one can see a reasonable agreement betweagita. However, in view of the experimental uncertainties
the calculatedr,K-muon DIR and the data up to about 7 km there is no telling that the RQPM prediction is in serious
w.e., but the last point{8.4 km w.e) is almost 2.5 times conflict with the Frgus result. Clearly the same is all the
below the predicted curve, as in the case of the NUSEX datanore true for the VFGS model.

In Fig. 12, we compare our calculations with the data of The recent data from the two largest underground detec-
the Frgus detectof39] (the underground laboratory was lo- tors MACRO[44] and LVD[128] (located in the Gran Sasso
cated in a tunnel of the same name under the Alffie  Laboratory are presented in Figs. 13 and 14, respectively.
Alpine rock thickness has been converted into hg/awh  The data of MACRO are converted to standard rock. The
standard rock. We do not include in our assemblage the newrror bars include the statistical uncertainty, the systematic
and very detailed data from the ‘fus detector recently re- uncertainty for the topographical map, and the additional es-
analyzed in Ref[40] (see also Ref[63]). The point is that timated systematic scale uncertainty-p8%. Taken alone,
the original data sample has been subdivided into throughthe statistical errors in the MACRO experiment are very
going, multiple, and stopping muons. These subsamples aggmall. The main contribution to the absolute scale uncer-
very dependent of the features peculiar to the experiment an@inty comes from the assumption of a homogeneous moun-
thus cannot be directly compared with our calculations.  tain instead of a layered structure. The data of LVD are

According to Ref[40], the neutrino-induced muon back- presented both for the Gran Sasso rock and standard rock.
ground becomes dominant k=13 km w.e. and the mea- Errors include both statistical and systematic uncertainties.
sured mean background flux i&,=(3.67+0.66)x10 '  Notice that ath=5 km w.e., the statistical errors are less
cm 2s 1srl One can see that the intensity calculatedthan the size of the circles in the figure.
without the PM contribution and corrected for this back- The depths currently accessible for observation with the
ground fits the Fija@s data almost everywhere, although in detector MACRO are insufficient to study prompt muons.
the vicinity ofh=10 km w.e. some hint of an excess over theThus, in Fig. 13 we present the calculategk-muon DIR
data(similar to the more evident excess in ERPM and NU-alone. In contrast, the LVD datdig. 14 overlap the total
SEX) does take place. The PM contributions calculated withdepth range where the PM contribution might be essential.
the RQPM and the VFGS model do not fall into the jise  We use for our calculated curves the following value of the
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€ expenmen O44]. e curve is for the calculate but with the neutrino-induced muon contributi(ﬁ,‘ft deduced in

7T,K'mu0n DIR. Ref [45]
neutrino-induced muon  backgroundZ), = (2.98+1.15) We present the totalto our knowledgg assemblage of
x10 B em 2 st srl[45] underwater data in Fig. 15. The measurements with compact

As Fig. 13 suggests, in the range from 3200 to about 600@losed installations were performed in Suruga-bay, West Pa-
hg/cn? the MACRO data are systematically in excess of ourcific (Higashiet al.[50]), in Lake GenevdRogers and Tris-
predicted muon intensity by abo(@8-10%, which is beyond tam[52]), and in the Atlantic Ocean, Black, Mediterranean,
the total systematic error estimated in Rpf4]. This fact and Caribbean Seas during several expeditions of research
seems to be in dramatic contradiction with the sea-levethips(Davitaevet al. [51], Fyodorovet al. [53]). The mea-
muon spectrum reconstructed from the MACRO under-surements with open detectqsrings with phototubgsthe
ground data under discussi¢see Fig. 4. Indeed, our sea- prototypes of future large-scale neutrino telescopes, were
level spectrum of ther,K muons is in good agreement with performed in the Pacific Ocean off the West coast of the
the MACRO fit (5.1) of the sea-level spectrum from 600— island of Hawaii in 1987(the DUMAND Short Prototype
700 GeV up to 6-7 TeV and istands out abovehe  String, Babsoret al.[54]), in the Mediterranean Sea a short
MACRO fit at higher energies. However, as noted in Sec. Vway off Pylos, during three expeditions in 1989, 1991, and
the overall systematic error of the {&.1) is large enough to 1992 (the NESTOR prototypes, Anassonteisal. [55]), and
explain this contradiction, at least formally. in Lake Baikal during two expeditions in 1992 and 198%

At all depths, the LVD data are in excellent agreementstationary prototypes of the underwater neutrino telescope
with our calculations for the conventional muon DIR. There-NT-200, Belolaptikovet al. [56,57)).
fore, the data favor the models of charm production which Our calculation for ther,K-muon DIR was done for sea
predict a very low PM contributiofQGSM, PQCD, DPNL  water with (Z)=7.468, (A)=14.87, (Z/A)=0.5525,
The consistency of the data with our calculations for stan{Z?/A)=3.770, and p)=1.027 g/cm. At h=<7 km, the dif-
dard and Gran Sasso rocks provides an important confirmderence with the DIR for pure D is less than 1% and can
tion for the correctness of the new conversion procedure tbe neglected as compared to the theoretical and experimental
standard rock used in the LVD analy$#6]. uncertainties.

Some problems of the underground muon experiments At shallow depthgto 175 ) there are two measurements
can be overcome by measurements underw@ed “un-  with very good statistic§Higashiet al. [50,52, Rogers and
derice”) owing to the unlimitedin principle) detection vol-  Tristam[52]), but the results of Higashet al. are lower by
ume, uniformity and well-known composition of the matter (15-30% than the result of Rogers and Tristam. According
overburden. to Ref.[52], one reason for the discrepancy is believed to be
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that is, from the primary spectrum of cosmic rays to under-

-:'"" := ground and underwater muon intensity. Based upon the com-
w2 -4 w 3
% 10 ¢ K v E parison of our calculations with the present-day ground-
N i = evel, underground, and underwater measurements, we have
° > level, und d, and und t t h
£ gt reached the following conclusions.
g 10k = I Below 1 TeVk, the spread of the data on the vertical
= ; ol sea-level muon spectr@ifferential and integral measured
in different experiments runs up to abou 6 and it is as
N different t to about 50% and it
-6 7 o s Tt much as(25—-30% even among the data of absolute mea-
10¢ ‘°’°-:5;jgmt:;?fvm E surements. Our calculations in this momentum range most
# Higashi otal. (bl closely fit the absolute 1984 data from the Nottingham mag-
n , , , netic spectrograpfil4]. Below 5—-6 TeVE, they agree with
10 ¢ 10 10° nep¢n1?:n)_f the indirect data deduced in most of the underground experi-
] ments (Artyomovsk [60], Baksan[37,62, MACRO [44],
Frgus [63], MSU [64]) without reference to a charm-
10°L production modelAt higher energies, théndirect sea-level
E L BAKAL Prootyme, 1988 data become contradictory to an extent that they give no way
o NESTOR Prototypes, 1993 to make any definite conclusion about the validity of our
o o Fyedorovatar oes o0 nuclear-cascade model and to choose among the charm-
10 £ v Rogers and Tristam, 1984 production models under consideration. In particular, above
ARl ~20 TeVl, the data on the muon differential spectrum
L __ mK-muons suggest a very high PM fluxas predicted by the VFGS
10k J model or even highgr At the same time, the data on the
S I A T S S integral spectrum from different groups require different
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FIG. 15. Muon intensity vs depth in water. The data of under-
water experiments are from Ref60-57. The curve is for the

calculateds,K-muon DIR.

Depth (m)

rates for charm production and cannot be described by a
single nuclear-cascade model.

At depths from about 30 m w.e. up to 6—7 km w.e., es-
sentially all underground data on the muon DIR correlate
with each other and with the predicted intensity for conven-
tional (7,K) muons, to within 10%. Hence it follows that

as follows. Higashkt al. normalized their data to an inten- OUr nuclear-cascade model is valid with the same precision

sity derived from earlier underground measurements anffOM about 8 GeV up to 4-5 TeV of muon energy at sea
measurements of the sea-level muon spectrum. The intensit§Vel 1-€:, up to about 100 TeV/nucleon in the primary spec-

chosen for the normalization is not quoted in R&0], but

trum. This precision is distinctly better than one might ex-

was almost certainly too low. Our prediction is in excellentPECt With the uncertainties in the input parametérsluding

agreement with the absolute intensity obtained by Rogerd€ Primary spectrum model and the muon-matter interaction
and Tristam. This provides good support of our nuclearCrSS sections It is important that the underground data at

cascade model at low energies. However, the absolute me3=<6—7 km w.e. do more than correlate well, but they also

surements of Davitaeet al. [51] are systematically lower

than our prediction ah=<1 km. : ; 9> ;
As for greater depths, 1—4 km, it can be concluded thaftmospheric neutrino flux just in the range of neutrino ener-
our prediction is in tolerable agreement with the data fromdi€S most essential far-induced muons.

have a very good statistical accuracy. Therefore, they may be
of utility, among other things, for a normalization of the

The present-day world underwater results, though moder-

the DUMAND and NESTOR prototypes as well as with the . , -
data of Fyodorowet al; the discrepancy with a few specific &t€ly detailed, provide a very important check upon the ac-
data points is within(l—1.9¢ and is compatible with the curacy of th_e I_Jnd_erground experiments, since they are free of
overall data scattering. The data of the Baikal Collaboratiorf€ uncertainties in the density and composition of the matter
[56,57] (the most statistically validare in very good agree- overburden. The data pbtamed with the prototypes of f_uture
ment with our curve. large underwater neutrino telescopes, and especially with the

As is evident from the foregoing, the present-day state of@ikal NT-36, are in good agreement with the underground
large-scale underwater projects does not permit one to conflatd and with our calculations.
pete with the underground detectors as yet. In particular, the 1he Situation with the underground datahat 7 km w.e.
(sland depths explored by the present-day underwater ex!S unsatisfactory in the same sense that it is with the ground-

periments are too small to get useful information on the PMeVel data at high energies. The data from K{3B] and also
flux. from Baksan[36] (measurements a#=50°-70°) demon-

strate cleaexcesver the predictedr,K-muon curve, pro-
viding fair indication of PM production. In contrast, the data
points from ERPM 34,49 and especially from NUSEX41]

In this work we have attempted to study the vertical fluxare under the 7,K-muon curve. The data of all the other
of high-energy cosmic-ray muons “from top to bottom,” underground experiments are between these extremes. As a

VIIl. CONCLUSIONS
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result, no undisputed conclusion about PM production can b
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and G. T. Zatsepin. We are grateful to Yu. M. Andreyev, N.

extracted from the world underground data. Considering thalto, E. A. Osipova, and G. Sartorelli for making available to
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