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Inclusive J/P's in e+e annihilations
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Within the framework of perturbative quantum chromodynamics we calculate the cross sec-
tion as well as energy and angular distributions for inclusive J/P production in e+e annihila-

tions. The correct color-singlet assignment of the J/IIJ is taken into account. Our results are

compared with the predictions of the "color-evaporation model. "

I. INTRODUCTION

Inclusive J/P production has been investigated
both theoretically and experimentally for a large
number of hadron- and current-induced reactions.
Since heavy charmed quarks are involved in these
processes, it is generally believed that perturbative
quantum chromodynamics (QCD) can be used to cal-
culate the correct order of magnitude of the cross
sections and the proper angular and energy distribu-
tions. The models which have been proposed so far
fall into two different classes:

(a) In the "color-evaporation model"' one calcu-
lates the production of a pair of charmed quarks with
an invariant mass between 2m, and 2mD and assumes

1 1
roughly —,——, of these pairs convert into a J/p.
The color content of the quark pair is ignored since
radiating off an arbitrary number of soft gluons
should ensure that the (cc) pair is in a color-singlet
state. No definite prediction is possible for the rela-
tive abundance of the various charmonium states.

(b) Another approach is to calculate the full char-
monium color-singlet formation in the framework
of perturbative QCD, as has been done for gg

(cc)„~~„by Carlson and Suaya. ' This latter ap-
proach gives some predictions for the relative abun-
dances of the different states.

Inclusive J/P production in e+e annihilations is a
particularly well suited reaction to distinguish
between these two mechanisms. The predictions of
the color-evaporation model [Fig. 1(a)] have been in-

vestigated by Fritzsch and Kuhn. ' Using a conver-
sion factor of s for (cc) J/P, one obtains in this

model

o (e+e J/y+X)
o(e+e p, +p, )

for the energy region below 10 GeV and 8 &
de-

creases rapidly like 1/s. Production rates of this or-
der of magnitude seem to be accessible experimental-
ly at DORIS4 and eventually also at CESR. Apart
from its own interest inclusive J/P production is also
an important background to the indirect production

from weak decays of 8 mesons which are expected to
yield inclusive J/P particles with a branching ratio of
10 ' —10 3 (Ref. 5).

Thus we expect that experimental results on this
subject will be available in the near future and we
want to compare the predictions of the evaporation
model with a calculation in which the (cc) pair is
produced as a 'S~ color-singlet state together with two
gluons [Fig. 1(b)]. We find a cross section that is
smaller than before. JI& is roughly (0.3—0.5) x 10 3

in the energy region of interest but varies only
moderately with energy. In addition, the characteris-
tics of the final states differ drastically in the two
models: Due to its two-body final state (cc) +g the

FIG. 1, Diagrams that contribute to inclusive J/p produc-
tion for the evaporation model {a) and the model where the
correct color assignment of J/P is ensured {b).
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evaporation model leads to a rather hard spectrum'
dN/dE& ~ S(E& s ——m&~/2 Js ) and one expects this
feature to be true, at least qualitatively, also after the
color-evaporation process. The angular distribution
of the (cc) system is dW ~ (I +cos~8) d cos8. In
contrast our present model predicts a rather soft en-
ergy distribution of the J/P and an angular distribu-
tion which is nearly-flat.

II. EVALUATION GP THE RATE

To calculate the quarkonium production it is useful
to apply the bound-state formalism of Ref. 6. It al-

lows a straightforward evaluation of the covariant
amplitude which describes the effective coupling of
the virtual photon to a J/P and two gluons. The am-
plitude is given by

A~ ~=—1 1

J4 %my

Rp Tr[oo(g —ma) jF]

where Ro denotes the radial wave function of the
bound state at the origin and P, m&, and E denote its
momentum, mass, and polarization. ao is obtained
from the relevant amplitude for the production of the
free-quark pair at threshold

[(—g, +g, +g) + m, ]
—(E i

—E) Kg
J

[(—g)+gg —g) +mq]
—(Kg —K) E,

+ five permutations of K]„K2,—K and ~), 62, & (2)

Here K~,K2,K and ~~, ~2, ~ stand for the momenta and polarization vectors of the two gluons and the virtual pho-
ton. Coupling constants and color matrices have been suppressed and contribute a factor

2

to the rate. The differential cross section is then given by

u, I'(J/P p+p, )m~3 l~l~
da =o + 3 z ds~qds~3dadpdcosy» Se s

(3)

where s~q and s~3 denote the invariant masses of the two different J/p-gluon systems and a, p, y are three Euler
angles. The squared and spin-averaged matrix element lMl' was obtained with the help of the algebraic-
manipulation program scHOONSHIp and has the following form:

)gF1 F2 F3 l~l'=2[(Fr+Fr-F3) +(F1+F3 F&) F2 +(F2+F3 Fl) Fl ]

—2s [3 [(F~+Fq F3)F3'+ (F& +—F3 —Fq) Fz'+ (Fq+ F3 —F~)F~'] —4F~FqF3)

+(F) +Fg —F3 ) +4s (F)+Fp —F3) +4F)Fg[s(F)+Fp) —FgFp]

s —m
+4

~ F&F&[s(F&+Fp—F3)+4F&Fz]+4 (F& —Fz)F3(K+ L )(K ~ L )
m& s

+ (F)+Fp —F3)(3F)+3Fp—F3) —2

2'

z [(F~—Fq)~m~~+2sF~Fq] (K+ L )~
sm&

+ (F) —Fg) —F3(4F)+4Fg —F3) +2 F3 +4
q F)Fg (K L )

s m&

where we used the following notations:

F)=K) K2-K) K , F2 K) K2-K2 K s F3=-K) K -K2 K

K+=K)+K2, K =K) —K2, L =L) —L2
(5)
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dN/d cos8& ~ 1 +A &cocos'8
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III. SUMMARY

Inclusive J/Q production in e+e annihilations will

be experimentally accessible down to a level of
R& =10 ~—10 '. Two competing models give predic-
tions for R & ranging between 0.4 x 10 and 2 x 10
in the energy region of interest. If inclusive Jlg's
were to be observed in e+e collisions with a rate R &

of more than 10 ' at an energy around 5 GeV, then
one would have to conclude either that the two-

gluon-emission model does not apply or alternatively
that the scale of e, is determined by the soft gluons.
The two models which we discussed differ also in
their predictions for the energy and the angular distri-
butions, and thus experiment might be able to decide
between the two choices in the near future. Let us
finally mention that the rates decrease in both models
quite rapidly for large s. Thus for Ws above 20 GeV
another process will dominate, the fragmentation of a
quark into /+X, a reaction which has been discussed
already in the literature. ~
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