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Abstract

Kiselev V.V.et al.  Four Heavy Quar_k and Bound State Production in the ete~ — @+
Q' +Q +Qand etem — (QQ) + Q'+ Q Processes in Z%Boson Pole: [HEP Preprint 94-10.
Protvino, 1994. - p. 31, figs. 11, tables 4, refs.: 23.

In the frame of the QCD perturbation theory and nonrelativistic mode] of heavy quarko-
nium the cross-sections of four heavy quark production in ete- annihilation, as well as the
cross-sections of the associative production of the 1S- and 2S-wave (QQ’)-mesons in the
ete” — Q@) + Q' + ) process are calculated. Basing on the assumption of the quark-
hadron duality the number of the Asc-hyperons expected for LEP experiments is estimated.
The fragmentation functions of b-quark into B.(B?)-meson, ¢ and b-quarks into 7.(1)- and
7()-mesons, respectively, are obtained.
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INTRODUCTION

The study of the heavy quark production processes is of great interest since
it gives an answer, if QCD can be applied, for the description of the heavy quark
production and hadronization mechanisms. Features of 2- and 3-jet events have
been investigated in detail at the PETRA, KEK, SLC and LEP colliders. In the
view of the expected high luminosity (~ 107Z%) of the LEP collider it becomes
interesting to explore more rare multiquark processes. One of these processes
is the four quark (QQQ'Q’, where Q(Q') is b or c-quark) production in ete~
annihilation. We will consider this process, first, as a test of QCD in higher
orders O(a?) of the perturbation theory and, secondly, as a step forward in
understanding the production, for example, of the bound b¢ (bc) states, which
have not yet been discovered.

The b- and &-quarks (B,-mesons) bound states occupy an intermediate po-
sition between the J/iy- and T meson families in the mass spectrum. In this
sense, the predictions of the nonrelativistic quark model well describing the
J/1- and T meson families can also be applied to B.-mesons. So, the discovery
aid investigation of B, mesons could be a good test for QCD and QCD-inspired
nonrelativistic potential models.

The B, meson production processes in e*te™, pp, and neutrino-hadron colli-
sions have been studied in [1-7]. The B, meson spectroscopy has been analyzed
in [8], and different aspects of B, meson decays have been considered in [9-
11]. The method of helicity amplitude calculations suggested in this paper
and Monte-Carlo integration over phase space allowsone to obtain all interest-
ing distributions over kinematical variables of both B. meson and associated
particles.

Using exact formulas of the QCD perturbation theory we calculate the cross-
section g(e*e™ — cc?), o(ete” — bbee), a(ete™ — bbbb), as well as the



cross-section of heavy quarkonium production (QQ’) (QQ' = ¥, B,, T) for the
ete” — (QQ') + Q' + Q processes in nonrelativistic approximation for (QQ").
We consider these two processes in one paper for they are closely connected
with each other. The method of the helicity amplitude calculation for the
ete”™ — Q4+ Q' + Q' + Q process can be used practically in the same form for
the calculation of the ete™ — (QQ')+ Q'+ Q cross-section. If one assumes that
the approximate quark-hadren duality is valid, then the ete™ — Q4+Q'+ Q' +Q
cross-section in the region of small invariant masses of the (Q€))-pair can be
related to the production cross-section of the (QQ') mesan bound states in the
ete™ - (QQ') + Q' + Q process.

Using the assumption of quark-hadron duality one can also draw definite
conclusions on the cross-section of the Agg-hyperon production, where this
hyperon is a bound system of two heavy and one light valent quarks of different
flavours.

The investigation of the heavy quark fragmentation functions is of great
interest from both theoretical and experimental points of view, especially, with
respect to the possibility to perform experimental measurements in the Z°-
boson pole, where the bulk of the events is related to the b- and c-quark pro-
duction. From the theoretical point of view, the fragmentation is described by:
1) perturbative evolution equations including the summation over soft gluon
contributions [12]; 2) nonperturbative contributions connected with counting
the wave function of a meson in the final state. The standard procedure of
taking these two factors into accovnt is reduced to the convolution of the per-
turbative evolution kernel with nonperturbative fragmentation function. As it
is known (see, for example, [12]), in the case of heavy Q-quark fragmentation
into meson (), composed of heavy (@) and light (¢) quarks, the role of the
nonperturbative contribution is rather important. The situation changes dras-
tically when one discusses heavy ()-quark fiagmentation into the system, where
the second antiquark Q' is heavy too, @ — (QQ') + @'. In this case the typical
virtualities in the process are large (> 4m2Q,) and the dependence on the partic-
ular form of the (Q¢)')-meson wave function becomes unessential, and the main
features of the fragmentation function behaviour are determined by the QCD
perturbation theory. Despite the fact that the main method of calcnlating such
process, as it was mentioned above, is the Monte-Carlo method, in this paper
we also have obtained analytical expressicns for the b — B.(B}), ¢ — 5.(¥),
and b — (Y) fragmentation functions in the scale limit. These expressions
are compared with the result of the precise calculations.

The parer is organized as follows. In Section 1 we present the technique of
the matrix element calculation in terms of helicity quark states for processes

with four fermions in the final states. In Section 2 we give the numerical val-
ues for the o(ete” — bbec) process cross-section, and in Section 3 we present.
analogous calculations for the processes with quarks of the same flavour in the
final state. The calculation method, as well as the cross-section values for the
processes with pseudoscalar B,- and vector B;-meson production are given in
Section 4. Section 5 is devoted to characteristic features of the meson i)roduc—
tion processes, where these mesons are composed of quarks of the same flavour.
Analytical expressions for the fragmentation functions of a heavy quark are
given in Section 6. In this Section we also analyze the relation of the result-
ing fragmentation function with phenomenological Peterson parameterization.
Section 7 contains conclusions.

1. METHOD OF THE CROSS-SECTION
CALCULATION FOR FOUR HEAVY
QUARK PRODUCTION

First, let us consider the production of quark with different flavours. For
the process of two heavy quark (QQ and Q'Q’) pair production

et (q1) + e (g2) — Qpy) + Q(p2) + Q' (p3) + Q' (pa) (1)

in the Born approximation 8 Feynman diagrams (4 with photon exchange and
4 with Z%boson exchange in the s-channel, see Fig.1) will contribute.,

The standard calculation methods for these diagrams by squaring the am-
plitude lead to extremely cumbersome expressions. In literature, however, there
are some works devoted to the cross-section caleulations for the processes with
four heavy quarks in the final state. For example, the authors of (13] have inves-
tigated the gg — QQQ'Q' process for the case of massless quarks iu the frame
of the perturbative QCD, and the authors of [14] have also studied the case of
massive quarks. In paper (15] the cross-section of the four quark production
in the e*e”-annihilation, ete™ —s QQQ'Q has been calculated for the case of
massless quarks by means of the spinor products method [16]. In the present
work for the analysis of the ete™ "— RAY' Q' process, where it is necessary
to take the quark masses into account, we will use a more convenient. from
our point of view, calculation method [14], namely, the method of the direct
numerical calculation of the amplitude.

For concreteness, in this section we will imply that () is the b-quark and Q'
is the e-quark. Let us introduce the following notations for the quark momenta:



912 =¢1+ g2, Pr2= — p1~ps2, D34 = —p3 — pg
Pr24 =p12—p4, pro3=—pia+p;, P342 =P34 — P2, P31 = —p3s +

and for the currents

]‘;; _ Qe ﬁ(‘]?)'yu@

= , )
‘1%2 @
JE = 7(g2)7*(vg — a%7*)u(q1) )
d gty — M3 +iMzU;
i "
J = “(PI)VT@’L) , )
P12
u(ps3)v*v(ps)
= T 5
P34
as wel! as the following additional spinors
(Pr2a +m,) . ,
v = DA g0, (6)
BT e
(P42 +my) -
v = “*J v(ps) , (7)
- P§42 - mz? e )
_ _ o g (Prag )
u = Ups)o=m5——F, 8)
123 (P3) p%% — mf (
_ _ = (P3a1 + my
U3y = u(m)Jc(p%h). (9)

2
P34 — My

In terms of the values introduced sbove the amplitude of the ete™ — phen
process has the form M = 54 | M;, where

My = ayu[],Q" 4 Jz (v — a7 u(p) (10)
My = a(p)[1,Q" + Jz (v} — aby®)Jusse (11)
My = @inl/,Q + Jz (v - a57°)u(ps) , (12)
My = a(p3)|5,Q° + J5(v5 — a57")|vaa (13)
M = M1+A{2+M3+1M4. (14)

Here ¢, @%, Q" and vy, ag, vy, ab, vg, a% are the electromagnetic charges.
vector and axial couplings to Z%boson for electron, b- and c-quarks.

The amplitude squared should be calculated as the sum over 26 — g4 in-
dependent fermion states. We choose the eigen values of the helicity operator
(Xp) as two independent states of the ¥ spinor:

(ERNw(p, A) = Ap(p, A) . (15)

To determine the spinors with giveu values of 4-momentum, p and helicity,
A = %1, one should choose a particular representation. We will use the spinor
(Weil) representation:

() (7)) e

5:{0,,%,02}:{(? 6) (? B’) ((1) _01)} (17)

The particle spinors, u(p, %), in this representation take the form:

{ VE+@ (151 +p:)
u(p —}-) = “‘1 \/E\+lﬂ (pz + ipy) (18)
’ 2151 (151 +pz‘)| VE =18 (61 +p.) |

\VE =15 (. +ip,)

7 0
FI

where

\/E_ lﬁl (_px + ipy)
’ Vﬂﬁ]('ﬁ] +p.) | VE+ Lﬁl‘(—])z + ipy) !
VE + 181 (|81 + p.)

The antiparticle spinors, v(p, £), are defined as follows

v(p, %) = Cu*(p, ), (20)

where C' = iy? is the matrix of chérge conjugation.
The explicit form of the v(p, %) spinors is

~VE+1pl (P + p.)

N VBT (0 + iny)
= T | VBT (Rt | e
E= 18] (9. + iny)



E - Iﬂ (—Px + lpy)
) - 1 VE — Iﬁ] (lﬂ +pz) i (22)
\/ﬂﬁ](lﬂ +pz) '—\/E + Iﬁl ("px + ipy)

—VE -+ 19| (1] -+ p:)

‘U(p, -

In the case of p, = —|f]

0 —VE = Ip|
_| VE+Ip| (. —) = 0
u(p, +) = 0 , u(p,—) = ~VE+T | (23)
VE ~Ipl 0

0 ~VE=pl
v =| VR e =) Bl | e

vVE = Ip| 0

The structure of the color coefficients for the e*e™ — bbcé process is very simple.
The color factor, F, corresponding to this process is F' = (N? — 1)/4, where
N=3 is the color number.

The above expressions allowing one to calculate the amplitudes for the
ete™ — bbct process can be easily transferred to the FORTRAN codes. The
resulting program performs calculations very fast and has small size.

We have checked that our programs (two independent programs have been
written) for calculation of the squared amplitude summed over all helicity states
satisfy the test on Lorentz invariance (boost along the beam axis), as well as
the test on azimuthal invariance with respect to the substitutions p, — p, and
py — —p, for the particle momentum. The results of our programs coincide
within the calculation accuracy.

The integration over the phase space of the final particles was performed by
the Monte-Carlo method by means of a specially developed program package,
which generates the values of final particle momenta with the minimization of
the weight spread.

2. CROSSS-SECTION OF THE bbcé PRODUCTION
IN THE Z° BOSON POLE IN THE FRAME
OF QCD PERTURBATION THEORY

In our numerical calculation we will choose a standard set of electroweak
theory parameters My = 91.17 GeV, sin’fy = 0.23, my = 4.7 GeV, m, =

1.4 GeV. We take the QCD coupling constant, «;, as

0 127
kg - —
(@) (33 — 2n) In(Q2/A2)’
where A = 100 MeV, so as at Q* = M2 and ny =5 we have a,(Mz) = 0.12 in
correspondence with [17].

From the form of the diagrams in Fig.1 it is evident that the main contribu-
tion to the cross-section of the ete™ — bbez process comes from diagraras la, b,
since for these diagrams the virtual gluon approaches closely the on-shell state
due to the smallness of the ¢ quark mass [6].

The e*e™ — bbcc process appears in the second order of QCD coupling
constant, a;(Q?). So, a very important problem is to choose the characteristic
transferred momentum value, @?, in the argument of o (Q?). A characteristic
scale for the a;(Q?) running constant can be determined by the typical gluon
virtuality (M2 ~ 4m?), however, the b-quark virtuality can be much larger and
be of the order of s [6], so we will present here the results for two different
sets, @* = (4m?,s). The ete™ — bbcE process cross-sections for these casecs
depending on the total energy of the beams, /s, are given in Table 1.

As one can see from this Table, the differences in determining a; result in
the difference of the cross-sections by some orders of magnitude. For the most
important energy region (near the Z%boson pole) this difference reaches the
factor of 3.4. Such strong dependence on a; is connected with the fact that
the ete™ — bbct process cross-section is proportional to a?. So, the precise
experimental determination of the ete™ — bbeé process cross-section can allow
one to make conclusions on the «;, value in these processes.

Let us define the ratio:

B o o(ete” — bbct)
thee = e )

According to our calculations the Ry;.; value is Ry,; = 0.8-107% for @ = s
and Ry = 2.6 - 1072 for Q% = 4m?. These values obtained from the explicit
formulas of the QCD perturbation theory are to be compared with the estimate
resulting from the Monte-Carlo program HERWIG (version 5.0), Ry = (0.8 +
1.8) - 1072 [18].

Table 1. The ete™ — bbeé process cross-section dependence on the total energy of the beams,

Vs, for a,(Q? = 4m?) = 0.22 and @,(Q@* = s5). In the brackets we point out the

uncertainty (one standard deviation) in the last figure, which is due to the Monte-
Carlo method.

Vs , Gev 30 50 70 91.17 200 500
a(4m]), pb | 0.1294(9) | 0.217(3) |0.593(8) | 234.2(7) | 0.254(8) | 0.073(5)
a(s), pb__[0.0552(4) | 0.0782(9) [ 0.192(3) | 69.7(2) | 0.061(2) | 0.014(1)




3. CROSS-SECTIONS OF THE ccée
AND bbbb PRODUCTION IN THE Z° BOSON POLE

To calculate the cross-section of the QQQQ system production with the
same quarks one ought to take into account the same diagrams as in Fig.1
(with substitution Q' — Q), as well as to take into account the identity of the
quarks in the final state. This means that it is necessary to double the number
of the diagrams in Fig.1. Thus, the total amplitude can be represented in the
following form: My, = C T4, M; — Cy vi, M;, where C and C, are the color
factors. As for the M; amplitudes, they can easily be obtained in terms of M;:
Mi(p1,p2,P3,P4) = Mi(p1,p4,p3,p2), i.e. one should permutate the 4-momenta
of the identical particles, for example, p, — ps and py — p;. As a result of
the trace calculation over color degrees of freedom we get C\C{ = CyCf =
(N?—1)/4 and C\C5 = C1CF = —(N? — 1)/(4N).

Fig. 1. Feynman diagrams for the ete™ — Q@ + Q' + Q' + Q process.

The cross-section calculations for the four ¢- and b-quarks production accord-
ing to the scheme described in Section 1 give the following values: o(ete™ —
ccet)=168(1) pb (for @,(Q* = 4m?)=0.22), g(ete” — ccee)=50.1(3) pb
(for a,(@* = M%)=0.12), and o(ete™ — bbbb)=21.26(5) pb (for a,(Q? =
4m?)=0.18), o(e*e™ — bbbb)=9.45(2) pb (for a,(Q? = M2)=0.12), respec-
tively. The cross-section of four b-quark production is approximately 58 times
smaller than that for c-quarks, that is due to the kinematical suppression in
the production of new heavy (bb)-pair in comparison with lighter (c¢)-pair.

The numerical values for the ratios
o(ete™ — ccce)

RccEE = (2:’ )

a(ete™ — ct)
and .
o(ete™ — bbbb)
o(ete~ — bb)
are Roz=2.4-107% (for ¢,(Q® = 4m?)=0.22) and Rz=0.7-10"2 (for a,(Q? =
M%)=0.12).  Analogously, Ru;=2.3-10" (for o, (Q® = 4m})=0.18) and
Riys=1073 (for a,(Q* = M35)=0.12).

In Figs.2a,3a,4a we present the momentum, invariant mass and angular
distributions for ¢(¢) quarks. Analogous distributions for bb quarks are shown in
Figs.2b,3b,4b. These distributions allow one to understand the process picture.
According to this picture the emitted cZ (or bb) pair moves mainly along the
direction of c() (or b(b)) quark, which has emitted the maternal gluon.

Ry = (26)

4. CROSS-SECTION OF THE B. MESON
PRODUCTION

In this section we will consider the production of the S-wave B, meson states.
The diagrams describing the B, meson production can be obtained from the
diagraras in Figs.1a-d by combining two quark lines into one meson line (see
Figs.5a-d).

Our calculations are based on the assumptions that binding energy of heavy
quarks (b, c) is much smaller thaa their masses and, consequently, heavy quarks
in the B, bound state are approximately on-mass-shell.

In this case the py and p, 4-momenta of quarks composing the B, meson are
related to the 4-momentum, P, of the B, meson in the following way

Ty me

Dy = M b= ”

where M = my + m, is the B, meson mass. Such assumption corresponds to
the leading order in the heavy quark effective theory [19].

P, P, (27)
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Feynman diagrams for the ete-

= (QQ) + Q'+ Q process.

Using the fact that the projection operators

where

Z5(0 (o, +) - v(p, -)a(p, )} = f@ M)
%{v(p, +)a(p, +) + v(p,

’U(p, '")ﬁ’(pv '}) = 71——(13 - M)E“(D, +) 5

2
v(p,+)t(p,~) = \/—(p M)&*(p,
6”‘(]),0) = Ml_‘l{lﬁl ,Pz,Py,Pz},
e'(p,+) = N{0,,,¢y,¢.},

11

=)ia(p.-)} = \/—(p-— M)é*(p,0),



e*(p.—) = N{0, —€;, —¢&;, —€:} (34)

and

o 1

N = AR ) (33)
ex = (I +p.) + (0= + 1)’ (36)
ey = (11 +p:)* + (P2 +ipy) )i (37)
E; = 2(|ﬂ +Pz)(Pz + ipy)a (38)

extract the states with a definite value of total spin, S, and its projection on the
2-axis of the system, which is described by the ii(p) and v(p) spinors (e”(p, A)
is the polarization vector of the vector state with momentum p ard helicity A).
Then the amplitude of the ete™ — B_be process corresponding to the diagrams
in Fig.5 can be expressed in terms of these projection operators and helicity
amplitudes M,;(\;) calculated in Section 5 in the following way:

M) = e WO T PuaMas() 29)

where we imply the summation over helicity states h,h of the quark and an-
tiquark composing thc Bc-meson. Other fermion helicities are symbolically
denoted by A;. The projection operators, Py 1, have the following explicit form
(H=h- h) [20): .

Puj= —2(—1)"“‘/26,,,0 (40)
for 1.5;-state, .
Ph,i: = |H| + E(SH,Q (41)

for 3S;-state.

Tbe color part of the Bc-meson wave function is 6;;/V'N (N=3). This, being
taken 1nto account the color factor F' corresponding to the ete™ — B.be process,
is equal to F = (N? - 1)?/4N?. The wave function value at the origin, ¥(0), is
calc-1nted in the frame of potential model (8], as well as from QCD sum rules
[9,11], and it is closely connected with the decay constants, fp, and fg;, of the
pseudoscalar (07) B,- and vector (17) B;-mesons, respectively, in the following

way
M
¥(0) = \ —ﬁf Bes

12

where

fs, = fp: = 570 MeV.

The potentials of different types give practically the same mass values for
lowest B,-meson states. So the pseudoscalar 07 -meson (1S-state) mass is fixed
by the value of M = 6.3 GeV [8]. In this conunection, when calculating the
B,-meson bound states of the 1S-levels we will adopt the values of the b- and c-
quarks masses slightly larger than for the case of the free bbcé-quark production,
and get them equal to my = 4.8 GeV and m, = 1.5 GeV. The mass of the 25
levels is predicted to be M = 6.9 GeV [8]- In this case the b- and c-quark masse
valuzs are taken larger — myp = 5.1 GeV and m, = 1.8 GeV. Let us note that
the authors of paper [4] do not take into account the effective enhancement of
the wasses of the b- and c-quarks comuposing the B.-meson at the transition
to more highly excited states of the B.-meson. Meanwhile, in the frame of
the “on-mass-shell” formalism discussed above it is necessary to do. The wave
function value at the origin, ¥(0), for 2S-states is ¥(0) =0.275 GeV*? [8]. The
calculated cross-sections of the B.- and B;-meson production including the first
excited levels are given in Table 2. ‘

Table 2. The cross sections of the B. (B;)-meson production at V= Mz, a (@ = 4m?) =
0.22 and 0.(Q% = M%) = 0.12. In the brackets we point out the uncertainty {one
standard deviation) in the last figure, which is due to the Monte-Carlo method.

nZSHLJ 1150 1381 2180 2 S;
(4m?) , pb | 3.105(3) | 4318(3) | 0.797(1) 1.064(1)
(M3), pb [ 0.924(1) [ 1.285(1) | 0-2371(3) | 0.3168(3)

In accordance with what was said in Section 1 about the cross-section de-
pendence of the ete— — bbct process on the squared value of the transferred
momentum, @, in the argument of the ¢,(Q?) fuaction, there arises an un-
certainty in the prediction for the B,-meson production cross-section in the
ete~ — R.bc process. In this connection the cross-sections of the ete~ — Bbc
process shown in Table 2 and ca.l;:ulated at Q2 = s = M% can be considered
as pessimistic ones. More optimistic predictions for the number of produced
B,-mesons can be obtained, if we choose the Q? value in the o, (Q?*) argument
equal to Q= 4m?. The cross-section of the B.-meson production in this case
will be [(1,(47113)/(15(3)]2 = 3.4 times large. :

It is evident that in these calculations the given value of the total cross-
section of the 1S- and 2S-state production is equal to 2.76 pb (at Q* = M%)
is a lower limit. Indeed, the total number of the B.-meson bound states lying

13



below the tkreshold of B- and D-wmeson production is about 15, All these
excited Be-states due Lo the cascade radiative decays g0 vver into B.-meson
with the probability equal to 1. So the highest (not only 1.5 and 25) excited
states should appreciably contribute even due to their large amount. If one
takes into account the 3,-meson production, the cross-section value of tle B.-
meson production, obtained above should be doubled.

Let us define the ratio of the B.(B,)-meson number produced (including
also the BX(B!)-states caleulated above):

R - alete™ — B.be) + alete” - B.be)
T e e bh)

According to our calculations the Itg, value is Rp = 0.6 - 103 at Q* = s
and Rp = 2.0-107% at Q? = 4m?. These Ry, values for the same g and
¥(0) values agree with the calculations performed in recent paper [7]. These
values obtained from the QCD perturbation theory exXpressions one can also
compare with the estimate given by the Monte-Carlo program HERWIG, 1), -
(0.1+1.0)-107% [18].

Our functions D(z) = ;ij»‘z’ of the b-quark fragmentation ino Bo-meson,
where z = 2|p|/\/5 (| is the Be-meson momentum), for the case of the pseu-
doscalar Be- (curve 1) and vector Bl-meson (curve 2) production are shown in
Fig.6. The histogram lines correspoud to the fragmentation functions caleu-
lated by the Moute-Carlo method. The vector mesons fragmentation function
(curve 2) when compared with that for the pseudoscalar mesons (curve 1) ex-
hibits a slightly sharper peak in the region around z = 0.8 and deep drup at
the left side of the peak.

The solid lines in Fig.6 correspond to the fragmentation functions analyt-
ically calculated in the limit of M?/s — 0. One can see that there is a very
good agreement between two methods of fragmentation function calculations
(see curves 1 and 2). We will present below (in Section 6) detailed calcula-
tions of the fragmentation function in this limit and compare our results with
those from other papers and, particularly, with the fragmentation function by
Peterson et al. [21] marked by 3 in Fig.6.
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Fig. 6. The fragmentation functions‘for Fig. 7. The fragmentaticn functjons of the
the pseudoscalar B.-meson (curve pseudoscalar ), (curve 1) and vec-
1) and vector B?-meson (curve 2). tor ¥ (curve 2) mesons. Other no-
The histograms correspond to the tations are the same as jn Fig.6
Monte-Carlo calculations, but the o
solid curves correspond to the an-
alytical results. Curve 3 repre-
sents the Peterson fragmentation
function.

L('?t us note that contrary tc the analytical result for the fragmentation
functions in [7] our result of the exact Monte-Carlo calculation allows one to

obtain the informatjon on the distribution of the Particles associated with B
(for details see [6]).

5. CROSS-SECTIONS OF THE 7e(%)- and
7(T)-MESON PRODUCTION

masses and wave function ¥(0) at the origin. The ¥(0) values are calculated
from the quarkonium lepton widths according to the equation

(Q0),.) = 16,02 .2 1Z(0)[2
F((QQ)I-) = 16mega M (42)
.where eq is the charge of the quarks, which compose the quarkonium, Mys
is the quarkonium mass. Using the well-known experimental values for the

_qua.rkonium lepton widths [17] we get for the cz bound system the follow-
Ing values of the wave function at the origin: for the 1§ levels — ¥(0) =
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0.208 GeV¥? and for the 25 levels — ¥(0) = 0.156 GeV¥/?.  Different
state masses are taken as follows: mes(1150)=2.98 GeV, mes(1351)=3.10 GeV,
mee(21S0)=mz(2%51)=3.69 GeV. The ¢(€)-quark masses are m, = m/2, as in
(27) we also supposed that p. = p: = %Pcé.

The cross-sections of different c¢ bound states at these mass values and wave
function values at the origin for two different o, values are given in Table 3.

Let us define the ratios of the 7.- and ¥-meson numbers including both 15-
and 2S-levels to the number of cZ pairs:

U(e“'e— — nc('gb)ct—:) ) (43)

o(ete” — ct)

Ry =

According to our calculations we have Ry, (4y=3.7-107* (for a,(Q? = 4m?)=0.22)
and Ry, (y)=1.1-107* (for o, (Q? = M%)=0.12).

Table 3. The cross-sections of the n.()-meson production at V3 = Mz, a,(Q* = 4m?) = 0.22
and a,(Q? = M%) = 0.12. In the brackets we point out the uncertainty (one standard
deviation) in the last figure, which is due to the Monte-Carlo method.

n25+’LJ IISO 1351 2150 2351
o{4m?) , pb | 1.163(6) | 1.069(6) | 0.336(2) | 0.350(2)
=(M2) , pb | 0.346(2) | 0.318(2) | 0.1000(5) | 0.1042(4)

We have also performed the calculations for the bound bb-system. In this
case there are three S-states below the threshoid of the B-meson production.

We have used the following wave function values at the origin: for the 15
Jevels — ¥(0)=0.635 GeV*2, for the 25 levels — ¥(0)=0.435 GeV*/?, and for
the 35 levels — ¥(0)=0.397 GeV3/2, The masses of different bb bound states
are taken equal to my(11Sp) = my;(1351) = 9.46 GeV, my5(21Sp) = my(2351)
=10.02 GeV, my(3'Sp) = my(3351) = 10.36 GeV. Analogously to the previous
case of c-quarks the b-quark mass was taken to be a half of the bound system
mass, my = my;/2. The cross-sections of different bb-states for two different o
values are given in Table 4.

Let us define again the ratio of the ;- and T-meson numbers including all
the 15-, 25-, and 3S-levels to the number of bb-pairs:

o olete = m(T)H)
D= T g(etem — bb)

(44)

According to our calculations Rm(’r)=0-9'10'4 (for 0,(Q? = 4m})=0.18) and
Ryyr)=0.4-10"* (for o,(Q* = M3)=0.12).
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Table 4. The cross-section of the 7,(T)-meson production at /3 = Mz, «,(Q? = 4m}} = 0.18
and o,(Q? = M%) = 0.12. In the brackets we point out the uncertainty (one standard
deviation) in the last figure, which is due to the Monte-Carlo method.

n”“LJ 1150 1351 2150 5351 31 So 3351

o(4m7), pb | 0.2126(8) | 0.2376(8) | 0.0810(2) [ 0.0911(2) | 0.0596(2) | 0.0675(2)
(M%), pb | 0.0945(4) | 0.1056(4) | 0.0360(1) | 0.0405(1) | 0.0265(1) | 0.0300(1)

The form of the c-quark fragmentation into the pseudoscalar 7.- and vector
1-mesons which is shown in Fig.7 by the curves 1 and 2, respectively, seems
to be interesting. The c-quark fragmentation function into the 7,- or ¥-mesons
is shifted to the region of small > values as compared to the case of b-quark
fiagmentation into B.-meson. The b-quark fragmentation function intc 7- and
Y-mesons are presented in Figs. 8a and 8b, respectively. One can note, that
the fragmentation functions of b-quark into 7;(Y)-meson and c-quark into 7.(1')-
meson are quite similar, though there is an appreciable distinction. This fact
will be discussed in detail in the following Section.

~225 E Q. 4
o xR, w2t E {) 1
a 2 £ L ~ F
175 E 2 Q 2r
1.5 F 1.6 £ 3
125 B -
o E 12
075 F 08 [
05 F c
3 0.4 [
0.25 £ -
O 1 lillll]llll[ll|lllll 0 llllllllllll‘llllllll
02 04 06 08 I 0. 02 04 06 08 1

"o

4
FS

Fig. 8. a) The fragmentation functions of the pseudoscalar n;-meson calculated by the Monte-
Carlo method (curve 1) and analytically (curve 2), curve 3 corresponds to the Peterson
fragmentation function; b) the same as in Fig.8a, but for T-meson.

In Figs. 9a, 10a, 11a we demonstrate the distributions over invariant masses
and angles between 7.(1/)-mesons and cc-quarks, and in Figs. 9b, 10b, 11b we
show analogous distributions for 7(Y)-mesons and bb-quarks. These distribu-
tions allow us to state that the processes under discussion have the following
characteristic feature. There are two dominating configurations, namely, the
first one, when (QQ))-meson and Q-quark move practically in the same direction
opposite to that of residual (7-quark and the second one, when the (QQ)-meson
and Q-quark system move in one direction, but QQ-quark — in the opposite one.
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6. PERTURBATIVE ANALYSIS
OF THE HEAVY QUARK
FRAGMENTATION FUNCTION

First of all, let us discuss the heavy quark fragmentation into the meson
composed of the heavy quarks of different flavours. For concreteness we will
consider Z%boson decay into b- and c-quarks with their subsequent fragmen-
tation into B.-meson. The b-quark fragmentation is a dominant one [6]. This
process is described by the diagrams analogous to those in Figs.5a,b. The am-
plitudes corresponding to these diagrams are

1

Ay = '(‘)é‘)gﬁ(l’c)’YIT’Yu(ﬁ + Pe +mp)éz (vl — aly)o(pg), (45)

1

A2 = S P T (v — )P = B+ mayap),  (46)

~

where X; =y~ (1 -2), Xy=1— Y, z2=2Ep [M7 and y = 2E,/M are the
fractions of the B,-meson and c-quark energies, respectively. We denote by r
the b-quark and B,-meson mass ratio — 1 = my/M. Other notations are: €z
is the Z%boson polarization vector, P, py, p., and p; the 4-momenta of the
B.-meson, b-quark, c¢-quark, and Z%hoson, respectively, va, abZ are the vector
and axial couplings of Z% boson to b-quarks.

The vertex of the B.-meson interaction with »- and c-quarks is

P+ M)
I'=+ (———\I! 0 47
75 oM ( ) (47)
for the pseudoscalar B.-meson, and
r=:Ct My, (48)

M

for the vector B!-meson.
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It is convenient to represent the phase space element in the following form
2

d® = 1024 5

dzdydcos 8p,dyp do,, (49)

where fp, and ¢p, are the polar and azimuthal emission angles of B.-meson (in
the rest system of Z%-boson), . is the c-quark azimuthal angle in the coordinate
system, which has the 2-axis along the direction of the B;-meson momentum.
As for the cosine of the angle between B.-meson and c-quark directions, it is
expressed through the z and y variables introduced above

2y —2(z+y)+2+4(1 - r)r?

6, =
R~ Ar?\fy? —4(1 - r)2r2 ’

(50)
where 7 = M2/M_g'- In the Z%boson rest system.the c-quark momentum is

—lpc|k and the k vector components have the following form

k; = sinf, cos p. cos fp, cospp, — sinb,sinp,sinpp,

.+ cosf.sinfpg, cospp,, (51)

ky = sind, cos p. cosOp,sinpp, + sinb,.sinp, cos p B,
+ cosf.sindp singp,, (52)
k; = —sin @, cos . sinfp, + cosf, cosbp_. (53)
The integration limits over the y variable (in the leading order in M2/M?) is

1-rz)2 M?
Ymin = (1"" Z) + ( (1 z)) Mga (54)
o ., =@ -r2M? ]
Ymaz = 1 2'(1 — Z) X{[? (5&)
The fragmentation function is determined as
14T
D()= £ 5 - (9)

The calculations of the amplitudes squared lead to very cumbersome expres-
sions. It is convenient to neglect the small terms of the order of M2/M? in the
final expressions. Then, the result of the squared amplitude calculations and
integration over y, cosfp,, ¢p,, and ¢, variables in the case of the pseudoscalar

20

B.-meson production leads to the expression giving the Z%-boson decay width
in the following form:

dl' lozchV|‘Il(O)|2 MZ2(1 - 2)?

R iy /% b—+ B, \ {
dz  2TMM, sin’ 6y cos? Oy (1 — r)2M2(1 - rz)67 " (2. (57)

where V = (v4)? + (a})2. The fiP:(z) function consists of three parts:
b Be (2) = fu(z) + fao(2) + fra(z). The A; amplitude squared gives

14 68
fu(z) = 24+(2-12r24+ (1 - ST r2)22
2 14
+<?—%“—”ﬁf+@”4r+w»ﬁ 59)

The A, amplitude squared leads to
faa(z) = 222 — 4r2® 4 20221 {59)
and, finally, the terra responsible for the A, and A, amplitude interference gives
fra(z) = 42 + (2 — 167)2% + 16r22° 4 (=217 — 4r3)2%, (60)

The total sum is

) = 24 (6= 1)+ (5 - Loy By
4
+ (~E +33 o122+ (P -2t o) (61

For the case of the vector B-meson productxon exoressmn (57) is valid with
the substitution of f2;'% *(z) by f,bo;' B (2). The f,ot (z) function also consists
of three paits. In this case the A; amplitude squared gives

fi(z) = 24 (=2 —4r)z + (3 — 6r + 12r2)2?
+ (2r —6r% — 4r%) 2% 4 (3r? — 2% 4 2r%) 21, (62)

)
The A; amplitude squared leads+to

fa2(2) = 622 — 12r2% + 6r22* (63)
and, finally, the term responsible for the 4; and A; amplitude interference gives

fi2(2) = (6 - 12r)2% + 12r223 —'6r22%. (64)

21



The total sum is

,’:,TB;(z) = 24+ (-2—4r)z+ (15— 18r + 127‘2)z2

+ (=107 + 677 — 4r%)2% + (3r2 — 2r 4 27%) %, (65)

Let us note that we have considered the diagrams in Figs.5a,b, where b-
quark fragments into B.(B;)-meson. The inclusion of the diagrams in Figs.5¢,d
leads to the substitutions r — (1 -- r) in the resulting expressions, as well as to
vy — v§ and o} — a§. As it is easy to see, the contribution of the diagrams
in Figs.5¢,d is suppressed with respect to the contribution of the diagrams in
Figs.5a,b with ratio of (m./my)2.

Let us consider now the processes of c-quark fragmentation into n:(¥)-
meson. In this case the contributions of all four diagrams in Fig.5 are com-
parable in magnitude. The amplitudes corresponding to these diagrams have
the form

1 Bas g lama o
AL = PV TP + pe o+ g M)Ez(vg — a7 )u(pe) ,  (66)
Ay = i PTEZ (05 — a5 (P = o+ SMya(pe) . (67)
- 5)x, A 2o
1 e e sve oy L
Az = (—X2—)217(Pc)52(vz - 0275)(1% —-pz+ EM)“Y”F%:'U(PE) ) (68)

1 _ . 1. 1 X e R
Ay = u—_%zmu(l’c)’Y"(Pz - §P + EM)EZ(UZ - 0275)F7uv(P5) . (69)

The vertexes of the 7.(1)-meson and c-quark interaction are analogous to those
of (47) and (48). After the calculations of the matrix element squared and cor-
responding integrations the result can be represented by expression (57), where
one should take r = 1/2 and substitute the f2;’ B‘(z) function by f.; "‘('I’)(z).

The f5;™)(2) function consists of the following parts

w(2) = fu(2) + faa(2) + fas(2) + faal2) + fra(z)
+ f13(2) + fra(2) + fas(2) + faal2) + fua(2). (70)

The f13(2), f14(2), fa3(z), and fo4(z) interference terms vanish in the leading
order in M2?/M?2, but the remaining terms in the sum are (for the case cf the
pseudoscalar 7.-meson production)

fu(z)=2-4z+ %zz Sl -

22

foalz) = 22% — 22° ¢ %z“, (72)
f12(2) = 42 — 62% 4 423 — 24, (73)
Other functions are fy(z) = fu(2), fua(2) = faa(2), and faa(z) = fiaz). Fi-

C— 7

fally, for the case of the pseudoscalar 7.-meson production the frot °(2z) function

has the form 9 9 1
cMer \ _ t2 3,14
ot (z)—-4+3z 37 +4z . (74)
In the case of the vector y-meson production the Hia(z), fia(z), fas(z),
f24(2) functions are vanishes in the leading order on M? /M2, but the remaining

functions are

5 :
fu(z) =2—4Z+3Z2—- 23+§Z4, (75)
3
faa(2) = 62% — 62° + 524, (76)
5
fia(z) = 323 §z4. (77)

Other functions are f3(z) = fi1(2), fu(z) = fas(2), f34$2) = fi9(2). Finally,
for the case of the vector 1/-meson production the fio ¥(2) function has the
form

) = 482 4185 -850 4 5t (78

As for the b — ny(T) fragmentation functions, they coincide with the ¢ —
1e(¢) fragmentation functions in the leading order in M 2/M%. 1t also should be
noted that as the interference terms vanish the fragmentation functions for the
symmetric cases of ¢ — 7.(%) or b — () have a simple relationship with the
nonsymmetric case of b — B.(B}), namely, the fragmentation function for the
symmetric case can be obtained from that of the nonsymmetric case through a
simple substitution of r = 1/2. '

In Figs.6 and 7 we show by the solid lines (curves 1 and 2) the results of the
analytical calculations performed in the limit of A2 /M2 — 0 (see expressions
(57), (61), (65), (74), (78)), in comparison with the results of the Monte-Carlo
method described in Sections 4 and 5. As one can see from these figures, for the
case of the b-quark fragmentation into B,(B})-meson and c-quark into ne(¥)-
meson there is a rather good agreement of the analytical and Monte-Carlo
results. But in the case of the b-quark fragmentation into 7,(T)-meson (Fig.8)
this agreement is only qualitative, which points to a possible significance of the
next to the M?/M} terms omitted in this case in the analytical calculations.
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It should be noted that there are papers devoted to the calculations of the,
fragmentation function of a heavy quark into a meson composed of two heavy
quarks. In paper [22] the fragmentation function of the heavy quark into the
pseudoscalar meson was obtained. In paper [4] the fragmentation function into
the vector B;-meson was also calculated. However, the fragmentation functions
of b-quark into the pseudoscalar B.-meson obtained in both [22] and [4] contain
mistakes. This problem has already been discussed in our previous paper [6].
Recently papers [7] have been published, where the authors have analytically
calculated the fragmentation functions of c-quark into the 7.(1)-meson and
b-quark into the B,(B)-meson in the limit of M2/M2 — 0.

The authors of {7} have stressed the fragmentation fun-tion universalities
and also pointed out their validity in the hadron pp collisions. In these papers
the calculations have been carried out in the axial gauge taking the 73 vector in a
such way that some number of the diagrams vanished in the limit of M2/M% —
0. In the our paper the calculations are performed in covariant gauge and,
despite the fact that the contributions of separate diagrams in this case differ
from those in {7], the final result summed over all diagrams is the same as in
[7]. Let us stress again that in the limit of M2/M% -- 0 the fragmentation
functions of c-quark into the 7.(1)-meson and b-quark into the 7;(T)-meson
coincide. However, our results obtained from the Monte-Carlo method (sce
Sections 4 and 5) show that in the case of the b-quark fragmentation into the
7(T)-meson the corrections induced by the terms of the order of M2/M2 can
be significant.

Let us discuss now the relationship of the analytical expressions obtained
in this Section (which are exact in the limit of M2/M2 — 0) with the well-
known parameterization [21] suggested by Peterson et al. As one can see from
equations (57), (61), (65), (74), (78), the asymptotic form of the fragmentation
functions is deterinined by the only parameter, which is the ratio r = mg/M
of the fragmenting quark mass to meson mass. The fragmentation function
behaviour becomes understandable if one considers the z-dependence of the
fragmenting quark and gluon propagators. Let @} be the fragmenting quark
and Q' is a secondary quark, which couples with @-quark to produce the (QQ')-
meson. Neglecting the transverse components we write the 4-momenta, P, of
the (QQ')-meson and pg-quark in the following form

M?
P= (ZPO + 2Z_p0’ 0, O’ ZpO))a (79)
m¢ ,
rg = ((1 - z)po + m, 0,0,(1- ‘)PO)), (80)
24

where pg is the Q-quark momentum modulus. Then, for example, for the di-

agrams in Fig.5a we have the following expressions for the quark and gluon
propagator denominators, (p% - m%) and k2,

. N 2 M? m, M1~ rz)?
Pg—mg 2 —{mg— — — Y )" \- 7 T2
Q Q ( T T 1o z) 2(1-2) 7 (81)
o= M@ oy moM(l-rz)?
M (pg —mg) = 2(1 - z) ' (82)

The fragmentation function maximum corresponds to the minimal values of the
propagator denominators at

M
mar — M—+—mol M (83)
So, it follows from (81) and (82) that
pé ~(M+mg)?, Ko~ 4m2Q, . (84)

For such momentum relation the configuration, when all the Q, @ and
quarks move with the same velocity, is realized. ’ -

. Let us note that expression (81) coincides exactly with the expression used
in paper [21] for the calculations of the heavy quark fragmentation amplitude
and follows from the inverse proportionality of the amplitude to the energy
transferred in the Q-quark decay into QQ'-meson and @'-quark [21]:

1 1
A ~N— o~
5. 85)
MZ m., (
my — 4~ 1L
Then
N
D(z)= (86)
A(1-9-15)

Where N is the normalization factor, and €= (1+4+e)? e= (mg/mg)?. At
€ < 1 equation (86) coincides with the well-known expression for the Peterson
parameterization [21]

, - N
Diz)= —" (87)

2
1
24( - ﬁ)
Let us note that exact expressions (57,61,65,74,78) can be rewritten in the
following form
D(Z) — ¢(Z) E)

z(l—ﬂ—%)a'

z 1-

(88)
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The Peterson fragmentation function (86) modified for the case of the frag-
mentation into the heavy quarkonium at the quark mass values used in our
exact calculations are shown in F igs.6,7,8 (curves 3). One can see that ex-
pression (86) describes the fragmentation function behaviour only in general
features, and there is a substantial discrepancy between the exact result and
this rough approximations. Expression (86) describes neither the difference in
pseudoscalar nor vector meson spectra.

It was shown in [22] that omitting some terms in the explicit expression for
the ~atrix element squared leads to the following expression

= Nz(l-2)%(1+(1 - r)z)? N é(2) .
D()— (1—7‘2)4 z(1~%_ﬁ)2’ (89)

that is close to (86).

It follows from above that the main features of the fragmentation function
(maximum location, the behaviour near maximum) are determined by the be-
haviour of the quark propagators or, which is the same, by the transferred
energy value, AFE. The detailed fragmentation function behaviour depends
on the QQ'-meson quantum numbers and it is different for pseudoscalar and
vector cases(see (57,61,74) and (57,65,78)). In this sense it becomes evident
that the fragmentation function parameterization proposed in [21] is a rough
approximation for the perturbative calculations of the diagrams in Fig.5.

CONCLUSION

In this paper we have calculated the cross-sections of four heavy quark pro-
duction in e*e~-annihilation both for different flavors ,bbcE, and for the same
flavors, czcg, bbob. In the Z%-boson pole the cross-section of the blce produc-
tion is 70 + 234 pb and depends on the choice of the value for the transferred
momentum squared in the argument of a,(Q?). In terms of the Ry, ratio, it
yields Ryp; = (0.8+2.6) - 1072 when it is normalized for the bb-pair production,
or (1.2 + 3.9) - 1073 when it is normalized for the total number of Z%bosons
(the lowest and upper bounds correspond te two possible choices of the argu-
ment in o,(Q?)). As is expected, the number of Z%-bosons summed over all
experiments at LEP by the fall of 1994, will be 2 - 107, that could correspond
to (2.4 + 7.8) - 16* of events with the bbce-quark production.

The calculated values of the ete™ — ccz and e*e — bibS process cross-
sections bring us to the.following ratios of R.g; and Ryt Repze=2.4-1072
(for a,(Q* = 4m?)=0.22) and R,:=0.7-10~? (for as(@Q* = M2)=0.12), and,

26

analogously, Ry;=2.3-103 (for a,(Q? = 4m})=0.18) and Rypp=10"3 (for
as(Q* = M2)=0.12). Experimental study of these processes can be considered
as the way to check the QCD predictions in highest orders of the perturbation
theory.

As for the ete™ — bbee process, it is also of interest from another point of
view. The bound states of the b- and c-quarks {Be-mesons) predicted by the the-
ory have not yet been discovered. Nevertheless, the discovery and investigation
of the B.-mesons could give important information on quark potential behaviour
in the region intermediate with respect to the J/¢- and YT-meson families. As-
suming that approximate quark-hadron duality does exist, the cross-section of
the color singlet (b¢)-system production (color factor I = (N?— 1)2/4N?) in
the region of small invariant masses Mz can be related to the cross-sections of
the B,-meson bound state production

Mzzhmnda ete™ = bbed),. .
——(\Fﬁ—;@ﬂdefE =Y o(ete” > B.bc) , {(90)
mi be
where my = my+me < Mye < Mg+ Mp+AM = Mipresh(AM ~ 0.5 +1 GeV).
Taking the value of my = 6.1 GeV as the boundary value for invariant masses
and, for example, Mihresh = 8 GeV one gets the estimate of the B.-meson
production cross-section equal to 2.07(4) + 6.9(1) pb. This estimate should
be compared with Be-meson cross-section value calculated on the base of the
formalism discussed in Section 4.

The cross-section of B.-meson and its first excitations (15- and 2S-states),
without taking into account other 10 states, whose contributions, according to
our expectation, are suppressed in comparison with the case of the 15- and
2S-states, is equal to 2.76 = 9.3 pb, which reasonably agrees with the value
following from relation (90) assuming the quark-hadron duality.

The fraction of the events with B.-meson production is Rp, = (0.6 +2.0) -
107% when it is normalized for total bb-pair production or (0.9 +3.0)- 107,
when it is normalized for the total number of Z%bosons. For LEP the total
number of 2 - 107 of Z%bosons is expected. It means that the number of the
events with B,-meson production (inr:luding also the events with B.-meson
production) will be about (1.8 + 6.0) - 10°. Indeed, the real number of the
experimentally reconstructed events will be smaller, because it is also necessary
to take into account the branching values of B,-meson decays into particular
modes. Contrary to J/y- and T-mesons Bc-mesons do not have annihilation
type decays into two and three gluons (or photons) and decay through weak
channels. From the point of view of experimental identification of the B,-meson
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final state the most promising decay is B, — J/Y+ X with the branching value
of ~ 20% and subsequent decay of J/%¢ into two muons with the branching
value of 6%, which leads finally to (20 + 75) reconstructed events with B.(B,)-
meson production. The B,-mesons have large decay length, that can be useful
from for the vertex identification of B.-meson decay. The presence of the vertex
detectors as well as the separation of hard leptons in the jets from &- and ¢
quark decays in the ete~ — Bcbe process can also be useful for the final state
identification specific to B_.-meson production processes. However, it should be
noted that there is large background to this Bc-decay channel, which is due to
the decays of charmless B-mesons into J/¢-mesons. So, the thorcugh analysis
of ttis background is crucial for the identification of B,-meson events,

Let us note that the cross-section of (bc)-pair production with invariant
mass, M., in the range of my < My < Mypresn (see expression (90)) is also
about several pb. It is natural to assume that such pair of be-quarks capturing
a light quark can, with a high probability, fragment into a colorless ob ject, Ag,-
hyperon, which further decays. According to our estimates the amount of such
events for 2-10" Z9%bosons should be about several thousands. The observation
of a new Ay.-hyperon, as well as B.-meson, seems to he an interesting and quite
realizable task of the nearest future. Existing now the L3 data on Br(Z° -5
J/p+X)=4.1-10"3 are completely explained by the B — J/+ X decays [23]
and still not reach in sensitivity the production level due to the fragmentation
of c— ¢y +e.

According to our calculations, the fraction of the events with 7,(¢)-meson
production (including both the 1S- and 25-levels) is Ry 4)=3.7.107* (for
a,(Q? = 4m?2)=0.22) and Ry 9)=1.1-107* (for a,(Q? = M%)=0.12), and the
fraction with 7,(T)-meson production (taking into account all 15-, 25-, and
3S5-levels) is Ry, (1)=0.9-10~ (for a,(Q? = 4m})=0.18) and Ryyry=0.4-10"* (for
as(Q? = M2)=0.12). It means that at the expected integral LEP luminosity
(2107 Z%bosons) the study of such processes will be possible.

In this paper in the frame of the QCD perturbation theory and nonrel-
ativistic heavy quarkonium model we have also performed precise numerical
calculations of the fragmentation functions of heavy quarks produced in ete—
annihilation at the Z%boson pole for the b — Be(B;) +c¢, ¢ — n.(¢) + ¢ and
b — (Y) + b processes.

In the scaling limit, where one can neglect small power corrections of the
M?/s type, the analytical expressions for the fragmentation functions of the
heavy quark into the vector and pseudoscalar quarkonia have been obtained.
These expressions include the symmetric case of the quarkonium with hidden
flavor (QQ). The resulting single-parameter expression show the difference of
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the fragmentation functions into the vector and pseudoscalar quarkonia. We
have established a relation of the explicit formulas for the fragmentation func-
tions with Peterson parameterization, that corresponds to the leading terms
of the perturbation theory, when the fragmentation functjon maximum is de-
termined by the behaviour of the fragmenting quark propagator. It is shown
that the Peterson parameterization, modified for the case of the parameteriza-
tion into heavy quarkonium, with physical parameters determined by the heavy
quark masses is a rough approximation and differs substantially from the exact
fragmentation function.
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B.B.Kucenes u np.
Poxnenue yerripex Taxemnnix KBAPKOB H CBA3aHHRIX COCTOSAHMUIL B npoueccax
ete- 5 QG+ Q' + Q' +Quete - (QQ) + Q' + G » nomoce Z°-6030Ha.

Opurunan-maxer HONIrOTOREH C MOMOILUBIO CHCTEMLT TRX.
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