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Multiple production of charmonium states will increase the average charge multiplicity in e+e annihilation
considerably, and may simulate multijet events. The process is analyzed by using the multiperipheral production
mechanism. The measurement of inclusively produced charmonium states is urged in order to justify the discovery
of gluons in e+e annihilation.

The average charge multiplicity of the process
of e'e annihilation into hadroris has been mea-
sured over a wide range of center-of-mass ener-
gies. ' The average charge multiplicity in e+e
annihilation is larger than in pp collisions; the
difference seems to increase when the center-of-
mass energy increases above 10 GeV. In this
paper it is pointed out that the multiple produc- .

tion of charmonium states is not suppressed in
e'e annihilation and will contribute to the rapid
increase of the average charge multiplicity at
high energies. The possibility that multijet events
will be simulated by the multiple production of
charmonium states and their successive decays is
discussed a.t the end of this paper.

Various features of the hadron-production pro-
cess in e'e annihilation resemble those in pp
collisions. For example, the average charge
multiplicity and the average transverse momen-
tum of hadrons increase with energy in both reac-
tions; the invariant inclusive spectrum of charged
hadrons, when normalized by the total cross sec-
tion, expands in rapidity space, and its central
plateau rises as the center-of-mass energy in-
creases in both reactions. Therefore the multi-
peripheral production mechanism, ' which is widely
used in analyzing the multiple-hadron-production
phenomena of high-energy hadron-hadron colli-
cions, will be used in this paper for the descrip-
tion of multiple-hadron production in e'e annihi-
lation. One of the properties of the multiperi-
pheral production mechanism that is very rele-
vant to the discussion here is that the average
charge multiplicity grows like

(n,„) = a+ b lns,
where s —=E, . The above formula is derived

from the property of the multiperipheral produc-
tion mechanism that the final-state hadrons are
emitted one by one in rapidity space with approxi-
mately constant rapidity gap, and from the fact
that the available rapidity phase space is expand-
ing in proportion to lns. However, when parti-
cles are emitted as a cluster from the multi-
peripheral chain instead of as individual parti-
cles, additional terms need. to be added to the
right-hand side of Eq. (1). The phenomena of
clustering is observed in high-energy hadron-
hadron collisions; the average charge multipli-
city in pp collisions can be parametrized as'

fp, (s) = (n.h&„-
= 0.88+ 0.44 (ln s) + 0.118 (ln s)'.

The multihadron-production process in e+e an-
nihilation can be classified into two categories,
the standard production process and the multiple
production of cc (or bb) states. The standard
production process in e'e annihilation is repre-
sented schematically in Fig. i, where dotted lines
represent ordinary quarks (u, d, or s) and solid
lines represent heavy quarks (c or b) The ob-.
jects labeled 1, 2, . . . , n in Fig. 1 represent or-
dinary hadrons or clusters of ordinary hadrons,
and the object denoted as A& (A&) represents a
hadron or a cluster of hadrons with nonzero c (c)
or b (b) quantum number. The diagrams of Fig.
1 can be interpreted either as dual unitarity dia-
grams, or as diagrams in which the timelike
photon y* creates the qq quark pair and then the
multiperipheral-type hadronization process fol-
lows. The question of whether they are dual dia-
grams or naive-parton-model diagrams is irrele-
vant to the discussion in this paper. The cross
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FIG. 1. The standard multiperipheral process for pro-
ducing hadrons in e'e annihilation. Dotted lines repre-
sent I, d, or s quarks and the solid lines denoted as $

or $ represent heavy c, 5 quarks or antiquarks. The ob-
jects labeled as 1,2, ..., n are ordinary hadrons or clus-
ters of ordinary hadrons. The object denoted as A& is a
$-flavored hadron or hadron cluster.

section for producing m charged hadrons in the
standard production process is denoted by co(s),
and the average charge multiplicity of the stan-
dard production process is defined as

(3)

The multiperipheral mechanism for producing
ordinary hadrons in the standard production pro-
cess of e'e annihilation is assumed to be very
similar to the multiperipheral mechanism for
producing hadrons in pp collisions. Qf course,
the features in the fragmentation regions of e'e
annihilation should be different from those of pp
collisions; the difference in the fragmentation
regions effects only the values of the constant a in Eq.
(&). Therefore, fo(s) of Eq. (3) can be written as

(4)

where the value of d is determined by comparing
f»(s) of Eq. (2) with the data' of the average
charge multiplicity in e'e annihilation below
the production threshold of two charmonium states.

The multiple production of charmonium states
according to the multiperipheral mechanism is
represented schematically in Fig. 2, where solid
lines represent charmed quarks and 8;, repre-
sents a charmonium state. The emission of or-
dinary hadrons from the multiperipheral chains
in Fig. 2 is suppressed by the Okubo-Zweig-
Iizuka (OZI) selection rule. ' It is worthwhile to
note that the couplings of cc quark pairs to char-
monium states are typical strong-interaction
couplings with the same order of magnitude as
the couplings of qq (q = u, d) quark pairs to or-
dinary vector mesons. Therefore, the multiple
production of charmonium states is not suppressed
in e'e annihilation, though it is suppressed in pp
collisions due to the OZI selection rule. It should

FIG. 2. The multiperipheral process for producing
many charmonium states. B«represents a charmonium
state. The factors exp(gt&) represent four-momentum-
transfer damping of the multiperipheral propagators.

According to the multiperipheral model, f,(s) can
be expressed as

f,(s) = s, ' [2 ln(s/(m;, ) ') j, (6)

where ~, is the average rapidity gap of the multi-
peripheral production of charmonium states, and

(m;, ) is the average mass of the emitted char-
monium states. The factor 2 ln(s/(m;, )'} in Eq.
(6) is the available length of rapidity space. The
clustering effect in the production of charmonium
states is ignored in Eq. (6), though this clustering
effect will be important at very high energies

also be noted that the cross section for producing
multiple charmonium states stiD may be sup-
pressed due to the heavy masses of the charmo-
nium states if the available energy is not very
large. The suppression of the production of heavy
objects at not very large energies is a natural re-
sult of the multiperipheral mechanism, ' because
of the fast damping of the multiperipheral propaga-
tors as the corresponding four-momentum trans-
fer increases. However, the suppression of the
production of heavy-mass objects is only tem-
porary in the multiperipheral model; the pro-
duction cross sections will' reach their full
strength when the energy becomes sufficiently
large. For exa,mple, at the energies not very far
from the threshold the first diagram, of Fig. 2

is suppressed because of the peripheral nature
of the diagram, but the suppression disappears
as the center-of-mass energy increases, far
above the threshold energy for producing two
charmonium states.

The cross section for producing m charmonium
states is denoted by c, (s}; the average multipli-
city of charmonium states is defined as



beyond the presently reachable energy. For such
energies, more terms need to be added in the
right-hand side of Eq. (6). The threshold factor
a,(s) for the production of heavy-mass charmo-
nium states is defined as

&,(s) -=g o, (s)/o, ;(s),

where o„—is the cross section for producing a
ec quark pair.

The ratio of the cross section for producing a
qq quark pair to the total cross section of e'e
annihilation into hadrons is denoted by 5, (s) (q
= u, d, s, c, 5). The average charge multiplicity
of e'e annihilation can be written as

F(s) —= (n,h) = (5„(s)+ 5, (s) + 5, (s) + 6,(s)

+ 5,(s)[1 —n, (s )])f()(s)

+ ~, (&) &,(s)f,(s)(22.h&,
—., (8}

where (n,„)„-is the average charge multiplicity
from the decay of charmonium states. The multi-
ple production of bb states and of ss states are
ignored in Eq. (8), though the mechanism of these
production processes is -very similar to that of
the multiple production of ee states. The multiple
production of bb states is ignored because 5, is
small and because it should not be important in
the currently accessible energy region, E, ~ 40
GeV. The multiple production of ss states is ig-
nored due to the smallness of both 5, and (22,„)„-
compared to 5, and (22,„);,.

The values of F(s) in Eq. (8) are estiniated as
follows. The values of 5, (s)'s (q = u, d, s, c, 5)
are estimated from the naive parton model; they
are e„+ e, + n, = 0.6, S, = 0, and a, = 0.4 for E,
below the bb threshold, and 6„+5„+5, + 5~ = »
and 5, = » for E, above the bb threshold. The
values (m;, ) = 3.4 GeV and n,,= 1 are used in the
estimate; (I,„);, is about 3.8.' The threshold
factor o.,(s) of Eq. (7) is estimated by comparing
with the computed increase of the cross section
of the first diagram of Fig. 2, where an exponen-
tial damping function of four-momentum transfer,
exp(Pt), is used for computation. The result sug-
gests that cx,(s) may be parametrized as

cx (s) = % (
2 t8o —8s22t1)

where

t, = (m,—,)2+ m, 2 ——,
' s+ —,'[(s —4(m, —,)2)(s —4m, 2)] '~2

with + and —signs for t, and t„respectively,
andm, is the mass of charmed quarks that is
taken to be about 1.6 GeV. The factor ~, deter-
mines the fraction of o;, that is due to the multiple
production of charmonium states when s-~; the

value of P controls the speed of increase of a, (s}.
The values of F(s) for no = 0.5 and 2P = 5.0 are
plotted as the solid line in Fig. 3 along with
various data, ' and the result for n~= 0 is plotted
as the broken line in Fig. 3. The variation due
to the value of 2P is not very large; for the case
n, = 0.5, if 2p is varied from 1 to 10, F(s} changes
+ 1.0 from the solid curve of Fig. 3 at E, = 30
GeV, and changes (+ 1.0, —.0.2) at E,„=13 GeV.
The uncertainties due to the variation of (m;, ), .

m„and ~ in the reasonable ranges are small.
It should be obvious from the above discussion

and the estimate presented in Fig. 3 that the mul-
tiple production of charmonium states can contri-
bute significantly to the average charge multipli-
city of e'e annihilation at high energies. The
second diagram of Fig. 2 will simulate three-jet
events when the three produced charmonium states
decay into many hadrons. The abundance of this
kind of simulated three-jet or multijet events
depends on the size of the inclusive production
cross section of charmonium states. Its abun-
dance depends also on the probability of emitting
charmonium states at large angles measured
with respect to the direction of the cc quark pair;
in other words the abundance of simulated multi-
jet events depends also on the average transverse
momentum of the emitted charmonium states.
From the production of J/g particles in high-
energy pN collisions, the average transverse
momentum of produced Z/( particles is known
to be about 1 GeV/c, ' which is considerably
larger than the average transverse momentum of
inclusively produced pions. Therefore, it is im-
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FIG. 3. The average charge multiplicity computed
from Eq. (8) is represented as the solid curve (&p 0.5,
2P =5.0) and the broken curve (&()=0). The data are
from Hefs. 1. The error bars include both the statistical
and the systematic errors; if the systematic errors are
not given in the references, 10% systematic errors are
assigned for each data point.
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portant to measure the inclusive spectra of mul-
tiply produced charmonium states in e+ e annihila-
tion in order to verify the claim' that the observa-
tion of multijet events implies the emission. of
hard gluons. The combination of multijet events
simulated from the decays of the multiply pro-
duced charmonium states (as discussed in this
paper) and from the decay of a heavy c-flavored
and 5 -flavored particle emitted in the fragmenta-

tion region' may account for the majority of the
observed multijet events in e+e annihilation. If
so, the explanation from the hard-gluon radiation
becomes unnecessary.
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