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Mean multiplicities of hadrons in hadron-hadron collisions and in current-induced reactions are discussed. It
is argued that we have to consider one of three possibilities: (1) A more rapid growth with Ins of multiplicities
in e*e ™ annihilations than in hadronic collisions. (2) Violations of constituent-counting rules for exclusive
cross sections. (3) Substantially different clustering properties of hadrons in e e~ annihilations than in

hadronic collisions.

I. INTRODUCTION

The idea of “universal” hadron multiplicities,
which are asymptotically independent of target and
beam in hadronic and current-induced reactions,
has entered the folklore of particle physics. This
possibility was suggested when Bjorken and Kogut!
formulated a principle of “correspondence” which
played an important role in the development of
theoretical ideas about final states in current-
hadron interactions. This hypothesis suggests
that appropriately normalized quantities in cur-
rent-induced processes should not show any syste-
matic change with @?, Correspondence requires that
average multiplicities in virtual-photon-hadron
interactions depend only on the available cen-
ter-of-mass (c.m.) energy. By extension it
can be hypothesized that hadronic multiplicities
in e*e” annihilations, deep-inelastic leptoproduc-
tion, and hadron-hadron collisions all display the
same asymptotic growth of multiplicity with c.m.
energy. Brodsky and Gunion® have recently argued
that this universality arises naturally in a quark-
gluon bremmstrahlung model, It also appears that
there is some experimental support for univer-
sality.?

However, like most attractive simplifications,
this one needs constant checking from both an ex-
perimental and a theoretical viewpoint. For this
reason, we would like to point out here that there
exist compelling theoretical arguments which
suggest that the coefficient of growth of mean mul-
tiplicity with the logarithm of energy should be
higher by as much as a factor of 2 in e*e” annihila-
tions than in hadronic collisions. These argu-
ments are formulated most simply in terms of
simple multiperipheral-like models for the final
states but can also be seen to be a consequence of
general properties of the generating functionals of
the different processes. At this point we can claim
no compelling experimental support for this pattern
of noncorrespondence, but it seems important to
bring the arguments out in the open so that the in-
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teresting question of hadronic multiplicities can
receive further critical examination. Universality
of multiplicities would seem to require violations
of constituent-counting rules or significantly dif-
ferent clustering properties of the final-state had-
rons in the different reactions.

II. COMPARISON OF AVERAGE MULTIPLICITIES IN
e*e” ANNIHILATIONS AND HADRON-HADRON COLLISIONS

There are several possible approaches to aver-
age multiplicties in production processes ranging
from a Mueller-Regge approximation for single-
particle inclusive spectra to specific models for
the exclusive final states. For the purpose of
comparing e*e” annihilation with hadronic colli-
sions, it is instructive to consider first an exclu-
sive viewpoint. This allows us to focus on both
the similarities and the differences of the two
processes.

Basic assumptions. The first important re-
quirement is to set down the basic assumptions
concerning the final states which are involved in
our argument. These are as follows:

(a) Limited transverse momentum. In both e*e”
annihilations and hadronic collisions the average
momentum of hadrons transverse to some pre-
ferred axis is limited. In e*e” annihilations this
jet axis is distributed on an event-by-event basis
according to an approximate (1+ cos®6) distribution
and represents the direction of an underlying
quark-antiquark pair. In hadronic collisions the
jet axis coincides with the beam axis. For our
purposes here the limitation of transverse momen-
tum means that, at high energies, the phase space
available for the production of hadrons can be
treated as being one-dimensional in both types of
processes. We will leave open the possibility that
the average transverse momentum will be different
in the different reactions. There is, at present,
good experimental support for the jet hypothesis,*®
which we will discuss in more detail later.

(b) Cluster decomposition. We assume that the
final states in both reactions display the amount
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of short-range order necessary to define a gener-
ating functional and obtain the various moments of
the multiplicity distributions through the standard
manipulations.®” This means that asympotically
the mean multiplicity can grow no faster than
logarithmically,

{ny=0(ns), (2.1)

with the c.m. energy.

(¢) Energy dependence. One important difference
between e*e” annihilations and hadronic collisions
involves the energy dependence of the exclusive
and total cross sections. We will assume that the
exclusive cross sections in e*e” annihilation follow
constituent-counting rules.! That is, we assume

o(e*e” =~ MM,s)~C/s3, (2.2)

while the total cross section displays scaling be-
havior

0, (e*e” —~hadrons, s)~R/s. (2.3)

Recent evidence for the validity of the constituent-
counting rules has been discussed by Brodsky and
Gunion.® To compare with the energy behavior of
cross sections in e*e” annihilations, we can iso-
late two contributions to a typical exclusive had-
ronic cross section,

o (hh—hh, s) = op(s)+ 0,(s) . (2.4)

The diffractive component, o,, of the 2-2 elastic
or pseudoelastic cross section can be considered
the shadow of the many-body inelastic channels.
It displays the energy dependence

0p(s) ~ const(mod Ins) . (2.5)

The nondiffractive exclusive cross sections are
assumed to have the energy dependence

0,(s)~ cs®**¥ *(mod Ins) , (2.6)

where a, =3 is the intercept of the leading non-
diffractive Regge singularity. The total cross
section also has a similar decomposition

Ooillih, 8)~ 02 (s)+ 0¥ (s), 2.7)
with

o2 (s)~ const(mod Ins) , (2.8)

ofou(s)~esut, (2.9)

The energy dependence of the exclusive and in-
clusive cross sections in hadronic collisions has
been the subject of considerable theoretical and
phenomenological attention associated with the
precise nature of the leading, Pomeranchuk, sin-
gularity and the way it is “generated” through uni-
tarity.!® Without going into the details of the var-
ious schemes, we acknowledge that the energy de-

pendence indicated by (2.5)-(2.9) may be modified
slightly if, for example, there exists a “bare”
Pomeron with intercept not precisely unity. What
is important for our considerations here is that
the different relative energy dependence displayed
by exclusive and total cross sections in e*e” anni-
hilation (2.2) and (2.3) and hadron-hadron colli-
sions (2.4)-(2.9) suggests that

i) no(e*e” - nh;s)

= n=2
Weve- 0,,+(¢*e” ~hadrons; s) ’ (2.10)
f} no (hh—nhy s)
= n=
) o) (2.11)

need not be intimately related. In fact we will
demonstrate a simple model in which the e*e” mean
multiplicity is higher than that in hadron-hadron
collisions and show that this type of noncorre-
spondence is strongly suggested by the constraints
that (2.2)-(2.9) impose on the different generating
functionals.

The simple one-dimensional model. We assume
the independent production of hadronic clusters in
e*e” annihilation. The cross section for the pro-
duction of n+2 of these clusters in e*e” annihila-
tion will be approximated by

o(e*e” = (n+2)h, Y)=C exp(- 3Y) [_g"‘(_l;—'M

X (Y =nb,.,.) , (2.12)

where Y=1Ins and g2 is an effective coupling con-
stant and b,.,- is a “threshold” parameter. The
fact that all the exclusive cross sections display
the same power behavior is suggested by the de-
rivations of the counting rules, while the logarith-
mic factors in (2.12) are simple estimates of one-
dimensional phase-space integrations. From these
cross sections we form the generating functional

Q" (z,Y)= i zZ"o(e*e”~(n+2)h;Y).  (2.13)

The series can be summed by forming the Laplace
transform

Q" (2, p)= J ) e BYQe" (2, Y) (2.14)

and by noting that the leading behavior of the in-
verse transform is governed by the pole at

3+B-gizexp[- (3+ PB)b,4-]=0.

In order for this to be compatible with scaling for
the total cross section, (2.3), it must have the
solution

BO(Z)|3=+1 =-1.

(2.15)

(2.16)
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The mean cluster multiplicity is then given by

Were- _ 2BoR)| __ 2
Y 9z | 1+2b,4,-
If (m),+.- is the mean number of stable particles in
the decay of the cluster we have the hadronic mul-
tiplicity

(2.17)

Were- _ 204
Y 1+2bg4,

The value 2 in (2.18) is merely the difference in
the energy dependence of the typical exclusive and
the total annihilation cross sections modulo loga-

rithms. If we give up scaling and/or constituent

counting and write

(2.18)

0y,(e*e” ~hadrons) _

a8
=) Cs®, (2.19)
then (2.18) could be written in the form
W~ ARy (2.20)

Y  1+(ApPb,.,-

Analogous arguments can be made for the pro-
duction of particles in hadronic collisions. The
cross sections are subject to the more complicated
restrictions of unitarity and the existence of both
Regge and diffractive components. One general
approach which has had considerable success in
dealing with this type of question goes under the
labels of “dual unitarization scheme” (DUS)!! or
“dual topological expansion” (DTE).!? It is not
appropriate here to develop the entire framework
of DUS and DTE, but it is instructive to consider
the generating functional for particle production
in a simplified form similar to what was done in
e*e” and apply some of the ideas from this ap-
proach.

One important piece of input involves the con-
cept of a planar diagram. As shown in Fig. 1, we
distinguish two types of multiperipheral diagrams,
planar diagrams and those with twists allowed on
exchanged links. Neglecting interference terms we
can write the “planar” cross section,

o(hh = (n+2)h; Y) | nar = Cexp[ (2, - 2)Y]

X [_g,f(YT—'nﬁ)]_" 6(Y - nb,),

(2.21)
in analogy to (2.12), where we have used the non-
diffractive Regge exchange (2.6). Since there are
approximately 2" diagrams containing twists we
can also write

G(hh - (n+ 2)h; Y),twists = Chexp[(zau - Z)Y]

x 28T =m0 gy,
n:

(2.22)

’UUUU’
o

iy

(b)
TWISTS ALLOWED ON EXCHANGED LINKS

FIG. 1. Two types of multiperipheral diagrams dis-
cussed in the text.

When we take the summation over all planar topo-
logies

Qpranar(z, ¥)= 2 2" (hh =~ (n+2)15 ¥) |1 anae »
n=0

(2.23)

we are supposed to generate the nondiffractive
cross section

Qplanar(21 Y) lz=1~ CL exp[(aM - I)Y] ’

while the summation over all diagrams containing
twists

(2.24)

Qrlz, V)= i 2"o(hh = (n+ 2015 V) |yyises  (2.25)

leads to the diffractive component of the total
cross section

Qr(z,Y)|,.,~C,exp[(ap-1)Y], (2.26)

where a,=1 is the intercept of the Pomeron. We
therefore have two equations:

(1-a,)exp[-(1-a,)b,]=g2, (2.27)

(1+ap,-2a,)exp[- (1+a,-2a,)b,]=2g,°.
(2.28)

For small b,, these equations are approximately
consistent with the usual assignment of the singu-
larities @, =1, a, =3. This result, due to Lee
and Veneziano,'® is an important check on the
validity of the DUS and DTE. This means we have
some confidence in the overall validity of the re-
sult
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M - (1+ap-2ay)
Y  1+(1+ap-2a,)b,’

(2.29)

which is to be compared with (2.17). If (m), is the
mean number of stable particles in the decay of the
cluster we can write

My o A+ap=20,Xm), . (m)y
Y 1+(1+ap-2a,)b, 1+b,°

(2.30)

In order for the average multiplicities in e*e” an-
nihilations and kh collisions to have the same high-
energy behavior we would need, comparing (2.18)
and (2.30), either different clustering properties
among the hadrons or different values of b. These
possibilities are discussed later.

At this point it is interesting to note that this
result follows from the general properties (a)-(c)
and is not specific to our simple model. If we
write the generating functionals (2.13) and (2.25)
in the form

Q°* (z,Y)~C, (z)exp[ B¢ (2)Y],
Qrz, Y)~C,(2) exp[ p™(2)Y],

we can see that our assumptions about the energy
behavior imply

B (0)=-3, Be(1)=-1,
B™0)=-1, B™1)=0.

The cluster decomposition properties ensure that
the B(z) are well defined and that

(2.31)

(2.32)

lim &2 2 28()

lim = =2 (2.33)

z=1

The different boundary conditions indicated in
Fig. 2 make it highly unlikely that the slopes of
the curves are the same at z=1. If we artificially

B(z)

FIG. 2. Sketch of possible leading behavior of gener-
ating functional Q(z,Y) ~ exp[B(2)Y] in e*e~ annihilations
and hadronic collisions.

enforce universal multiplicities then we mus¢ have
that higher derivatives of the curves be different
so that (n(n - 1))= £, or f, are not universal. This
means, of course, that the clustering properties
of hadrons are different in the two types of reac-
tions.

II. CORRESPONDENCE AND COMPARISON WITH DATA

Although our discussion in Sec. II dealt only with
mean multiplicities in ¢*e” annihilations and in
hadron-hadron collisions, with a few additional as-
sumptions we can extend the results to other re-
actions. Within the context of the parton model'*
and in a Mueller-Regge approach,'® inclusive had-
ron production in deep-inelastic electroproduction
has been shown to display the structure indicated
schematically in Fig. 3. With form factors given
by constituent-counting rules and with Bjorken
scaling for the deep-inelastic cross section the
height of the current plateau in rapidity space
should be the same as that in e*e” annihilations.
This leads to the approximate expression

2
(1)ykp~ Bgs- In (WQ_ES + B,lnw, (3.1)
T

where B,.,- is, in our scheme, given by (2.18) and
B, by (2.30). In (3.1) @* is the |mass®| of the
spacelike photon and w is the usual scaling vari-
able.

Given the existence of scaling in deep-inelastic
neutrino collisions and assuming the validity of
constituent-counting rules for weak form factors,
expression (3.1) should be asymptotically valid
in these reactions as well.

Existing data do not¢ support the idea that the
growth of multiplicities is higher in e*e” annihila-
tions than in ordinary hadronic collisions, nor do
they support (3.1) with B,,.>B,. Fits to multipli-
cities in several different reactions have been per-
formed by Albini et al.® For e*e” they give the
charged multiplicity

do

dy

_1 do
Oror

CURRENT \

PLATEAU
PARTON HOLE HADRON TARGET
FRAGMENTS FRAGMENTS | PLATEAU | FRAGMENTS

1 0 | X |
T S e —

FIG. 3. Inclusive production in deep-inelastic
scattering.
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(M g )ere-~(1.93£0.12)
+(0.75+0.04) Ins (Vs =2-8 GeV),
(3.2)
which can be compared to the hadronic reactions
(endpp™ (= 3.19£ 0.30)
+(1.84£0.05)Ins (Vs =10-152 GeV)
(3.3)
or
(M gp)p-p~ (= 0.72£0.06)
+(1.45+£0.02)Ins (Vs =3-23 GeV).

(3.4)

The energy ranges over which the data are collec-
ted in the different interactions are, of course,
quite different. It is also significant that the data
on multiplicities in inelastic leptoproduction show
no systematic variation with @* (see Ref. 16), so
that the picture of Fig. 3 and Eq. (3.1) cannot be
considered valid with B,.,.- > B,.

In addition, preliminary data from vN collisions
in the 15-ft bubble chamber at energies where
(@ =20 GeV? suggest that neutrino multiplicities
are consistent with those of ordinary hadronic
processes.!” This fact also argues against a large
variation with @2 of the mean multiplicity.

Multiplicities in deep-inelastic muon experi-
ments at Fermilab and at the CERN SPS (Super
Proton Synchrotron) can provide a sensitive test
for (3.1) as can further data from neutrino colli-
sions. If the arguments presented here are cor-
rect there should be some growth of mean had-
ronic multiplicity with Q®. Although existing ex-
perimental data are consistent with no @* depen-
dence, it is not clear that they have yet ruled out
the kind of variation considered here.

If multiplicities are shown experimentally to be
universal, one possibility which is suggested by
comparison of (2.18) and (2.30) is that the rele-
vant values of b and/or (m) might be different in
e*e” and hadron-hadron collisions. From our
point of view this would be an artificial way of
achieving equal multiplicities, but it must be con-
sidered.

The value of b in our one-dimensional model
represents the mean amount of rapidity space
taken up by a hadronic cluster. This is, of course,
related to the p, distribution, and the fact that*

(Pr)eve- 20.315+0.02 GeV/c (at Vs =1.4 GeV)
(3.5)

is very close to the comparable value in pp colli-

sions® argues against any big effect. It should be
noted that the experimental numbers are not ex-
actly comparable since {p,) in e*e” annihilations
is measured by minimizing the sphericity tensor
event-by-event and should be less than the value of
p r relative to the unknown jet axis. Strictly within
the context of hadronic collisions, the success of
the DUS and DTE argue against b, large since the
Pomeron and meson trajectories would not have
the proper intercepts. If the arguments are con-
sistent the value (3.5) would also rule out a large
D grome

The clustering properties of hadrons represent
a different picture. Naively, there is no reason
to suppose that we should have significantly fewer
hadrons per cluster in an e*e” event than in a
hadronic collision, but it is hard to formulate an
argument which would rule out this possibility.
There may be some suggestion for differences in
clustering from data on neutral vs charged ener-
gies, and it may be possible to settle this question
experimentally. The mean-square charge fluctua-
tions, (?), are sensitive to the number of charged
particles per hadronic cluster. The existence of
jets in e*e” makes it feasible to measure this quan-
tity in this reaction in order to compare with had-
ronic data and see if there is any evidence for dif-
ferent types of clusters.'® At this point all we can
say is that it would seem a bit artificial if the
clusters in e*e” and hadron-hadron collisions dif-
fered in just the right amount to ensure equal mean
multiplicities.

If we are to question any of the assumptions in
(a)-(c) it would seem that the necessity for the
power behavior (2.2) of exclusive e*e” cross sec-
tions is the most open to modification. The ex-
perimental determination of the pion form factor
has shown overall consistency with the 1/s asymp-
totic behavior favored by constituent-counting
laws,'® but this may be a special case which, for
some reason, does not apply to other hadrons. It
is notable that a strict application of Bjorken-Kogut
correspondence, which assumes that the process
v*h -~ hh have Regge behavior

o (y*h — hh)

~ o20 =2
Oyoe(Y*h —all) s (3.6)

independently of @%, would require the form factor
to have the behavior!

F (@)~ (@) *u. (3.7

If we adopt the energy behavior suggested by (3.7) for
typical cross sections instead of (2.1) it canbe seen
from (2.20) and (2.30) that the difference between e*e”
and hadron-hadron multiplicities vanishes. It may
seem tobe asking too much of these type of arguments
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todistinguish between (3.7) and constituent counting,
but it is clear that if we are to understand the sig-
nificance of the apparent universality of mean mul-
tiplicities in different reactions it is important that
we pin down as precisely as possible the energy
behavior of the relevant exclusive cross sections.
If we confine attention to only hadron-hadron col-
lisions, the idea that these are a universal growth
of all mean multiplicities with Y is not completely
well founded. An approximately factorizable Pom-
eron would lead to a universal Y behavior in all
diffractive processes, but Dias de Deus® has
argued that it is possible to isolate the Reggeon
“component” of multiplicitiesby taking the dif-
ference between Ap and Ap topological cross sec-
tions. He claims some experimental support for
the pattern of multiplicities suggested by (2.27)
and (2.28) with

np . 2n)
=2k 2k (3.8)

He also argues from DUS and DTE concepts for
a mean multiplicity in baryon-antibaryon annihila-
tions of the form

(Wpp . 3 W
¥ 23y (3.9)

and claims that this is also consistent with data.
Figure 4 from his paper shows the comparison of
(3.8) and (3.9) with data.

ANMTHILATION

FIG. 4. Figure from Ref. 20. Comparison of mean
multiplicities in o(K *p) —o(K ) and in pp annihilations
with pp multiplicities. The curves are predictions of
DUS or DTE.

IV. HADRON MULTIPLICITIES IN COLOR GAUGE
GLUON BREMMSTRAHLUNG MODELS

Brodsky and Gunion® have proposed a simple,
attractive explanation of hadronic multiplicities in
different processes in terms of the color confine-
ment mechanism in non-Abelian gauge theories.
They point out that each type of fundamental pro-
duction process can be considered as producing a
separation or flow in momentum space of color
quantum numbers. Just as the acceleration of
charge in QED produces a bremmstrahlung spec-
trum of soft photons, the flow of color charge will
produce emission of colored gluons. Although the
details of the mechanism by which the emission
of gluons is subsequently converted into hardons
is not worked out at all, this way of looking at the
problem makes it plausible that the mean multi-
plicity of hadrons should be proportional to the
mean multiplicity of colored gluons. Just as the
multiplicity of photons in QED depends on the
charges of the particles being accelerated, it is
clear that the multiplicity color gauge gluons will
depend on the color charges of the accelerated
constituents. Brodsky and Gunion argue for a
picture of e*e” annihilation, y*p scattering, and
hadron-hadron collisions in which the quantum-
number separation is always 3.3 (quark-anti-
quark) and hence the multiplicity is universal,

<n(s)> Ie*e-, hhy y*h~n3§ (S) . (4'1)

Since our arguments here have shown that univer-
sal multiplicities are not favored on general theo-
retical grounds, it is important to point out that
this does not conflict with the attractive connec-
tion between the confinement mechanism and the
gluon multiplicity hypothesized by Brodsky and
Gunion. This is desirable since it has been hoped
for a long time that the basic notions of dual models
can be made compatible with gauge theories for

the strong interactions. (Veneziano* has taken

o (ete"~HADRONS) « DISC{WOW + WQW}

(a)

o (hh=HADRONS) « msc{é + ﬁl
|
)

(b)

FIG. 5. (a) Parton-model diagram for o, ,(e*e”
—hadrons). (b) Dual model “cylinder” diagram for
Oy (RE).



1312 DENNIS SIVERS 15

> >
3
QUARKS GLUONS HADRONS
(a)
T B
—— &‘i
— hd > ]
e
= 3 =J:_.|i =
QUARKS GLUONS HADRONS
(b)
=3 >
§3x3=§+3->
3 L
QUARKS GLUONS HADRONS

(c)

FIG. 6. (a) Unfolding Fig. 5(a) to examine hadronic
multiplicities in a quark-gluon model. (b) Similar
unfolding of dual “cylinder” with one quark orientation.
(c) Unfolding of dual “cylinder” with opposite quark
orientation.

some preliminary steps toward formulating a
connection.) One basic point where we differ with
the view of Brodsky and Gunion is that, in con-
sidering the topological structure of quark-line
diagrams consistent with the constraints of duality,
it does not seem to be true that hadronic collisions
always involve the separation of 33 color charges
over a rapidity gap Y=Ins.

To illustrate, consider the structure of a dia-
gram for e*e” annihilation in Fig. 5(a). This does
indeed represent the flow of quark quantum num-
bers over a distance in rapidity ¥ ~Ins. In a had-
ron-hadron collision the analogous diagram in the
context of dual models, shown in Fig. 5(b) is the
simple cylinder approximation to the Pomeranchuk
singularity. When we “decompose” the diagrams
as in Fig. 6 we see that in kk there is a component
with separation of 33 quantum numbers by the full
rapidity gap Y=1ns, but in the dual cylinder, in
order to be consistent with the charge-conjugation
properties of the Pomeron, we must also have a
contribution where 33 quantum numbers are sepa-
rated. There is then a region of rapidity space
which contains the diquark quantum numbers;
3®3=6+3 in this second piece.

Viewed another way, the separation of quantum

numbers in hadronic collisions can be partially
screened by hadronic matter with the quark quan-
tum numbers not traveling the entire rapidity gap.
There is therefore no reason to believe that the
entire hadron acts as a coherent radiator of color-
ed gluons in a collision.

It should also be mentioned that in the simple
bremmstrahlung model proposed by Brodsky and
Gunion the multiplicities are hypothesized.to be-
have asymptotically as

m)~Cln’s, (4.2)

and we do not have the cluster decomposition pro-
perties necessary to use generating-functional
techniques and the arguments of Sec. II do not ap-
ply. Although fits to meanmultiplicities at accele-
rator energies canaccommodate an ln®s, there may
be some evidence from cosmic-ray data at very
high energies which rules this out.®* This is com-
forting because there does seem to be some evi-
dence for short-range-order properties in had-
ronic production, and it would be very unfortunate
to have to forego generating-functional methods in
dealing with multiplicity distributions.

V. CONCLUSIONS

Mean hadronic multiplicities can be seen to pro-
vide an important test of theoretical ideas. The
possibility of asymptotically “universal” multi-
plicities, which seems favored by experiment
and many theorists, can be shown to be in con-
flict with some widely accepted concepts. Experi-
mental examination of the final states in electro-
production and e*e” annihilation, including good
measurements of exclusive cross sections, mean
multiplicities, and of charge fluctuations, will
undoubtedly provide valuable new information. It
seems probable that we must either have a growth
of mean multiplicities with increasing @*, signifi-
cantly different clustering properties of hadrons
produced in current-induced reactions from those
in hadron-hadron collisions, or violations of con-
stituent-counting rules for exclusive cross sec-
tions. Any one of these possibilities would be ex-
tremely interesting.
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