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Summary. — Energy spectra and zenith-angle distributions of cosmic-ray
muons, neutrinos and antineutrinos of prompt generation for energy interval
(1 +10%TeV are calculated. For calculations of differential cross-sections of
D%, D° D°and A, production in NN and =N interactions the recombination
quark-parton model (RQPM) is used. Accounting of nuclear effects is done by
using the additive quark model and the optical model of nucleus. Detailed
comparison of results obtained in RQPM with corresponding predictions of
quark-gluon string model (MQGS) is carried out. Dynamics of semi-leptonic
D- and A.-decays and energy losses of muons in the atmosphere are taken
into account. Caleculations of hadronic cascades in the atmosphere are done
with accounting of growth with energy of total inelastic hadron-nucleus
cross-sections, steepening of primary cosmic-ray spectrum and processes of
pion regeneration. The comparison of our calculations with experimental
data and with calculations of other authors is given.

PACS 94.40.Rc — High-energy interactions.
PACS 94.40.Te — Muons and neutrinos.
PACS 13.85.Mh — Cosmic-rays interactions (energy > 10 GeV).

1. — Introduction.

The object of the present work is the calculation of energy spectra and
angular distributions of prompt muons, neutrinos and antineutrinos for energy
interval (1 + 105 TeV. The results of numerous works ('), devoted to the same
problem, are greatly different from one another. The recent data of several

() L. V. VOLKOVA: Proceedings of the 1978 DUMAND Summer Workshop, edited by A.
RoBERTS, Vol. 1 (La Jolla, 1979), p. 75; L. V. VOLKOVA: Yad. Fiz., 31, 1510 (1980).
(® L. V. VoLkova and G. T. ZATSEPIN: Yad. Fiz., 37, 353 (1983). L. V. VoLKOVA, G. T.
ZATSEPIN: [zv. Akad. Nauk SSSR, Ser. Fiz., 49, 1386 (1985).

() J. W. ELBERT, T. K. GAISSER and T. STANEV: Phys. Rev. D, 27, 1448 (1983).
() H. INAZAWA and K. KOBAYAKAWA: Prog. Theor. Phys., 69, 1195 (1983); H. INAZAWA

41



42 E. V. BUGAEV, V. A. NAUMOV, S. I. SINEGOVSKY and E. S. ZASLAVSKAYA

arrays (KGF, Moscow University X-ray chambers, Baksan Muon Telescope and
others) show that the contribution of prompt muons is noticeable on energies
above several tens TeV (see (") and also(*"*)). Future large underground and
underwater detectors (see review (**)) will permit to study the region of higher
energies (up to ~ 106 TeV) where prompt muons and neutrino surely dominate.

Almost all previously calculations of prompt lepton fluxes (except (*¥) did not
take into account the differences in production cross-section of D*-, D%, D*-
mesons and dynamics of three-particle decay of D and A.. Such an approach
contains additional shortcomings connected with the necessity of averaging of
production cross-sections and semi-leptonic branching ratios of D-mesons.
Moreover, one cannot calculate in this case yields of neutrino and antineutrino
separately though it is necessary for exact predictions of the number of events in
detectors.

In present work the caleulations of inclusive production cross-sections of D,
D D° A.in pA, nA, A collisions are carried out for two alternative models,
RQPM and MQGS. The recombination model which is used here has been
developed in the author’s work (). Formulae for the cross-sections of charm
production in MQGS model are contained in ().

It is assumed in RQPM that inside hadrons there is an unperturbative sea of
c-quarks with rigid momentum spectra. The distributions of c-quarks are

and K. KOBAYAKAWA: preprint KOBE-82-2 (1982).

(®) A.V.BUTKEVICH, L. G. DEDENKO and I. M. ZHELEZNYKH: Proceedings of the XVIII
International Cosmic Rays Cconference, Vol. 11 (Bangalore, 1983), p. 435.

) K. INnazawa, K. KoBaYAKAWA and T. KITAMURA: J. Phys. G, 12, 59 (1986).

(M G. CasragnNoLl, P. PiccHl, A. CASTELLINA, B. D’ETTORRE Piazzori, G.
MANNoccHI and S. VERNETTO: Nuovo Cimento A, 82, T8 (1984).

) Y. MiNORIKAWA and K. MITSUL: Lett. Nuovo Cimento, 44, 651 (1985).

¢) K. Mrrsui, Y. MiNORIKAWA and H. KOMORIL: Nuovo Cimento C, 9, 995 (1986).
() M. R. KrisuNAswaAMY, M. G. K. MENON, N.K. MONDAL, V. S. NARASIMHAM, B. V.
SREEKANTAN, Y. HAavasHI, N. IT0o, S. KAWAKAMI and S. M1YAKE: Nuovo Cimento C, 9,
167 (1986).

() T. N. AFANASIEVA, M. A. IvaNova, 1. P. IVANENKO, N. P. ILvINa, L. A.
KuzMmicHEvV, K. V. MANDRITSKAYA, E. A. Osirova, 1. V. RAKOBOLSKAYA, L. V.
VoLkova and G. T. ZATSEPIN: Proceedings of the XX International Cosmic Rays
Conference, Vol. 6 (Moscow, 1987), p. 161.

(®) E. V. BUGAEV, E. S. ZASLAVSKAYA, V. A. NAauMov and S. I. SINEGOVSKY:
Proceedings of the XX International Cosmic Rays Conference, Vol. 6 (Moscow, 1987), p.
305.

(® P. K. F. GRIEDER: in Neutrinos and the Present-Day Universe, edited by T.
MoNTMERLE and M. SPIRO (Saclay, 1986), p. 171; Nuovo Cimento C, 9, 222 (1986); G. V.
DOMOGATSKY: Proceedings of the XI International Conference on Neutrino Physics and
Astrophysics «Neutrino ’84», Nordirchen near Dortmund, edited by K. KLEINKNECHT
and E. A. PascHos (World Scientific, Singapore, 1984), p. 550.

() E. V. BUGAEV, and E. S. ZASLAVSKAYA: Preprint IYal AN SSSR, 11-0400 (Moscow,
1985).

(*) A. B. KaipaLov and O. 1. PISKUNOVA: Yad. Fiz., 43, 1545 (1986).
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calculated by using a modified Kuti-Weisskopf model. Inclusive spectra of
charmed particles are determined by two- and three-particle distributions of
quarks in projectile hadron and recombination probabilities.

MQGS is based on 1/N; expansion in QCD and on theory of up-critical
pomeron. Inclusive spectra of particles producted in hadron-nucleus interactions
are determined, in contrast with RQPM, by fragmentation functions which, in
turn, are calculated by using Regge-pole theory.

Differential widths of semi-leptonic decays are calculated with the help of
conserved vector current hypothesis and SU (4)-symmetry relations with
approximation of constant form factors.

For calculation of the hadronic cascade in the atmosphere we use the results
of work(*), where nonpower character of primary spectrum, growth with
energy of inelastic hadron-nucleus cross-sections and regeneration processes are
taken into account. The calculation of separate components (p, n, =* and =~) of
the cascade is necessary because the production cross-sections of charmed
particles depends on the kind of projectile hadron.

2. - Calculation of hadronic component.

2°1. Nucleon spectrum on the border of the atmosphere. — We shall use the
approximation of integral primary spectrum supposed in work () for the energy
region 10°GeV < £<10"GeV (& is the energy per particle in GeV):

F(z8)=F, &5 "3 By(1+38, 8/A,
(2.1 4
Fy=1.16-10"m2s sr!, y=1.62%0.03.

The values of parameters B, for standard groups of nuclei are presented in table
1. Parameters ¢, which characterize the region of primary spectrum steepening
are:

(2.2) F:31=6'10—7, 8A34=10_5; D:é\1=3'10_6, 3A24:6'10_6.

TABLE 1. — Parameters of the primary cosmic-ray spectrum (eq. (2.3)).

A 1 4 15 26 51
B4 (%) 403 21£3 14+3 13+3 12+4
Ca 1 0.222 0.0653 0.0431 0.0262

(*) A. N. wWaLL, V. A, Naumov and S. 1. SINEGOVSg{Y; Yad. Fiz., 44, 1240 (1986).
(") S. N. NIKOLSKY, L. I. STAMENOV and S. Z. USHEV: Z. Eksp. Teor. Fiz., 87, 18 (1984).
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«F-model» is based on the assumption that the cause of primary spectrum
change is energy losses of proton and nuclei in py- and Ay- collisions in cosmic
source. «D-model> corresponds to the assumption about the connection of
observed spectrum steepening with the dependence of the diffusion coefficient of
particles in galactic magnetic fields on energy.

Transforming (2.1) to the equivalent spectrum of nucleons, we obtain the
following expression for the differential spectrum (£ is the energy in units of
GeV/nucleon):

(1E)=SI1.(E),

Ay G E
23) 1IA<E>=IOE“*“>CA(1+aAE>‘°"’(1+—~° N> )

148, F

I,=7.51-1°m2s 'sr ! (GeV/nucleon)™, C,=(B,4/B)A"".

We will need below the asymptotic formulae for nucleon spectrum, which can
be obtained from (2.3) for two energy regions:

Cy-IyE2%, E «6.5/8, GeV/nucleon
2.9) I,(E)=
1.25C, - 6704, E 302, E >>0.6/8, GeV/mueleon.

For energies ~ (10 + 500) TeV/nucleon spectrum (2.1) does not contradict the
results of experiment JACEE (), but does not agree with the data of Moscow
University group(*) (the spectrum of work(®) for primary protons with
E,>10TeV is much more steep than spectrum (2.1)). For superhigh energies
both variants of spectrum approximation (see (2.2)) are in agreement (within
experimental errors) with the recent results of Akeno group (%).

2°2. Total inelastic cross-sections. — For accounting the energy depéridence of
high-energy hadron interaction cross-sections we use the model of elastic

(*) T. H. BURNETT, S. DAKE, J. H. DERRIKSON, W. F. FoUNTAIN, M. FUK1, J. C.
GREGORY, T. HAavasHI, R. HOLYNSKI, J. IWAI, W. V. JONES, A. JURAK, J. J. LoRD, O.
MrYAMURA, H. Opa, T. OGATA, A. OLSEZSKI, T. A. PARNELL, E. ROBERTS, T. SAITO, S.
STRAUSZ, T. TABUKI, Y. TAKAHASHI, T. TOMINAGA, J. W. WATTS, J. P. WEFEL, B.
WILCZYNSKA, R. J. WILKES, W. WOLTER and B. WOSIEK: Proceedings of the XX
International Cosmic Rays Conference, Vol. 1 (Moscow, 1987), p. 375.

(*) B. L. KANEVSKY, G. P. SAZHINA, N. V. SOKOLSKAYA, A. YA. VARKOVITSKAYA, E.
A. ZAMCHALOVA and V. I. ZATSEPIN: Proceedings of the XX International Cosmic Rays
Conference, Vol. 1 (Moscow, 1987), p. 371.

(*) M. NAGANO, T. HARA, Y. HATANO, N. HAYASHIDA, S. KawagucHl, K. KamaTa, T.
KIFUNE and Y. MizumoTo: J. Phys. G, 10, 1295 (1984).
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amplitude (*), (see also(*®)) based on the concept of double pomeron with
supercritical intercept. In this model one obtains the following expressions for
total and inelastic pp cross-sections (for s> s,=100GeV?):

(2.5) ot (8) = 167’ A7 In (1 + g(£))(1 + A1In(s/sy)) ,
(2.6) Ginet (8) = 1672’ 171 g(8)(1 + g(8)" (1 + AIn(s/sy)) .

These expressions describe quite well the available accelerator data up to
energies of SppS-collider (®) if the following values of parameters are used (*):
a' =0.25GeV 2 1=0.07, g(s) = go(s/se)’, go=0.46, 6=0.06. The corresponding
PA cross-sections (obtained by Glauber technique) well agree with the recent
results of Fly’s Eye(®) and Yakutsk(*) for inelastic cross-section of p-air
interaction oIy (E) up to E=3-10"GeV, while the fit of Akeno data(®),
om =290 (E/1TeV)*%£2% mh  gives more strong rise of cross-section in all
energy regions. With sufficient accuracy the result of the recalculation can
be approximated by equation o (E)=275(1+0.07In(E/1TeV))mb. This
approximation numerieally is in good agreement with the MQGS ecalculation of
ol for E = 1TeV (*).

The very important consequence of the model is the asymptotic equality of
inelastic cross-sections for any hadrons (**). Therefore we assume for E > E|

O’}R(E)=O'fA+O’Aln(E/Eo) for fz.N,ﬂ,D,...,
2.7
ca=19mb, E,=10°GeV.

(*) A. N. WaLL, L. L. JENKOVSKY and B. V. STRUMINSKY: in Problemy fiziki vysokich
energii © kvantovot teorii polya, Vol. 1 (Protvino, 1984), p. 315; L. L. JENKOVSKY, B. V.
STRUMINSKY and A. N. WALL: preprint ITP-86-82E Kiev, 1986.

(*®) J. G. RUSHBROOKE: rapporteur talk at the Bari Conference, CERN Preprint EP/85-
12A (1985).

(*) R. M. BALTRUSAITIS, G. L. CAssIDAY, J. W. ELBERT, P. R. GERHARDY, S. Ko, E. C.
Lon, Y. MizumoTo, P. SOKOLSKY and D. STECK: Phys. Rev. Lett., 52, 1380 (1984); R. M.
BALTRUSAITIS, G. L. CAsSIDAY, R. COOPER, J. W. ELBERT, P. R. GERHARDY, S. Ko, E.
C. LoH, Y. MizuMoro, P. SokoLskY and D. STECK: Proceedings of the XIX
International Cosmic Rays Conference, Vol. 6 (La Jolla, 1985), p. 5.

(*) M. N. Dyakonov, V. P. EGOROvVA, A. A. IvaNov, S. P. KNURENKO, V. A. KOLOSOV,
V. N. PavLov, I.YE. SLEPTSOV, G. G. STRUCHKOV and S. 1. NIKOLSKY: Proceedings of
the XX International Cosmic Rays Conference, Vol. 6 (Moscow, 1987), p. 147.

(*) M. NaGANO, T. HARA, N. HAYASHIDA, M. HONDA, K. KAMATA, K. KASAHARA, S.
KawagucHI, T. KIFUNE, Y. MATSUBARA, M. V. S. RAo, G. TANAHASHI, M. TESHIMA, S.
ToRIL: Proceedings of the XX International Cosmic Rays Conference, Vol. 5 (Moscow,
1987), p. 138.

(*) YU. M. SHABELSKY: preprint LIYaF AN SSSR, No. 1224 (Leningrad, 1986).
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For =A interaction ., =212mb that agrees with the experimental value
ol /dh=1.3 at accelerator energies. The values op, and o, 4 are presented in
table IV (see subsect 2°4).

2°3. Pion-nucleon cascade model. — The main channel of charmed hadron
production in the atmosphere is the interactions of cosmic-ray protons, neutrons
and nuclei with nuclei of air atoms. Of course it is desirable also to value (to
estimate) the contribution of »A interactions to charm production in the
atmosphere, especially because the inclusive spectra of charmed particles
producted in nN-collisions are rather flat in RQPM (). The role of pions ean be
important at very high energies only, so we will include pions to cascade
calculation scheme treating them as stable particles. Our estimates show that
the contributions of KA interactions and K!— 2= decays are very small and can
be safely neglected.

The pion-nucleon cascade calculation is based on cascade model supposed in (*)
which describes rather well experimental data on hadron spectra for various
atmosphere depths and for energies from 10° up to ~6-10°GeV. We enumerate
below the main assumptions of this model.

1) Nucleus component of primary spectrum is replaced by superposition of
free nucleons with intensity on the border of the atmosphere described by
formulae (2.2)-(2.4). We divide the entire spectrum into two energy intervals:
E <E,and E > E, (where E;, = 1.9-10°GeV in F-model and E, =5.2-10°GeV in
D-model). For each interval we assume according to (2.4) the power form of the
spectrum. So the differential energy spectra of protons and neutrons on the
border of the atmosphere (k= 0) are given by relations

pEL=0=LE)+IxE), nE h=0)=IxE),

IL(E)=1,.(E), INE)=1231,(E).

A=4

2) One assumes that there is Feynman scaling in the fragmentation region, so
the invariant inelastic cross-sections Ed®«#/d®p (f,i=WN,=) do not depend on
energy. One should note that the violations of scaling predicted by some models
(see, e.g., (®*) affect rather weakly the values of partial moments

1
E dgaﬁ
2.8) Zﬁ(y)=ojdmx7‘1wﬁ(x), wﬁ(x)=éfdp%p—L(Ed3p .

‘The values of these moments are mostly essential for calculation of hadron
energy spectra on depths % < (500 <+ 600)g-em™ in the atmosphere (*).

(*) V.V, ANISovVICH, V. M. BRAUN and YU. M. SHABELSKY: Yad. Fiz., 39, 932 (1984).
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The system of kinetic equations which takes into account the processes of
regeneration and production of NN pairs in nA interactions is:

2.9 (0/h + 12 (EDIf (B, ) = 3 129 J dex 2w, (@) i(E «™, h).

Here f(E, R)dE (i(E, h)dE) is the intensity of particles f(i) with energies from
E to E +dE on depth &

1/)\f(E)=N00'}{’A(E), 1/)\?=1/11(E0)=N00'1A

i, f=p,n, =", n7; Ny is a number of nuclei per 1lg of air.

The exact solution of system (2.7) can be obtained only with the neglect of
nucleon production in =A interactions. In the general case one can find the ap-
proximate solution in form of expansion on parameter ph (x = Nyo, = 0.07/A%).

For power primary spectrum one obtains the following expressions for
differential energy spectra of N- and n-component of cascade:

p(E,R)=12(N*(E,h)+ N~ (E,h)),
(2.10) nE,h)=12(N*E,h) - N~ (E,h)),
== (E,h)y=12(T* (B, h) 11~ (E, h)),
[N (&, h) = (12")L,(E) + S”IN(E)]%)(j“+a)'
~exp[—pAE)RI(1+ O (uh)),

(2.11) 1
I (E, h) =12, (E) + & In(EN Y (- adf) -

-exp[—ui(E)h)1+ 0 (ph)).

Here and below Greek indexes {(v,x...) mean + and —; 8" =2, 6~ =0,

1+ a7 _ 1—aj”

wE) = 2 E)

F=A1+ 88 =1+1/28481, &=ZuAS, &=z ALY,
VAFE)=1xaE)—Zy2}, 1VAL=121/A%E,) - VALEY)),
A =pr + Van = Z,m + van, Zr . =Z + ++ vZ o=l - -+vZ -+ ,

Z%. =ZW+ + va,.; =Zp-+viy.+, Z;N=vap +vZ =2 -, + vZ,.;p.
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Since the values Z%, are small one can use approximations
i (B)=VAY(E)+ 3848 (2A%),

pl (B)=1A(E)—-&yd./(2AY).

It appears, in particular, that in good approximation (neglecting the processes
n* A— NX) the functions 13 () and x*(E') coincide with inverse absorption
lengths of nucleons and pions, while 7 (E) and »~(E') are «equalizing lengths»
for p-n and =*-=~. It is easy to see that the universality of logarithmic coefficient
in (2.7) leads to the same linear rise of spectrum index with depth for all
secondary hadrons.

As has been shown in (*%) the formulae presented above (without correction
terms O(uh)) are valid with good accuracy up to h=500g-cm™2, that is
completely enough for our aims.

The values of moments Z; and parameters A*, ¢ and j* are presented in
tables II and III for two values of primary spectrum index. For calculation of

TABLE II. — Fractional moments Z;(y) of inclusive distributions of nucleons and pions
(reactions i+ A—f+ X).

i f
p n nt T

y=1.62

p 0.1990 0.0763 0.0474 0.0318
n 0.0763 0.1990 0.0318 0.0474
nt 0.0070 0.0060 0.1500 0.0552
o 0.0060 0.0070 0.0552 0.1500
y=2.02

p 0.1980 0.0585 0.0257 0.0162
n 0.0585 0.1980 0.0162 0.0257
nt 0.0060 0.0040 0.1480 0.0346
n” 0.0040 0.0060 0.0346 0.1480

TABLE IIL. — Values of parameters A, 8y . and j*.

Y 1.62 2.02 Y 1.62 2.02
ALY 17.65 17.43 AT 11.06 11.20
% 1.398 0.730 Sk 0.172 0.106
o 0.177 0.134 8 0.009 0.008

g 1.117 1.084 I 1 1
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Zg(y) (except Zy,=, Z,,+) we used the parametrization of ISR data from (3%). The
values Z .+ and Z,.= were calculated by us from two central moments of inclusive
distributions obtained in (%).

2°4. Emergy spectra of D and A} . — We neglect the regeneration of short-lived
particles (D,A}). This is surely justified for FE <FE%(6), where
E5$(6) = (msHy/v) sec6* is the critical energy of particle flying at zenith angle
6 (my is the mass, t;is the lifetime, H, = 6.44km is the parameter of isothermal
atmosphere with T=220K, f=D* D% D%A,); 6* is the effective angle
coinciding with 6 in the limit of flat atmosphere (*).

In this approximation the differential energy spectrum of f-particles is given
by the following expression:

2.12) r&no= dtexp[— A’i(;f) - :;3 | 9(2“6)]@@, B,

where o(k, 6) is the air density on the level corresponding to the direction 6 and
depth % along this direction, and

2.13) Gi(B,W)=3 ,\io [ dwatu @yima, by

is the production function of f by nucleons and pions (i=p,n,=*,=7).

For energy region E = E$(6) the regeneration can, in principle, be important,
so the expression (2.12) gives there only the low limit of charmed-hadron
spectrum.

Using in (2.12) the standard approximation

e(h, 8) = p(h cos 6%, 0) = hcos 6*/ H,

(6* is the zenith angle of penetration of particle on the height H*), one obtains
h
(2.14) FE, h,6) = f dt (H/RYEOE exp [— (b — )/ (E )] Go (B, t) .

This expression is simplified in two limit cases: E < %;Eg and E = Eg (%; is the
mean part of energy transferred to the particle f in reactions NA— fX and

(*) Y. MINORIKAWA and K. MITSUL: Proceedings of the XVII International Cosmic Rays
Conference, Vol. 10 (Paris, 1981), p. 353.

(*) Y. MINORIKAWA and K. MITSUL: Lett. Nuovo Cimento, 41, 353 (1984).

(*) For spherical atmosphere sect* =\/xRy/2H,erfc[x]exp[x?], x® = (Rg cos20+2H*)/2H,,
where R is mean radius of Earth, H* is the height of effective prodiction.

4 - Il Nuovo Cimento C.
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nA — fX). Using (2.10) and (2.11) for intensities of N- and r-eomponents one can
present the production function (2.13) in the following form:

2.15) GE,m=@)T'ENE, R Zi(y+ph)+

+ @I, R Z(y +uh),

where Z}N=pr+Van; Z}",::Zf,[‘f + Van_ .

Substituting (2.15) into (2.14) and neglecting in the integration over ¢ the
dependence of Z}(y +ut) on ¢, we obtain
(2.16y  f(E,h,0) = (h/2(0) 2%) S N(E, h,0) Z iy (y +rh) +

+ (2 (0) A) S T (E b, 6) Z 3 (y + uh),

where (0) =E$(6)/E +1. The functions N% and II% are obtained from the
functions N and II" by the following substitution in (2.11):

@.17)  exp[—ui(E)h]—
— I (e:(6) + 1) exp{— A (B )l v* /e (0), [w2 (B ) — 27 (B R

Symbol y* here designates the incomplete gamma-funetion (*), For E < E%(6)
one obtains, as is seen from (2.17),

NyE, h,0)=N'(E,h), II{(E h6)=I"(E,h).
So the dependence on A(E)=[N,c1]! vanishes.
The values E%, o4, ete. used in calculations are presented in table IV. The
height of effective production is calculated by approximation formula (*)

H* =34 — 10.5 cos §* — 120 cos? 6* — 250 cos® 6* km, g>70°.

TABLE IV. — Characteristic of charmed hadrons.

f ms(GeV) (1071 g) B (%) E{(0)(10"GeV) asa (mb)
D*,D- 1.8693 9.2 18.0 4.3 100
D°, D° 1.8646 4.3 7.0 9.2 100
Ay 2.2812 2.3 4.5 21.0 200

(*) M. ABRAMOVITS and I. STIGANAM (editors): Spravochnick po spetsialnym funktsiyam
pod red. (Nauka, Moseow, 1979).
¢ E. V. BuGAEv, V. A. NaUMOV: preprint [Yal AN SSSR 11-0537 (Moscow, 1987).
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The calculations show that the angular distributions of prompt leptons depend
rather weakly on the value H* even for 6~ 90°.

3. — Inclusive cross-sections of charm production.

According to experimental data the cross-section of charm production in NN-
collisions is relatively large (~1mb for ISR energies, \/_= 62GeV), and
inclusive distributions of produced particles on longitudinal momentum are
rather flat, expecially in case of charmed barions. It is impossible to explain such
behaviour with the help of models based on QCD perturbation theory (¥). So it is
natural to suppose that at very high energies the processes of charm production
in hadronic collisions are not hard (the mass of c-quark is not large enough) and
to use for caleulations of inclusive charm produetion cross-sections some
nonperturbative models.

Most of nonperturbative quark models of multiple production (of hadrons with

small pr) can be divided into two groups: recombination models and
fragmentation models. In the latter models the final stage (hadronization) is
described in terms of fragmentation functions. The mechanism of hadronization
is connected with break of quark chains (strings). These chains arise between
valence and sea quarks of colliding hadrons at the initial stage of interaction. The
known models of such type are: dual parton model (¥) and medel of quark-gluon
strings (**).
In recombination models (***) the process of hadronization occurs by means of
recombination of quarks to hadrons. Here two assumptions are principal: 1)
during collision only the slow (wee) partons interact, therefore the inclusive
spectra of produced particles (with small pr and not very small ) are entirely
determined by quark distributions inside colliding hadrons (i.e. it is assumed
that the distributions of fast quarks almost do not change through the collision);
2) the hadronization process can be described by the recombination functions
which depend only on quark momenta. The inclusive cross-section of hadron
production is written as follows:

3.1) doi/da = o (5) j F {w) R{x) a(z @ — ac) TTdas,

(*®) E. V. BUGAEV and E. S. ZASLAVSKAYA: preprint [¥Yal AN SSSR I1-0467 (Moscow,
1986).

(*) A. CAPPELLA, U. SUKHATME, CHUNG-I TAN and J. TRAN THANK VAN: Phys. Lett. B,
81, 68 (1979).

(*) K. P. Das and R. C. Hwa: Phys. Lett. B, 68, 459 (1977).

(*) D. W. DUKE and F. E. TAYLOR: Phys. Rev. D, 17, 1788 (1977).

(*) E. TARASUGI and X. TATA: Phys. Rev. D, 26, 120 (1982).
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where x; is part of the projectile momentum, which belongs to k-parton, F (x;) is
the two- or three-quark distribution in projectile hadron, R(x,) is the
recombination function for two or three quarks. One must note that usually the
momentum-conserving delta-function in integral (3.1) is included in the definition
of recombination function R(x;). This formula is easily obtained if we take into
account that (according to assumption 1) the distribution of wee partons is
universal and does not correlate with the distribution of fast partons. It is
natural to assume that the recombination functions and parton distributions do
not depend on energy of projectile particle far from threshold of charm
production. If this is so then the dependence of do';/dx on s is entirely
determined by the energy dependence of total cross-section o (s) of hadron-
nucleon interaction.

In RQPM for the calculation of two- and three-quark distributions the
statistical approach is used (see (™) for details). The differential probability of
state with n, sea partons and n, valence quarks is equal to

B2 AW, =2 [1fi@ 15 I faen 1T do:
(wE + x%)~1/23<1 - "sf”xn>; [saw,=1,

where P is the momentum of projectile hadron, xy = m./ P, my is the transverse
mass of parton; %, is number of partons of k-type, Z (P) is the normalization
factor, fi and f5 are <uncorrelated» parton distributions of valence and sea
quarks. Parameters of these distributions are found from comparison of
calculations (using formula (3.1)) with experiment. Usual one-particle structure
functions of quarks are obtained from (3.2) by integration over all x; except one
and are described through correlation functions G§(1 — x) calculated in (). The
behaviour of structure functions of sea quarks at x— 1 depends (as the analysis
of inclusive spectrum data(*) has shown) on quark mass:

ud (@) =f5(@) G5 (1 — ) ~ (1 — x)%3,
3.3)
8% (@) =f2(x) GH(1 —x) ~ (1 — x)*®.

It is seen from (3.3) that the distribution of more heavy quarks decreases less
steeply with x at x— 1. Analogous results (numerically close to (3.3)) have been
obtained in the model of valons (*).

() E. TakasuaGl, X. TaTA, C. CHIU and R. KAuL: Phys. Rev. D, 20, 211 (1979).
(*) L. GATIGNON, Z. DZIEMBOVSKI, P. A. VAN DER PoEL, D. J. SCHOTANUS, A.
STERGIOU and R. T. VAN DE WALLE: Z. Phys. C, 16, 229 (1983); F. AMIRI and P. K.
WILLIAMS: Phys. Rev. D, 24, 2409 (1981).
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We assume that the sea of c-quarks in hadron is essentially nonperturbative
and characterizes by flat momentum spectrum. This assumption have been
discussed in several works (see, e.g.,(®*)). It is based on parton concept,
according to which in the frame of infinite large momentum the lifetime of
fluctuations containing heavy quarks becomes very large. Flatness of heavy-
quark spectra follows from a simple picture of nucleon as an aggregate of partons
which have approximately equal velocities (*) and from calculations of structure
functions of strongly bound states (**). In this work we use the results of (**) for
structure functions of c-quarks in nucleon and pion which are presented in fig. 1.
The corresponding (to these structure functions) uncorrelated distributions 13 (x)
in the region 0.1 < < 0.9 (which is most interesting for us) can be approximated
by formulae (**)

(3.40) Fox) =1.10cx™ (1 — )18 (proton),
(3.4b) fi@)=154cet(1—x)"% (pion).

At small « these distributions are proportional to ™! as well as in the case of
analogous functions for light sea quarks. But this behaviour contradicts the
experimental data at ISR energies (these energies are far from the asymptotic
region). Therefore we modify the function (3.4a) by introducing factor \/;,

3.4¢) fomod () = 1,105 (1 — ) 188,
This modification leads to cross-sections ds;/da, which agree with experiment at

ISR energies \/—=62 GeV. With increase of energy the function f%(x) must
change, passing gradually to the asympotic form of (8.4a). Since the energy at

1)

Y S S S

1 ] 1 1 1 H 1 1 1 1
0 02 04 06 X 0.8 0 0.2 0.4 08 x 0.8 1.0

L 1

Fig. 1. — Structure functions of sea quarks in nucleon: @) 1) xu®(x), 2) xs*(x), 3) xcs(x),
4) xc®(x) in the model of ref. (*) and in pion: a) 1) xu®(x), 2) xcs ().

(*) 8. J. BRODSKY, C. PETERSON and N. SAKAL: Phys. Rev. D, 2745 (1981).
(*) A. DE RuJuLA and F. MARTIN: Phys. Rev. D, 22, 1787 (1980).
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which asymptotic (scaling) regime begins is unknown it is natural to use in
calculation both functions (3.4a) and (3.4¢c). Evidently the second choice (eq.
(3.4¢)) leads to predictions only for asymptotically high energies.

The flat structure functions of c-quarks shown in fig. 1 are obtained also in
valon model. In this case one must assume that the distribution of c-quarks in
valon almost does not depend on part of valon’s momentum (i.e., it is
approximately uniform). For comparison on the same figure the structure
function obtained in «intrinsic charm» model (*) is shown.

The constant «c» have been found in(*) from experimental data on charm
production in deep inelastic scattering. The best agreement with experiment is
obtained with ¢=5-1073,

For recombination functions of quarks to hadrons the following expression are
used:

a b
(3.5) RD(xl,x2,W)= 2 (xl) <%> Sy +w— 1), R‘ﬁ(xl,---;x)=

B(a, b\«
_ x @1 %2 \* ()0 _
—B(a,a+b)B(a,b)< p )<x> O+t oty = 1)

Here B(a, b) is the beta-function. In caleulations the values a=1,
al/b =my/m,=1/6 are used.

The two- and three-particle distributions entering in (3.1) are calculated with
help of uncorrelated functions fi(x) (I=v,s; k=u,d,s,e¢) and correlation
functions. For example, two-particle distribution of u- and ¢-quarks in proton has
the following view:

(3.6) Fue(xr, 2) =23 (@) fi () GR(L — 2y — 209) + 3 () fi) GE (1 — 2y — ) .

In fig. 2 inclusive cross-sections of D*, D°, D° production in pp collisions and
inclusive spectra of D° and A} predicted by RQPM are given for ISR energies
s=62 GeV. Experimental data are taken from works(#*). Comparison of
MQGSs predictions with experiment are given in (%).

For taking into account of nuclear effect in RQPM we use the additive quark
model (AQM). According to AQM the cross-section of process i+ A—f+ X can
be expressed through the cross-section of reaction i+ N—f+ X and capture
probabilities of valence quarks by target nucleus (which are calculated with the
help of the optical model). The results of calculations can be presented in the

(") V. BARGER, F. HALZEN and W. Y. KEUNG: Phys. Rev. D, 25, 112 (1982).

(*) M. BaSILE, G. CARA RoMEoO, L, CirARELLI, A. CONTIN, G. D’ALI, P. CESARE, B.
Esposito, P. Grusti, T. MassaMm, R. NANIA, F. PALMONARI, G. SARTORELLI, G.
VALENTI and A. ZICHICHI: Lett. Nuovo Cimento, 33, 33 (1982).
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do (pp—DX)/dx (ub)

dNfd.x

Fig. 2. — Inclusive cross-sections and spectra (in arbitrary units) of charm production at

\/§= 62GeV. a) Cross-sections of D*, D® and D° production. b) Inclusive spectrum of
D? for a reaction pp— D°X. ¢) Inclusive spectrum of A? for a reaction pp— A% X. Solid
curve: the calculation in RQPM with modified distribution of sea c-quarks (eq. (3.4¢));
dashed curves: the calculation with asymptotical distribution (eq. (3.4a)). Experimental
data are taken from works (**),

form
da’}?/dx = A dc‘t};/dx .

The dependences o = «(x) are shown in fig. 3. It was assumed in this calculation
that the captured («wounded») quarks do not take part in recombination. It is
clear that in reality some portion of wounded quarks will participate in
recombination, and taking into account this effect will increase the cross-section
dof/dx. For estimation of this effect we obtain the upper limit of «(x), assuming
that all valence quarks of projectile can recombinate. This estimation gives (**)

«<0.85 for rA—>DX, «=<0.78 for pA—DA}X.

One can conclude that the uncertainty in A-dependence does not exceed
(10 + 15)%. Therefore for calculations with MQGS we assumed that « is constant
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0.78 )
1 1
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0.74} 2)
| 3)
0.70F
i 4)
0.66

0 02 04 o'.sX' 08 1.0
Fig. 3. — «(x)-dependences for reactions A — DX (1)), pA— DX (2)), pA—>D~ X (8)),
pA—AX (4)). '

and equal to 0.72 for all reactions. It does not contradict recent data of Fermilab,
CERN and Serpukhov (see (*)).

Partial moments Zj (y), defined by (2.8), are calculated in RQPM with using of
formula (2.5) for total cross-section. The results can be approximated with good

TABLE V. - Parameters Fs(y,E,) and &, (in brackets) of approximation formulae (3.7)
for fractional moments Z;(y,E) calculated in framework of RQPM and MQGS.

t S
D* D- D¢ Do Af

RQPM, y=1.62(E,=1TeV, &, =0.096)

p 4.6-10™* 6.5-10* 3.8-10™* 6.9-10™* 4.9-10™
=t 13-1073 9.0-10™ 9.0-10™ 1.3-1073 6.0-10

RQPM, y=2.02(E,=10°TeV, £, =0.076)

p 5.4.107* 7.9-10™* 4.5-10™ 8.6-10* 6.2-10™
=t 1.8-107% 1.2.107® 1.2-1073 1.8-107° 7.9-10™*

MQGS, y=2.02(E,=10*TeV)

p 6.5-1075 9.9-1075 7.1-107° 2.1-10™ 9.5-10™*
(0.050) (0.046) (0.050) (0.044) (0.041)

n 7.1-107° 1.9-10 6.5-107° 1.2-10™ 9.5-10™*
(0.050) ; (0.045) (0.050) (0.045) (0.041)

=t  5.5-10™* 1.4-10™ 1.4-10™* 5.5-10™ 1.5-1075
(0.041) (0.048) "(0.048) (0.041) (0.035)

- 1.4-10™ 5.5-10 5.5-10™* 1.4-10 1.5-107°
(0.048) (0.041) (0.041) (0.048) (0.035)

(*) M. MACDERMOTT and S. REUCROFT: Phys. Lett. B, 184, 108 (1987).
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accuracy ((2-+3)%) by the following expression:
(3.»7) Zi(v,E)=Z;(y,ENE/E ),
where E is the energy of secondary particle f(f=D* D° D A}),

10GeV, for y=1.62
E = £, =0.177-0.05y.
106GeV, for y=2.02

Parameters Z;(y,E ) for i=p, = are presented in table V.
For i=n, =~ we use the relations following from isotopic considerations
(analogous to the case of NN and =N interactions):

(38) ZD+n=ZD°p; ZD_n=ZD°p; ZD°n=ZD+p; ZD°n=ZD_p; ZA\tnzz‘\:p;
(3-9) ZD+1:+ = Zboﬂ— = ZDOW+ ’ ZD_n+ = ZDon'v = ZD0n+ ’ ZAI?T_ =ZA\.<':-7:+ .

For comparison the partial moments have been calculated also with
assumption of Feynman scaling (in this case Z; = Z%(y), see table VI).

In MQGS formula (3.7) is valid only in very high energy region (E = % Eg). In
contrast with RQPM, parameters &, are, generally speaking, different for
different reactions iA— fX (see table V).

TABLE VI. - Fractional moments Z%(y) (miltiplied by factor 10*) of inclusive
distributions of charmed particles, calculated in RQPM on the supposition of Feynman
scaling.

i f
D~ D- Do D° A

y=1.62

p - 4.02 5.74 3.35 6.11 4.36
n 3.35 6.11 4.02 5.74 4.36
nt 12.0 8.09 8.09 12.0 5.44
n” 8.09 12.0 12.0 8.09 5.44
y=2.02

P 2.53 3.75 2.11 4.07 2.95
n 2.11 4.07 2.53 3.75 2.95
nt 8.51 5.56 5.56 8.51 3.79
o 5.56 8.51 8.51 5.56 3.79
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4. — Muons and neutrino of prompt production.

4'1. Formulae for prompt lepton spectra. — The kinetic equation for prompt
muons in the atmosphere in the approximation of continuous energy losses is:

3 d
4.1 5 e (E, h,0)= 3B [BE) e (E, b, 6)] + Ef Gi(E, h,9).

Here BE)=—dE/dh=a(E)+b(E)E is muon energy losses (ionization,
radiation and photonuclear ones)_;_ G! are production functions of leptons in semi-
leptonic decays of f(f=D*,D°% D% A;),

Bf MmMe )jj
ik, 6) )

Yyt B, Eof B 1y 0),

Gi(E, h,0)= o
f

B;=B(f - pvX) is the branching ratio of quasi-three-particle decay (X is any
group of hadrons),

2
Ei= %E [1+VA+m2EYA+m2mim)],
n
m?=12(m?—m%+m?)
(m¢, mx and m, are masses of f, X and u, correspondingly), W is the energy

spectrum of muons in decay f— pvX in laboratory frame.
The solution of eq. (4.1) is given by

h
4.2) or (B, R, 0) =3 j dtg~"(E)BE)GL(E, , h—t,0),
fg
where E, is a root of equation R, (E,,E)=1, and
R,,E)= [ dE'g~(E")
E

is a range of muon with initial energy w and final energy E.

We limit ourselves to the approximation « = const, b = const. As our analysis
shows, the accounting of energy dependence of « and b leads to maximum
corrections ~5% (for horizontal direction). In this approximation

4.3) E,=(E +a/b)explbtl—alb, AE)=-explbt]XE)
and we use the concrete values

x=2.3MeVem¥g, b5=35-10"°cm¥g.
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The energy spectra of prompt anti(neutrino) are:
k
e B, 1,0 =S, [ atGL(E,1,9),
fy

f=D* D° DA} for v and f=D~,D° D° for ¥;
Bymg f
7e(h, 6) I

min
f

%Wf(E’,Ef)f(Ef, h,6),

f i
4.9 G.(E, h,6)= E,

where

ETn=12(miE/m®+mY E).

4°2. Differential widths of charmed hadron decays. — For calculating decay
spectra we use the phenomenological approach. The matrix element of decay
D—6,X can be written as

4.5) | ] = (G cos 6/ V2)| £~ (@D|(pp + p),j*,

where Gy is Fermi constant, 6; is Cabibbo angle, g=p,—p=k, + k., pp and p
are four-momenta of D and X, correspondingly, k, and %, are lepton four-
momenta, j* is leptonic (V — A)-current. It is assumed in (4.5) that X is a
pseudoscalar meson and that second form factor /- is equal to zero (the latter
enters the amplitude only in the terms proportional to m.). We use the
approximation f* = const, changing f* (g% to f* (¢® and using ¢% = 2(m}/3 — m2)
(it corresponds to the assumption that meson X takes away 1/3 of D energy in
laboratory frame).

From (4.5) one obtains the following expression for lepton energy spectruafi
(for € or vy in laboratory frame:

4.6) WR,(E, Eo) = [1II'(D—8X)]dI'*E,

4.7  Ar°dE = (4n) " GEcos?bc| f* [2mp Eo? {(1 — r3)(1 — 5r2 — 2r4)/6 +

+rie—(12-rHx?+2¥3+riIn[(1 — x)/r?l},
where E and E, are energies of lepton and D-meson, correspondingly, » = E/E,,
r=myx/mp. Integrating (4.7) over E by using of the following limits
(p®=(m} — mP)r2):

E in = > (Ey — | pol)mb =¥ E,,

E =‘“2(E0 + |P0|)/m%)=(l - 7'2)E0y
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we obtain the partial width of decay in the centre-of-mass frame
4.8) I'(D— 0 X) = (A7) G&cos? o mp|f* [2[(1 — 872 + 86 — 8)/12 — r*Inr?].
Passing on to inclusive decay D— &+ all we keep myx as a free parameter
which we choose from accordance of calculation (using (4.8)) and experimental
data on partial width (Bp/rp) of inclusive semi-leptonic decay (see table IV).
Since f* depends on mx weakly, the exact form of ¢®dependence of f* is not very
essential. We assume (following to work (#)) that

fr=QAQ-¢¥m%), mE=2.2GeV.

If appears that the best agreement with data is obtained if m¥ =0.683GeV for
D*-decays and m¥ = 0.67GeV for D, D’-decays.

3.2
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0 0.2 0:1. : 016 0.8 1.0
Ee*(GeV)
Fig. 4. — Energy spectrum of leptons in DX decay. The curve is our result for
mixture of D-mesons, experimental points are SLAC data ().

In fig. 4 the comparison of I'"* dI'/dE calculated in the rest frame of D-meson
with experimental data (*) is given. The calculation is carried out for a mixture of
all charge states of D-meson. The agreement with experiment is rather good in
lepton energy region which is essential for our aims. One should note also that
the calculation of D— #¢X decay in terms of the quark model with radiation
corrections and taking into account the Fermi motion of heavy quarks in hadron
leads to numerically close results for charged-lepton spectra (*).

Consider now the semi-leptonic decay of Af-barion. In the same manner as
above we study at first the process A} — #¢X, where X is neutral baryon. As has
been shown in(*) the matrix element of this decay under the assumption of

*) K. YAMADA: Phys. Rev. D, 22, 1676 (1980).
(*) J. KirgBY: SLAC-PUB-2231 (1978).
(*) A. J. BUras: Nucl. Phys. B, 109, 373 (1976).
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SU (4)-symmetry and using the hypothesis of vector current conservation ecan be
expressed through the three form factors f;(¢®:

4.9) M=V32AC)GruUP)f1(@D) v, +ife (@) o g/m + f3(@% v vslupo) j* .
Here ¢ is Cabibbo factor,
A(c=cosbc)=V2/3cosb:, A(c=—sinbs)=—sindc,

po and p are four-momenta of AY and X, m =my + mx . The other notations are
the same as above. The concrete forms of ¢*- dependence of f; are given in(*).
Again we use the approximation f;=f;=f; @D, ¢®= =2(m% —m%). The final
expression for lepton energy spectra (f and vp) in laboratory frame is written as

W (B, Ey) = [T (A:— &, X)]dI'S/dE

(4.10) .
Ay [dE =28x) A% () GEmLEG 3 fi fixh ).

i<y

The functions xj;(x) (where x=E/E,, E and E, are energies of { and A,) are
given in the appendix. They depend on r=myx/my; 1,j=1,2,3. The index ¢ in
(4.10) specifies the type of lepton (muon or neutrino).

The expression for partial decay width in the centre-of-mass frame is

4.11) I(X— 8 X) = 287) P A2 () GEmi 3 7, F Koy (1) .

i€y

The functions K;;(r) are also given in the appendix.

Passing on to the inclusive decay A% — yv + all we choose the value m¥ as
above, i.e. by accordance of caleulation (using (4.11)) and experimental data on
B/t (see table IV). The value chosen is m$f=1.26GeV. The corresponding
values of form factors are equal to

f1=0991, f,=2170, f;=0.805.
One should note in conclusion that in our approximation the decay spectra of
electron and muon (anti) neutrino do not differ from one another. For
definiteness we will talk everywhere below about v, and v,.

5 — Results and conclusions.

In the first part of this section we use only modified (nonasymptotical)
distribution functions /5™ (x) (eq. (3.4¢c)) which seems to be more satisfactory
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from the viewpoint of modern accelerator data. The results of muon flux
calculations with use of asymptotical distributions (3.4a) are shown on the last
several figures together with experimental data points.

Most of the results presented below have been obtained for the F-model of
primary cosmic-ray spectrum (see sect. 2). The comparison of differential
prompt lepton intensities on sea-level ((¢* + u ™), and (v, + v,),,) calculated for F-
and D-variants of primary spectrum and for two values of zenith angle (¢ = 0° and
90°) is presented in fig. 5 and fig. 6. At energies which are accessible for modern
cosmic-ray muon experiments the difference between F- and D-variants is
rather small. But at the energy region above few hundred TeV this difference
becomes noticeable reaching ~ 50% (for muons as well as for neutrinos), almost
independently of the zenith angle. The steepening of primary spectrum and some
other factors (e.g. the energy dependence of fractional moments of D and A}
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Fig. 5. - Differential energy muon spectra for vertical (a)) and horizontal (b)) directions.
Muons from =- and K-decays are considered according to the work (*). Prompt muons are
calculated in RQPM and MQGS for two variants of primary spectra. Pointed curves:
spectra calculated in RQPM under the assumption of Feynman scaling (with the using of

19 @),
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Fig. 6. — Total differential spectra of muon neutrinos and antineutrinos for vertical (a))
and horizontal (b)) directions. Neutrinos from =- and K-decays are considered according to
the work (°). Prompt neutrinos are calculated in RQPM and MQGS for two variants of
primary spectrum. Dotted curves:spectra calculated in RQPM under the assumption of
Feynman scaling.

TABLE VII. - Differential energy spectra of muons for vertical and horizontal directions
(in units of m™2-s71-sr7t- GeV™Y) calculated in two models of charm production.

E RQPM MQGS
(TeV) 0 90° 0° 90°
10! 2.08-1074 1.63-1071 5.34-107%2 1.18-107%
3-10! 1.16- 107 9.18-10718 2.94-1018 23210718
102 4.08-107 3.21-107% 9.80-107% 7.53-107%
3102 1.76 - 10-% 1.35-10°% 3.91-107% 2.95-107%
10 4.98-10°" 3.99-10°7 1.03-10°7 8.14-107%
3-10° 2.00-10"'8 1.70-107% 4.00- 1019 3.32.107"
10* 4.72-10°% 4,78 -1072 9.40-107% 9.03-107%
3.10* 1.18-10~% 1.66-107% 2.42-1072 3.07-107%
10° 1.51-10~% 3.49-107% 3.25-107% 6.50-10~%
3- 1Q5 2.27-107% 8.03-107% 5.04-10°% 1.56-10%
10° 2.01-107% 9.62-10% 4.44-107% 1.96-10°%
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TABLE VIII. — Differential energy spectra of prompt muon neutrino for vertical and
horizontal directions (in units of m™2-s7'-sr™1-GeV ™) calculated in two models of
charm production.

E RQPM MQGS
(TeV) 0° 90° 0° 90°
10! 2.10-1071 2.10- 1071 5.72-1072 5.72-10712
310 1.17-10°% 1.17-10°12 3.16-107% 3.16-107"
102 4.17-1074 4.17-107" 1.06-1074 1.06-107*
3-10° 1.79-107% 1.81-10°% 4.31-1078 4.35-1071
10 5.07-107"7 5.24-107 1.15-1077 1.18-107"7
3-10° 2.04-107* 2.25-10718 4.53-107% 4.88-107%
10* 4.85-107% 6.43-107% 1.08-107% 1.35-107%
3-10* 1.22-107% 2.27-1072 2.86- 1072 4.67-1072
10° 1.58-107% 4.94.107% 4.01-107* 1.03-10°%
3-10° 2.40-107% 1.18-10-% 6.42-107% 2.61-107%
108 2.14-107% 1.48-1072% 5.77-107% 3.55-107%

production) leads to essentially nonpower behaviour of u, and v, spectra on
almost all studied energy intervals.

Now we compare the consequences of two models of charm production
discussed above (everywhere below the F-variant of primary spectrum will be
used). The differential energy spectra of (u* +u ), and (v, +9,),, at sea-level
calculated in RQPM and MQGS for 6 =0° and 6 = 90° are shown in tables VII,
VIII and fig. 5, 6. On the same figures the prompt lepton spectra calculated with
the assumption of constant (i.e. independent of energy) cross-section d s/#/dx and
the total spectra (wio =, x*#pr and v = v, g+ v,) are also shown. Here (and
below) the spectra of u. x and v, g taken from(®) are used. The parameters of

10° 107 10° 10°

E(GeV)

Fig. 7. — Comparisen of energy dependences of prompt muon fluxes (solid curves) and
neutrinos fluxes (dashed curves) calculated in RQPM and MQGS.
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nuclear cascade used in(°) are quite similar to ours (in particular, their primary
spectrum is close to our F-variant).

In fig. 7 the comparison of energy dependences of prompt lepton fluxes
calculated in RQPM and MQGS is presented. As one can see the predictions of
these models differ by a factor 3 + 5 for u, and v, (the exact value depends on
energy and zenith angle). The largest differences are for £, ,~ (2 +5)- 103TeV,
6=0° and for E, ,~ (3 +5)-10°TeV, 6 =90° i.e. in the energy region which is
accessible for DUMAND detectors. The main cause of this difference is in the
comparatively steep behaviour of D-meson production cross-sections do/dx (as
functions of x) in MQGSs case (see sect. 3). Besides that we assume in the
MQGSs calculations (in contrast with RQPMs case) that the A-dependence of
cross-sections is characterized by constant «. For all charmed particles the same
value (a«=0.72) was taken.

The relative contribution of A-particles in p- and v-fluxes is essentially
different in two models: in RQPM this contribution is very small even for very
high energies while in MQGS it is comparable with the one of D-meson for
E <10?TeV and becomes dominant for E = 10*TeV. One should note that even
the use of old experimental inclusive spectrum of A} (which is more flat than the
RQPM prediction) does not change the relative yield of u, very much (see
ref. ().

The role of reactions =A— D(AL) X weakly depends on zenith angle and
quickly decreases with energy in both models. At the same time at the energies

Fig. 8. — Zenith-angle distributions of prompt (x* + » ~)-fluxes (solid curves) and (v, +v,)-
fluxes (dashed curves) calculated in RQPM. Numbers at curves are the energies in TeV.

5 — Il Nuovo Cimento C.
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E,<200TeV the contribution of these processes is not negligible (= 12%) and
should be taken into account.

The zenith-angle distributions of prompt muons and neutrinos (fig. 8) are
qualitatively similar (with a proper change of energy scale) to the distributions of
usual (r, K)-leptons. At the «low» energy region, E < 10*TeV the spectra of u,,
and v, are almost isotropical independently of model. For higher energies the
zenith-angle distributions in RQPM and MQGS are similar (the differences are
smaller than ~16% for u,. and ~22% for v,). The analysis shows the weak
dependence of the distributions on the value of parameter H* even for large
zenith angles.

In fig. 9 and 10 the comparison of our prompt lepton differential spectra with
the corresponding results of other authors is given. The vertical and horizontal
spectra of nonprompt leptons shown in these figures are taken from (*°). As one
can see from fig. 9 the yields into total muon flux from the usual and prompt
muons become equal at energies ~ 170 TeV (RQPM) and ~ 1000 TeV (MQGS) for
vertical directions and correspondingly ~ 1300 TeV and ~6000 TeV for
horizontal direction. The neutrino fluxes of usual and prompt neutrino (fig. 10)
become equal at energies ~ 32 TeV (RQPM) and ~ 170 TeV (MQGS) for vertical
direction, and, correspondingly, ~340 TeV and ~ 1700 TeV for horizontal.

The predictions of RQPM for muon energies (1 +~100) TeV are close to the
results of (°) (the curve IKK1 in fig. 9, corresponding to model 1 of (¥)). The
predictions of MQGS for muons are more similar to the results of «central» model
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Fig. 9. — Comparison of differential energy spectra of prompt muons, calculated by
various authors. Solid curves: calculation of this work in RQPM and MQGS, curve V (),
VZ(*), EGS1 and EGS3: models 1 and 3 of work(®), IK(¥), BDZ (), IKK(c), IKK1 and
IKK2 models of work (¥), C ("), MMK (®).
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Fig. 10. — Comparison of differential energy spectra of prompt neutrinos calculated by
various authors. Solid curves: calculation of this work in RQPM and MQGS; curve V (),
VZ(®), IK ("), BDZ(*), MMK ().

of the same authors (®) (IKK(c) in fig. 9). One must note that the steepening of
primary spectra and the muon energy losses in the atmosphere have not been
taken into account in(®). At very high energies our RQPM result is close to the
result of (°) (see also (¥)). The prompt neutrino spectra calculated in RQPM are
essentially different from the -results of other works, and the corresponding
MQGS results are similar to the spectra(’) (for E=<10?TeV) and(®) (for
E = 10°TeV). The zenith-angle dependence of prompt neutrino flux at superhigh
energies (in both our models) is qualitatively different from the same dependence
obtained in (*). The main source of this contradiction is the difference in semi-
leptonic decay spectra of D and Af used by us (see sect. 4) and authors of (¥). One
must note also that our previous work (**) contains some distinctions from the
present one (the different way of the break of scaling, the slightly different
values of some parameters) but the final results are quite close.

In the energy region 5TeV<E <5-10°TeV the differential prompt muon
(u* +u7) and neutrino (v, + v,)-spectra for vertical direction at sea-level can be
approximated (with accuracy better than (3 +4)%) by the following formulae:

(.1) wpr (B, 1030 IVem?, 0°) = o (E\/ E)+ 71 [1 + (Ey/ E )17,

(5.2) vor (B, 1030 IVem?, 0°) = vy (B / E)- 1 [1 + (Ey/ E 7.
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Here E, =10°GeV and the other parameters are equal to

po=4.53-10""(m?-s-sr-GeV)™!, y,=1.96, q,=0.152
in RQPM
v=4.65-10"%(m?-s-sr-GeV)™!, v, =196, qa,=0.157

o =1.09-107*(m? - s-sr-GeV)™', y,=2.02, a,=0.165
in MQGS
v=119-10"%(m?% -s-sr-GeV)™?, ¢, =201, a,=0.165.

The approximation (5.1) is valid with the same accuracy also for zenith angles
6<80° in the energy interval (10 + 10%) TeV (i.e. in the region of isotropy). For
6> 80° formula (5.1) gives the upper limit of «, spectra. The dependence (5.2) is
valid for all zenith angles in the energy interval (5 + 10%) TeV.

From (5.1) and (5.2) we obtain the following expressions for integral spectra
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Fig. 11. - Differential energy muon spectrum on sea-level for vertical. Experimental
data: O Durgapure (), m and ------ Nottingham (¥), A Durham (¥), curves ——-— results of

two experiments under Mont Blanc (M1 - French-U.S., M2 - Italian)(®), points O
(Artemovsk) and @ (MSU) are taken from(*). 1) our caleulation in RQPM with
asymptotical distribution of c-quarks, 1') RQPM with modified distribution of e-quarks, 2)
MQGS. Dashed curve: (n, K)-muon spectrum according to (*); 6= 0°.

(*7 B. C. NANDI and M. S. SINDA: J. Phys. A, 5, 1384 (1972).

*y B. C. RasTIN: J. Phys. G, 10, 1609 (1984).

(*) M. G. TompsoN, R. THORNLEY, M. R. WHALLEY and A. W. WOLFENDALE:
Proceedings of the XV International Cosmic Rays Conference, Vol. 6 (Plovdiv, 1977).
p. 21.

(*) L. BERGAMASCO, A. CASTELLINA, B. D’ETTORE PiazzoLi, G. MANNoccHI, P.
PiccHi, S. VERNETTO and H. BILOKON: Nuovo Cimento C, 6, 569 (1983).
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of prompt leptons at sea-level (5TeV<E <10*TeV):

_ By By\re |7
e L 7

_ VOE’b Eb Y. l—a.,_
Vpr(>E)_——%(1_av){[1+(—E-)} 1}.

In fig. 11 the comparison of our results for differential spectra at sea-level
with experimental data(***) is presented. The data of magnetic
spectrometers (**), underground array situated under Mont Blanc(*),
scintillation detectors in Artemovsk(*®) and X-ray emulsion chambers (") are
used. Spectra of (**) (lines M1 and M2 in fig. 11) are obtained from the analysis of
muon absorption curve. The experimental points of (") for vertical spectrum
have been obtained by the calculation from global flux with assumption R = 0.2%
(R is the prompt muon fraction). One should note that the conclusion about the
value of R obtained in (") by analysis of angular distribution is rather uncertain
(R=1(0.2%£0.2)%) so the systematic discrepancy between our curves and the
experimental points in fig. 11 cannot be treated too seriously.

One should note that the recent data of measurements under Mont Blanc
(NUSEX) (*) give only the upper limit of prompt muon flux:

upr(E)<1.5E 2®m 2glgr! GeV~!,

This limit does not contradict our MQGS calculation but essentially disagree with
the prediction of RQPM. On the other hand the conclusion of () (that the energy
at which prompt muon flux reaches the conventional one is about 200 TeV) is in
qualitative agreement with RQPM results.

In fig. 12 (a)-c)) the comparison of calculated integral muon spectrum at sea-
level with experiment is presented. The results of HAS experiment (Akeno)
were taken from(*) (in(*) the experimental points are normalized on the
calculated spectrum). The most interesting results are obtained in underground
experiments in KGF and Baksan, in which the flattening of muon spectrum at E,
more than few tens of TeV is clearly seen. The KGF data are taken from (**)

() F. F. KHALCHUKOV, E. V. KorROLKOVA, V. A. KUDRYAVTSEV, A. S. MILGIN, O. G.
RyAzHSKAYA and G. T. ZATSEPIN: Proceedings of the XIX International Cosmic Rays
Conference, Vol. 8 (La Jolla, 1985), p. 12.

(*) G. BATTISTONI, C. BLOISE, P. CAMPANA, V. CHIARELLA, A. CIocIo, R. Iareccl, G.
P. MURTAS, G. NICOLETTI, L. SATTA, M. ROLLIER, L. ZaNoTTI, D. C. CUNDY and M.
PRICE: Proceedings of the XX International Cosmic Rays Conference, Vol. 9 (Moscow,
1987), p. 195.
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Fig. 12. - Comparison of integral muon spectrum calculated in RQPM and MQGS with
experimental data. Curves 1), 1') and 2) have the same meaning as the ones given in fig.
11. Curve VFGS: calculation of Volkova et al. (¥). Experimental data: o) @ KGF (*), m,
NN Akeno (); b) @ 7000 hg/em?, O 6045 hg/em? KGF (*) (in the last work data are
normalized on the theoretical spectrum of =, K-muons; ¢) ® KGF (), O Baksan (*), a
Baksan (%).

**) L. V. VoLKovA, W. FULGIONE, P. GALEOTTI and O. SAAVEDRA: Nuovo Cimento C,
10, 465 (1987).

(*Y) V. S. NARASIMHAM: Proceedings of the XX International Cosmic Rays Conference,
Vol. 8 (Moscow, 1987), p. 288 (Rapporteur Talks).

(*) Yu. M. ANDREYEV, V. 1. GURENTSOV and 1. M. KOoGAL: Proceedings of the XX
International Cosmic Rays Conference, Vol. 6 (Moscow, 1987), p. 200.

(*) V. N. BAKATANOV, YU. P. NOVOSEL'TSEV, R. V. NOVOSEL'TSEvA, A. M. SEMENOV,
Yu. V. STENKIN and A. E. CHUDAKOV: to be published in Izv. Akad. Nauk SSSE, Ser.
Fiz.
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and (*), and Baksan data from (*%) (in these experiments for prompt muon flux
calculated the muon absorption curve and angular distributions have been used,
with assumption B = 0.15%) and (*) (where the muon flux is calculated from the
measured electromagnetic cascade spectrum). As one can see from the figure,
the results of our calculations in RQPM for two variants of c-quark sea
distributions lie between experimental points of Baksan and KGF. One can
conclude that the recombination quark-parton model of charmed hadron
production is preferential.
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APPENDIX

Let us write expressions for functions x};(x) and K;;(r) entering eq. (4.10) and
eq. (4.11), correspondingly. The value of parameter ¢ is equal to + 1 for the
spectra of muons (electrons) and — 1 for the spectra of neutrino (antineutrino).
The dependence on ¢ enters the only function: xi;(x). After rather complicated
but standard calculations we obtain:

x1{2)=11/6 — 8r - 21742 — 12r3 + r*2 + 95+ Tr¥6 + 6r° 2 + M x —
-3 —2r—-5rHx¥2+8x¥ 8 +r* B+ 6r +r)/(1 —x) — r¥(1 — x) +
+7r3(12 + 9r+ 67 — rHIn (A — x)/r?),

212 () = 5/8 — 67 — 9r% — 247% + 3rt + 18r° — 5r¥3 + 2748 + 6r + rB/(1 — x) —
=275 — 2+ 2r* (12 + 8r + 6> — r¥ In (A — 2)/?),

Ly (@)= —1/8+ 32~ 3r* — 1r¥3 — 12t + 3(1 — 3r®) a2 — 8x¥3 +
+2r @ + )/ —x) — 2r%1 — 2 —2r* S + rHIn (1 — )73,

xo9 () = (1 + 7)72(2/3 — 47/8 — 23r%/8 — 247 — 217* — 40r%/3 +
+22r78 —4r¥3 4+ 28 6+ I+ 6r2 — r¥ax — 3(1/2 — 2% - 23 + P4 k2 +
+4(1l+r—rHx¥8 -2+ 7B+ 12r — 1472 + 8r3 + rH/(1 — x) —
-8+ 7¥A — 22+ r3(12 + 21r — 2472 + 1073 + 4r* — ) In (1 — )1r?),

() Yu. M. ANDREEV, V. I. GURENTSOV, I. M. KoGgal and A. E. CHUDAKOV: to be
published in Izv. Akad. Nauk SSSR, Ser. Fiz.
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%33 (23) = x5 (x)

x53(X)=11/6 + 37— 21r¥2+ 1273 + Y2 — O3 + Tr¥6 — 613 2 — 1) —
-3@2+r—5r¥2D)x?+ 823+ r* B —6r+rH/(1—2x)—
-1 — 2 —r3(12 - 9r + 6r2+ r¥In((1 — )/ir?),

where r=mx/my, ¥ =E/E,.
Nonzero functions K;;(r) are equal to

Ky=1-2r—8r—18r - 187" - 86+ 2r =¥ — 24r*(1 + r? + ¥ Inr,
Ki=1—4r—8r*—361r°—36r°—8r6 + 4r"— r¥ — 242+ r + 2r)Inr,

Koy =(1+7)"2(2/5 —r — 6r2— 28r3 — 32r% — 287" + 618 +
+ 7= 2r195 — 243 (1 + 2r + 3r2 + 273 — rHIn7r) ,

Ko=14+2r— 872+ 18 — 1815 + 86 — 2" — r8 = 24131 —r+ rHlnr.

® RIASSUNTO (%

Si caleolano gli spettri d’energia e le distribuzioni dell’angolo di zenith dei muoni dei raggi
cosmici, dei neutrini e degli antineutrini della generazione istantanea per un intervallo
d’energia (1+10%) TeV. Per i calcoli delle sezioni d’'urto differenziali della produzione di
D=, D° D° e A, nelle interazioni N\ e =N si usa il modello di ricombinazione quark-
partoni (RQPM). Si tiene conto degli effetti nucleari usando il modello additivo dei quark e
il modello ottico del nucleo. Si effettua un confronto dettagliato dei risultati ottenuti nel
RQPM con le previsioni corrispondenti del modello della stringa di quark-gluoni. Si
considera la dinamica dei decadimenti semi leptonici di A, e D e le perdite d’energia dei
muoni nell’atmosfera. Si effetuano i calcoli delle cascate adroniche nell’atmosfera tenendo
conto della crescita con I'energia delle sezioni d’urto totali anelastiche adrone-nucleo, la
rapida crescita degli spettri dei raggi cosmici primari e la rigenerazione dei pioni. Si
confrontano i nostri caleoli con i dati sperimentali e con i calcoli di altri autori.

(*) Traduzione a cura della Redazione.

HPHMBIC JenTOHbl B KOCMHYECKHX J1y4ax

Pesome. — PaccuuTanbl 9HEPreTHYECKHE CIIEKTPbI M 3CHHTHO-YITIOBbIE PAcCHpeNeNeHUst
KOCMHUYECKHX MIOOHOB, HEHTPMHO M aHTHHEHTPHMHO NpPSMOM TE€HEPALMM NpPH 3IHEPTHAX
(1+10° T3B. mus pacuera nucdepenumansubix cederuit poxnenns D, D?, D% u A7 B
NN-n aN-B3aMONEHCTBIAX HCIIONB30BaHA PEKOMONHALMOHHAs KBAPK-TIAPTOHHAS MOJIENb
(PKIIM). Tlepecyer Ha smpo cheNaH B paMKaX agUMTHBHOM KBapKOBOH MOICIH H
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onTudeckoi Monmenu sapa. [lpoBegeHo MNOApOOHOE COMOCTABIEHHE PEYIbTATOB,
noaydyeHHblXx B pamkax PKIIM, ¢ npenckasaHussMH MOJENH KBapK-TIIOOHHBIX CTPYH
(MKTC). YuTeHa MMHAMUKA TIOIYIENTOHHBIX pacnanos D n AY u snepreTuyeckue norepu
MIOOHOB B Bo3nyxe. Ilpu pacuere n/N-kackaga B aTMoctepe IpHHSTBI BO BHUMAHUE POCT C
SHepruell NONHbIX HEYNPYIHX CEYeHUH B3aUMONEHCTBHS apOHOB C SITPaMM, M3JIOM CHEKTpa
MepPBUYHOr0 KOCMUYECKOTO U3JIy4eHHs, IpOollecChl pereHepaluyy MHoHoB. [JaHo cpaBHEHHE
pacyeToOB C IKCIEPUMEHTANBHBIMU JaHHBIMU U C pacdeTaMH APYTMX aBTOPOB.



