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We consider what can be learned about the nature of electroproduction from a measurement
of the charge transferred across a surface in momentum space in the hadronic final state. The
mean charge transfer as a function of rapidity, (u{y)), can be used to test quark-parton
assumptions. The mean square charge transfer, (u {y)), can be measured and compared with
an inclusive single-particle distribution in order to explore the possibility of new types of
clustering effects in the current fragmentation region.

I. INTRODUCTION

The success of the quark-parton model in de-
scribing deep-inelastic electroproduction' must now

be weighed against the inability of simple versions
of the model to adequately describe new data on
e'e annihilation. ' The question of whether we
need to accept partons as a necessary feature of
models for deep-inelastic processes deserves
further careful study. One approach to this ques-
tion involves making a detailed phenomenological
study of the hadronic final states of electropro-
duction and comparing with parton-model pre-
dictions. Knowledge of the final state allows us to
test parton-model assumptions and come to grips
with fundamental dynamical questions.

There already exists a substantial body of litera-
ture" dealing with the inclusive process
y *(-q') &- h, + (anything}; this work represents
an important first step in the study of electro-
production processes in that it shows that the data
at this level are roughly consistent with quark-
parton ideas. Our intention here is to take another
step and develop a class of simple one-dimensional
models for the exclusive process y~(-q'}N- h, k„. These models are patterned after
multiperipheral' or multiperipheral-cluster' mod-
els for hadronic production processes. %'e demon-
strate a simple way of handling quantum numbers
which enables us to reproduce some of the stan-
dard quark-parton-model results for multiplicities
and inclusive-particle ratios.

As an example of the type of calculations pos-
sible with a model for the exclusive electro-
production processes, we discuss predictions of
the mean-square charge transfer across a given
rapidity, (u'(y)). This measurement has been
shown, in hadronic collisions, to provide a sen-
sitive test of the clustering properties of the final-
state hadrons. " In particular, it can resolve

the alternatives of short-range order and of dif-
fractive fragmentation. Similarly, we argued in
a previous paper~ that measurement of (tP(y}) is
capable of deciding between an underlying parton
approach to e'e annihilation and a generalized
vector dominance or "statistical fireball" mech-
anism. Mueller-Hegge analysis suggests that in
the different kinematic regions in deep-inelastic
electroproduction, dynamic properties appro-
priate to purely hadronic systems as well as those
peculiar to current processes will be present and
can be sampled. ' Any deviation from the empir-
ical result'

( u'(y ) ) —= 0.8 der(',") /dy

valid in hadronic production can be interpreted as
evidence for a qualitatively new clustering mech-
anism in deep-inelastic phenomena.

The plan of this paper is as follows: In Sec. II
we assemble, for convenience, the kinematic
formulas relevant for the discussion of the deep-
inelastic electroproduction of a specific exclusive
channel. We then present the kinematic simpli-
fications due to the assumption of limited trans-
verse momenta of the produced hadrons and intro-
duce the definitions of the charge-transfer mea-
su rabies.

In Sec. III we introduce the one-dimensional
multiperipheral quark-line model which provides
our basic calculational tool and demonstrate its
connection to the conventional quark-parton mod-
els by calculating charged-particle ratios, charge
transfer, and charge density.

In Sec. IV we discuss (u'(y}) from both a simple
multiperipheral viewpoint and a cluster-multi-
peripheral viewpoint; we also touch upon the use
of this quantity in assessing the validity of a cor-
respondence principle conjectured by Bjorken
and Kogut. ' Section V summarizes and presents
our conclusions.
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II. DEFINITIONS AND CONVENTIONS

(2.1)

with virtual-photon flux factor

n(v+ q'/2m)E' 2
4m' q'E 1-e (2.2)

and photon polarization and spin three-vector

In this section we briefly review the kinematics
for the deep-inelastic electroproduction of had-
rons. We intend to establish the terminology
appropriate for the definition and measurement
of charge transfer moments and will not deal here
with model calculations.

The exclusive process eN- eh, ~ h„and vari-
ables relevant to its description in the one-photon
approximation are depicted in Fig. 1. The dif-
ferential cross section averaged over initial spins
and summed over final spins is given by"

q e(1+e)
v i 2

q ~e(1-e) "'"
V I 2

d'"o""(v, q';p, .p„)
dr„d'p, /Z, d'p„ /Z„

(2.6)

In what follows we will assume that hadrons are
produced with limited momenta transverse to the
direction of the virtual photon. " In the lab frame
with longitudinal axis along this direction we
therefore integrate over the transverse momenta
of produced hadrons. The azimuthal integration
wipes out interference between transversely and
longitudinally polarized photons, leaving us with

(2.4}

The virtual-photon-nucleon cross section for the
process y~(-q')N-h, ~ h„ is

4EE'+ q'
2E2+ 2E

(2.3)

d&a dg „der
d0 dE' dy, ' ' dy„dy, dy„dy& ' dy.

(2.6}s'=&[-.'(1+ e)]'", ~f [-'(1-e))'",(q/v}e'"7

In the laboratory frame the polarization density
matrix of the virtual photon is given, using gauge
invariance, by

Where y, = sinh '(p~, /mr, } is the laboratory rapid-
ity of hadron h, and mr, =(m, '+ (Pr, )')' ' is its
average transverse mass.

It will often be convenient to make use of the
empirical result"

e orp. e orp

photon
rnentum = q

cr',., (v, q') ~ 0.2o,r, (v, q')

and refer to model calculations of the cross sec-
tions for a transversely polarized photon. In
each case, however, our arguments can be re-
peated for longitudinally polarized photons and
the two results combined using (2.6) to produce
the complete result for the final state in electro-
produetion. We shall usually drop the label T for
convenience.

Based on the dynamical assumptions of the par-
ton model' or on a Mueller-Regge analysis" of
the inclusive process y~(q)N- h, X the phase space
available to each particle is customarily divided
into five distinct regions, as depicted sche-
matically in Fig. 2:

(1) nucleon fragmentation region (NFR},

K =v+q /2M

s = W = 2M'+ M2 +q2

u= —2M@/q

FIG. 1. Kinematics of an exc1usive electroproduction
channe1 in the one-photon limit.

y&~(y . , y + $,), $, finite;

(2) hadronic plateau (HP),

y, ~- (y + g„ in&@+ (,), $„(, finite;

(3) hole fragmentation region (HFR),

y, E (in&@ + )„in&a + 4), $„$, finite;
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HP

CFRI

HFR CP

in (-q~/(m', ))

where Q„ is the charge of the target nucleon. The
average charge transfer in the n-particle final
state is given by

G 0'

(ural). =~. f&v, "dv.
d z (v),

(2.O)

FlG. 2. Kinematic regions in rapidity space for the
final-state hadrons deduced from Mueller-Regge analysis
or from parton-model assumptions. From left to right,
slower to fast in the lab frame: nucleon fragmentation
region {NFR), hadron plateau {HP), hole fragmentation
region {HFR), current plateau {CP), parton fragmenta-
tion region {PFR). The last three regions are sometimes
lumped together as the current fragmentation region
{CFR).

a(y)=Q»-Q Qg = P 0(, (2 8)

(4) current plateau (CP),

y, c(ln(d + $„y „-g,), $„$, finite;

(5) parton fragmentation region (PFR),

y, ~(y -(4, y ), $4 finite;

here y . —= ln(mr/m„} and y = 1n(s/mr' )
+ 1n(mr/m»). The labels on the regions reflect the
dynamical suggestion of the parton picture, but

they may be taken as conventional. ' The last
three regions in the above are collectively re-
ferred to as the current fragmentation region
(CFR). The hadronic regions have length in rapid-
ity space Y~

=—in+, and the CFR has a length

Y, = in[-q'/(mr' )], with Y=y -y = Y„+ Y, .
The specific implication of the parton model is
that the dynamics of these regions can be quite
distinct. Since partons represent the fundamental
charged constituents of hadrons it is our sug-
gestion here that such discontinuities in the dy-
namics should be reflected in the structure of
charge-transfer measurements as we vary the
rapidity, y, across the different kinematical re-
gions in Fig. 2. %'e surmise that this might be
true even for cases with q' and ~ too small for
the plateau regions to develop. There is already'y

some hint from measurements of charge ratios
in the parton fragmentation region that the charge-
transfer properties of the final state in electro-
production may be different from those found in

purely hadronic interactions. '"
Now let us consider briefly the definitions of

the various moments of charge transfer. For a
given n-particle final state we label the particles
so that the rapidities are ordered, y, & y, „.The
charge transfer across rapidity y in an event is
defined as

where u(y) in the integrand is understood to be an
implicit function of the rapidities, y„of the final-
state particles. We will also consider the in-
clusive charge transfer

(u(y)& =o... ' Q(u(y))„o„. (2.10)

This is related to single-particle inclusive den-
sities as follows: By weighting the inclusive
density for the process y~(-q')X-h, (y)X by the
charge of hadron c we can form the incLusive
charge density:

=PQ. (d ) h, e';v(.
C

(2.11)

Using charge conservation, (2.10) and (2.11) can
be related:

(a(y)&=@»- d(Q&d,
dy

miff

(2.12)

&a'(y) &. =o. ' dy, dy.
d .. d

[a(y)]',
dye' dyn

&a'(y)&=a... 'Qo. &a'(y)&. . (2.14)

These simple measurements are sensitive to the
clustering properties of the final-state hadrons.
In hadronic collisions they can be used to dis-
tinguish between multiperipheral and fragmenta-

Although we will deal here with charge transfer,
we could obviously study the transfer of any other
additive quantum number (such as strangeness or
baryon number} by making the appropriate changes
in (2.8}-(2.12). The use of rapidity in these def-
initions is only a convention. W'e could equally
well define the charge transfer across a given
value of PL or across a given value of Feynman's
scaling parameter, s =pL, /p~, „. Because of the
limited transverse momenta, the ordering is un-
altered in the high-energy limit, y, & y. ..- z, & z, „, and it is simple to change from one
set of variables to the other. For convenience of
notation, however, we will stick with rapidities.

Also of crucial importance in our discussion
will be the second moments of the charge trans-
fer, (u'(y)&„and (u'(y)&,
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tion models. ' In e'e annihilations these mea-
surements have been shown capable of resolving
the difference between an underlying parton
structure and a statistical or fireball approach to
the dynamics of the annihilation process. '

%'e believe that the charge-transfer measure-
ments (2.9), (2.10), (2.13), and (2.14) will serve
a useful role in understanding electroproduction,
and we now turn to some model calculations to
illustrate their potential.

III. CHARGE TRANSFER AND AN EXCLUSIVE
QUARK - PARTON MODEL

I

NFR ~j HP ~jHFR
l

(".P
I

PFR

v„-sn ~ == ~, =f n (-q'/(m', ) )Q

valence
quark

sea
antiquark

The parton model is usually formulated to
describe inclusive processes. ' For example, the
approximate shape of the inclusive differential
cross section for y~( q')N -h(y)-X illustrated in
Fig. 2 is simple to obtain from parton-model
assumptions. ' For our purposes, however, it is
convenient to have a model for the various pos-
sible exclusive processes which embodies quark-
parton ideas. To accomplish this we can interpret
the diagram in Fig. 2 as giving the density of an
analog one-dimensional classical gas. Vfe then
utilize the identification of multiperipheral mod-
els in the strong-ordered limit with a one-dimen-
sional nearest-neighbor gas" to suggest the
existence of a multiperipheral description of the
2- n amplitude.

The quark-parton substructure of our model, for
exclusive processes, will be inserted by con-
structing the framework of our multiperipheral
diagrams from quark lines as shown in Fig. 3.
One quark line in this diagram is selected to play
a special role as it couples to the photon. In order
to absorb the large spacelike momentum of the
photon, this line approximately "spans" the photon
fragmentation region, winding up in the leading
hadron. Other quark lines are constrained only to
the extent that they must terminate in the target
or in final-state hadrons. To remind us further
of the possibility for distinct dynamics in the
hadronic regions (NFR and HP) and the current
regions (HFR, CP, and PFR), the diagrams in
Fig. 3 are drawn with straight lines in the had-
ronie sector and curved lines in the current sec-
tor. This distinction may not, of course, be
necessary. One of the possibilities that we would
like to consider is based on the suggestion by
Bjorken and Kogut'0 of corresPondence, that is,
that the basic features of the normalized cross
sections do not depend significantly on (-q') at
fixed s. We will examine this concept more care-
fully later.

The diagrams in Fig. 3 bear strong resemblance
to Harari-Rosner duality diagrams. '7 Vfe do not,

seo
q ark

FIG. 3. Quark line diagrams indicating schematically
the production of hadrons in the various kinematic
regions. Diagram (a) shows the photon coupling to a
valence quark, one of the three quarks in the target
nucleon. In diagram (b) the quark line coupled to the
photon terminates in one of the hadrons in the multi-
peripheral chain. In parton-model language it is a "sea
antiquark. " Diagram (c) inustrates the coupling of the
photon to a "sea quark. " Not shown, but possible, are
diagrams with nonexotic baryon exchange along the
multiperipheral chain.

however, want necessarily to adopt the trappings
of dual models here; the connection has been
studied elsewhere in the Mueller-Regge frame-
work. '" In particular we do not adopt the crite-
ria of exchange-degeneracy patterns implied by
resonance saturation of various discontinuities,
and in contrast with dva1, modelists we do not
attach any special significance to planar dia-
grams. We are not interested in early scaling
criteria obtained from interpreting separately
diagrams with twists among quark lines. Our
goals are more modest; the quark lines in our
figure merely illustrate possible quantum-number
flow in a nearest-neighbor multiperipheral model.

Some remarks are in order concerning certain
general features of the physical process that we
do want Fig. 3 to reflect. The multiperipheral-
type graphs consist of valence-parton lines (those
originating or terminating in the target nucleon)
and sea-parton lines (all others). For example,
Figs. 3(a), 3(b), and 3(c) show a virtual photon
striking a valence quark, a sea antiquark, and a
sea quark, respectively. The diagram in the
current-fragmentation region (CFR) cannot be
identified with a multiperipheral chain in the tra-
ditional sense, even though it has the multi-
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peripheral ordering, since momentum transfers
are not necessarily small. The struck parton
ends up in the leading meson, and in the usual
parton language the phase space between y = Y„and
y =y is filled by parton-antiparton pairs which
condense to hadrons. The hadronic leading-par-
ticle effect is implemented by assuming that the
remnant of the nucleon usually becomes the trail-
ing particle. For simplicity the diagrams are
drawn as if all secondary particles are mesons or
meson resonances. It is a simple modification to
draw diagrams with baryon-antibaryon pairs
produced in the final state and to include baryon
exchange so that the leftmost particle is not nec-
essarily a baryon.

Finally, some statement about the relationship
between the strong-ordering assumption and inter-
ference effects is called for. For the annihilation
process considered in Ref. 8, the strong-ordering
assumption that the rapidity ordering of the final-
state particles duplicates the ordering in the
diagrams implies that there is at most one dia-
gram that could be associated with any specified
final state, hence the absence of interference.
Therefore, the diagrams could be used directly
to calculate probabilities rather than just ampli-
tudes. For electroproduction it is not true that
any specific final state has at most one diagram
associated with it; both diagrams in Fig. 4 result
in the same final state, for example. Unfor-
tunately, dealing with probabilities is the limit
of our model's sophistication, and we shall assume
for the remainder of this paper that such inter-

ferences, when they occur, are negligible. We
maintain the crucial strong-ordering assumption,
as suggested by the appearance of our multi-
peripheral-like quark-line diagrams.

We now discuss a few explicit predictions of this
model with an aim of showing the consistency of
our model with many others, and of fixing some
relevant parameters by comparing with data. We
first consider two things which can be calculated
without reference to exclusive final states, name-
ly, charge ratios (e.g., w'(w ) for the leading
(PFR) particles and inclusive charge density
d(Q) jdy and transfer (u(y)); these can be de-
termined as well in a Mueller-Regge picture.
Then we shall treat the higher moment (u'(y)) and

(u'(y))„, all of which require knowledge of the
exclusive final states.

m' = (ud), p = (uud),

v =(dtt), n=(udd),
(3 l)

and we assume, as mentioned previously, that the
strong-ordering limit allows us to neglect inter-
ference effects and deal with probabilities. In the
diagram of Fig. 3 we will label the quark (or anti-
quark) which couples to the photon as a (or a).
The coupling is proportional to Q, '. The photon
strikes a quark in HFR near y = Y„and that quark
winds up in the rightmost particle in the diagram.
The ratio of the probability that this rightmost
particle is n' to the probability that it is a m is
then

A. Particle ratios at y

As a simple example of the use of a diagram
such as Fig. 3, let us consider a calculation of
the ratio of m' to n production near y=y off of
proton and neutron targets. '" We make the usual
identification of the quark content of the particles,
e.g. ,

FIG. 4. Both of these diagrams can have the same
ordering of particles in the final state. Given a specific
model for vertex functions, propagators, etc. , these
diagrams could give different amplitudes, and we would

have to consider their interference in order to calculate
cross sections. In what follows we will always assume
that a diagram can be associated with a probability —that
is, each of our diagrams will represent a class of dia-
grams having the same ordering of final-state particles
and we assume we have summed all such amplitudes
and squared to produce the probability.

where p, (l'„) is the probability (not probability
density) that a parton line of type a is present at
rapidity y = l'„(the location of HFR in our diagram)
and we have assumed isospin and charge invar-
iance of the current plateau (CP) in the sense that
the other quark in the leading pion is taken from
a sea having equal numbers of u, d, u, and d
quarks. The assumption that the quark coupled to
the photon ends up in the rightmost pion corre-
sponds to a constraint on the usual "parton frag-
mentation functions" at or near y = y,„. This
assumption is reasonable in view of our picture
of the current fragmentation being filled up by
vacuum polarization of quark-antiquark pairs. If
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the rightmost hadron in Fig. 3 is not a pion but an
unstable resonance which decays statistically,
then (3.2} requires some trivial modification. We
do not want to deal further with clustering at this
point since a discussion can be found in Sec. IV.

The probabilities p, (Y„)are, strictly speaking,
functions of the number and type of final-state
particles with y, & Y„. %hen this number, n„, is
small, there is a large probability that the quark
in question is a valence one coming from the tar-
get proton, and when it is large the memory of
the quark content of the target particle vanishes.
%'e note in passing that we can recover lost in-
formation if we have a complete description of the
particles with y, & Y„. Even a partial reconstruc-
tion is useful; for example, y*P- d,+'L, ~ h„
should have R (v'/v ) I „„&1.

After averaging over n„with Y = inca fixed the
model is constructed to reproduce the decompo-
sition of the probabilities into "valence" and "sea"
components similar to the decomposition of the
probability densities in the usual parton model.
For a proton target we write

p„(Y„)=2v„(Y„')+s(Y„},

pg (Y ) = v, (Y ) + s(Y. ),

p.-(Y») = pr(Y») = s(Y»»

p, (YI, ) =p;(YI, ) =s'(YI, ),

(3 3)

for proton and neutron targets, respectively. It
is noteworthy that for large cu, where v„(Y„)and

v& (Y„' ) presumably become negligible, R- 1 for
both proton and neutron targets. For smaller co

the exact behaviors of v„(Y») and v, (Y„) are im-
portant. %'e now consider how these densities
can be determined independently from other mea-
surements.

where v, (Y„), say, is the probability that a d-type
valence quark of the proton will pass through

y = Y„, s(Y„) is the probability that a nonstrange
quark (or antiquark) from the sea will be present,
and s' (1'„) is the probability for a strange quark or
antiquark from the sea. Note that isospin and

charge conjugation invariance of the sea is as-
sumed in (3.3), and the possibility of SU(3) break-
ing is allowed for by s(Y„)os'(Y„). To obtain the
equivalent to (3.3) for a neutron target, one uses
isospin invariance and simply interchanges the
subscripts u and d. We then find from (3.2) and

(3.3) that

»(,/ ) I

Bv„(Y»)+ 5 s(1'„)
x=xmxx v» (Y»)+ 5s(Y»)

(3.4)

R. ( +/ )I
4v~(Y»)+5s(Y»)

=
"mxx 2v (Y» ) + 5 s(Y»)

B. Inclusive charge density and charge transfer

Consider the shape of the charge transfer (u(y))
in the various kinematic regions. Based on quite
general Mueller-Regge arguments or on direct
examination of diagrams such as Fig. 3, the
charge-transf er properties of electroproduction
for y& Y„should be approximately the same as
those in purely hadronic collisions. '" Since the
inclusive charge density d(Q&/dy has been mea-
sured in pp and wp collisions we know what the
situation is off of proton targets. Figure 5(a)
from Ref. 19 shows d(Q&/dy determined from data
on proton-proton collisions at the CERN ISR.
Using Eq. (2.12) this can be integrated, as in Fig.
5(b), to give (u(y)) in these collisions. From the
parton-model assumptions given above, the charge
transfer in electroproduction is directly given by
the probabilities p, (y),

(u(y)&'*'l„&r 3[p„(y)-p-. (y)1 s[pg(y) pg(y}1

-» [ p. (y)-p-, (y)1. (3.5)

This can be expressed, using (3.3), as

(u(y))"* I„&r»=~»v„(y)- ~»v, (y)—= v(y), (3.6)

where the approximate equality on the right-hand
side has followed from assuming v„(y) = v~ (y)
—=v(y), which looks like the corresponding Kuti-
Weisskopf" parameterization for densities. This
assumption is probably reasonable for y not too
small. Thus to the extent that the charge transfer
in hadronic collisions (for y» Y ) given in Fig.
5(b) is equivalent to ( u(y)) (for y& Y„) in electro-
production (providing that the two experiments
satisfy —,

' Y' = Y„), the probability v(y) is shown

directly in Fig. 5(b). Figure 6 illustrates a pre-
diction for the charge density and charge transfer
for electroproduction off of a proton target. For
neutron targets, interchanging u and d subscripts
in (3.3) gives a striking modification of (3.6),

( u(y) &' "
I „& r»

= » v» (y)--' v„ (y) =—O, (3 6' )

as illustrated in Fig. 7, with the associated ha-
dronic collision prediction that charge transfer in
nn should be approximately zero on the neutron
side of the final-state rapidity plot. Any violation
of this can be attributed to the breaking of the
assumption that v~ (y) =—v„(y).

At the point y= Y~, the photon couples to a parton
or antiparton. Because the "sea" is assumed
composed of equal numbers of partons and anti-
partons and is therefore electrically neutral,
charge is transferred on the average beyond this
point in the diagram (y& 1'„) only if the photon
couples to a valence quark. Therefore, if
Y„(= in&a) is large enough so that v(Y„)= 0 in Fig.
5(b) we expect a v'/v charge ratio of unity, as
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noted below (3.4). From Fi . 5 b
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For electroproduction off of neutron targets, the
distribution v(1~) is assumed to coincide with
Fig. 5(b) but the NFR is neutral because of cancel-
lations between the one valence u quark and two
valence d quarks. In the CP we have, using (3.7)
and the quark composition of a neutron,

(u(y))~" I, , cp
= —,', v„(Y~)-—,', v~(Y~)

=- =' v(Ya» (3.7' )

so that when the photon transfers charge out of
the hole fragmentation region, charge conserva-
tion implies it should leave a negative charge
density in HFR. The situation is shown in Fig. V.

In order to define just how big the HFR is, we note
that it is possible to measure d(Q)/dy in y~-
neutron final states and examine the region where
the average density of charge is negative. In our
picture this region should not extend all the way
to y if ~ is large enough. That is, it should be
possible to partially separate the NFR and the
HFR even at low co.

Notice from the form of (3.7) and (3.7') that the
total charge transferred into the parton frag-
mentation region should depend only on v(Y~), the
valence component, and not on the sea component
s(Y„) and s'(Y~) as does the ratio R(w'/v ).
Comparing (3.7) and (3.7') at different Y„=in&a

with the form of v(y) determined separately in pp
and mp collisions would provide a good test of
these ideas. If this identification is not valid, then
the assumption that the Mueller-Regge singu-
larities in virtual-photon-induced reactions are
similar to those in purely hadronic reactions could
be questioned ox the assignment of quantum num-
bers to the partons could be reconsidered. This

0.g ~ (a)

0

0. I

I

0 '
L

FIG. 7. Quark-parton model predictions for y %
electroproduction. Diagram {a) gives charge density
and {b) gives charge transfer.

assignment is disputable because of the anomalous
behavior of e'e - hX.' lf there were extra quark
degrees of freedom (color, charm, etc.}not
excited in electroproductions, it would still be
possible that the simple fractional charge assign-
ments would be valid. Equations (3.7) and (3.7')
should therefore be checked.

Notice that we do not derive "sum rules" for
the charge transfer (u(y)). These sum rules have
been discussed in the context of the parton model

y Hasenfratz 2i The difference between his
formalism and ours is that he deals with proba-
bility densities while we only consider straight
probabilities.

Probably the most reasonable currently feasible
test of Feynman's hypothesis" concerning the
retention of some residual quark quantum numbers
in the parton fragmentation region involves com-
paring (3.7) and (3.7') with data, using the form
v(y) given in Fig. 5(b). In our model the baryon
number of the quark is "screened" and does not
necessarily show, so we do not implement the
full content of Feynman's suggestion. When re-
liable studies can be made of inelastic vP or vP
processes in the scaling limit, the selective action
of neutrinos on d quarks (d- u) and of antineutrinos
on u quarks (u- d) can be used to additionally
sharpen our understanding of these regions in
parton terms.

IV. BEHAVIOR OF &u-~{y))

In this section we shall see what kind of be-
havior to expect of (u'(y}) in the important plateau
regions HP and CP according to our model of
electroproduction. Since this measurement only
involves the counting of charged particles in a 4n

detector with momentum resolution to divide the
particles into two sets, y, & y and y&&y, it is
often easier to obtain than a two-particle correla-
tion function, yet we will see that we can obtain
some of the same information present in an in-
clusive correlation function by examining this
quantity.

We shall first look at our model in the strong-
ordering limit, in which (u'(y)) may naturally
tend to slightly different values in HP and CP.
Then we shall examine the more interesting case
where a breakdown of strong ordering occurs due
to cluster formation, i.e., the (strong-ordered)
production of excited states which subsequently
decay (statistically), even possibly overlapping
each other; the contribution of this process to the
net (u'(y)) is proportional to der&»/dy, and if there
are subtle differences in the densities or cluster-
ing properties in the different kinematic regions,
evidence may be seen here. This is an important
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point, for although the Bjorken-Kogut correspon-
dence principle" suggests that the dynamics in
the five regions of Fig. 2 should be the same (im-
plying, ' e.g., C~ =C, in Fig. 2), there are reasons
for believing otherwise, as we shall review.

There is an extreme case of cluster formation
which we shall consider last: where the entire
current side (CFR) of the process is one large
cluster, or "fireball. " For our purposes here we
shall take CFR to be the region I'„& y& y „. (The
possibility that the hadron side of the electro-
production process could also be one large fire-
ball has been effectively ruled out by the hadron-
hadron collision studies' mentioned previously. )
In Sec. IVD we shall discuss the usefulness of the
semiexclusive quantity (u'(y))„, where n is the
number of charged particles in CFR, i.e., having
rapidity y, & Y„.

A. The strong -ordered limit

In the rigorous strong-ordering limit calcula-
tions on mean square charge transfer, at least in
the plateau regions, are simple; in our one-di-
mensional quark-line diagrams, (u'(y)) can be
expressed in terms of the probabilities that vari-
ous kinds of quark lines are cut when we separate
the diagram into two pieces (y, &y and y, &y}. We
are either cutting three quark lines (fermion ex-
change) or a quark and an antiquark (meson ex-
change):

(u'(y) &up = g (Q, + Q, + Q, )'p'. &, (y)

m())=m "") (
""

) (4 4)

where m= l-b and da(»/dy is the inclusive dis-
tribution of a nonleading particle. This can be
considered a, correction for "phase space" or
"edge" effects leaving the independence of quark
lines unchanged, This form can be justified by
exchange-degeneracy arguments. In the limit of
exact SU(3) we have [since y is large enough so
that t) =—0 in (3.3)]

Pg Pjg Pg 3

and (4.1) gives

(4.5)

p'. ~, (y) = s b'(y)p. p~ Q. '
I y= CP

p,", (y) = 's m'( y)p-, Q. '

and we wind up, for perfect SU(3), with

(4.2')

( u'(y)) „= -,'b(y) + -', m(y) = -', + -' b(y) . (4.6)

We can of course break SU(3) by taking p„=p,
= ~(l-p, ), p, & ~. For example, if p, =0 then
(I» y'-HP) (u'(y)) = ,'b+-,', i.-e. , —,'-(u'(y)) - I,
but the important point is that (u'(y))„p cannot
be larger than some number near unity in the
quark model.

In the current plateau (CP) there is a charge-
squared bias for one of the partons due to its
interaction with the photon. For reasona. bly large
Y~-in+ (so we know the photon does not strike one
of the proton's va, lence quarks), Eqs. (4.2) are
replaced for CP by

a,b,c

+ Q (Q. Qg }'p.", (y}, --(4.l)

(u'(y))„, = —' b'(y) + ' m'(y) = ' + ' b'(y) ~ ( ', —')
(4 7)

where p„, (y) and p,"~ (y) are the probabilities of
finding those quark combinations at rapidity y.
[The subscript MP signifies a pure (strong-
ordered) multiperipheral-model result. ]

In the HP where y is large enough so that the
contribution from valence quarks in the proton
can be neglected and the number of particles on
each side of y is large, it makes sense to assume
that the quark-line probabilities are independent„

p"...(y)-b(y)p. p, p. ,

P."p (X)-~(X)P.Pp .

These equations are strictly valid only in the
plateau region where dot»/dy- const. However,
we want to allow for the continuation out of the
plateau region and we make the assumption that
(4.2) remains approximately valid, with

again bounded by a number near unity for quark
partons. We have primed the baryon and meson
relative occurrences here to allow for the possi-
bility that they are different from their HP counter-
parts in (4.3) and (4.4). In fact, comparison of (4.6}
and (4.7) in this simple model shows that if
(u (HP)) =(u (CP)), then we must have different
mixtures of baryons and mesons in the two regions.

Equations (4.6) and (4.7} should not be con-
sidered definitive predictions for (u-(y)). They
do give indication that this measurable may
show some structure as we trace y across the
available kinematic region. Important modifica-
tions due to clustering, which breaks the strong-
ordering assumption, must be added. We now
turn to investigate the extra contributions to
(u'(y) ) from cluster formation.

B. Clustering included

Before treating electroproduction we shall re-
view the evidence in favor of clustering in purely
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hadronic collisions and the use of (u') there in

measuring its properties. Within the context of
multiperipheral models, the necessity of pro-
duction of clusters as well as individual hadrons
has long been realized. ""One simple way of
seeing this has been pointed out by Henyey" and

by Hamer and Peierls, "and is as follows. Viewed
in impact-parameter space, a multiperipheral
chain such as that drawn in Fig. 3 constitutes a
random walk. The average step size, b„and the
number of steps, m, then determine the mean
spacing in impact parameter between the first and
the last particle in the multiperipheral chain

& d.B'& = (m& f,'. (4.8)

When inserted into the unitarity equation, (4.8)
implies a relation between the logarithmic growth
of average number of multiperipheral steps and
the logarithmic shrinkage of the diffractive peak.
Analysis suggests that these rates of growth are
inconsistent unless particles are produced in
clusters so that the number of steps,

(4.8)

is less than the total number of particles.
Other calculations of multiplicity distributions,

neutral charged multiplicity correlations, and
correlation functions verify the necessity of
clusters. The extensive analysis done by Ber-
ger and Fox" suggests that the average number
of particles per cluster is between three and
four, and then the mean spacing of clusters in

rapidity is somewhat less than the spacing of the
decay products of a single cluster. The connec-
tion between particles and clusters in the rapidity
space of a typical event is then something like
that shown in Fig. 8, taken from Ref. 6.

The presence of clusters means that we have to
supplement the calculation of the mean square
charge transfer of the simple nearest-neighbor
multiperipheral model. A cluster produced at
y, & y can decay into stable charged particles,
some of which have a finite probability of ending

up with y, & y. It is easy to see in a statistical
treatment (say, where there is a binomial prob-
ability distribution for particles from a cluster
produced at y to go left or right of y} that (u'(y))

from a given cluster depends only on the shape
of the single-particle distribution from the
cluster; if several clusters [c) (neutral on the
average) are produced at different rapidities
[y, ) and decay independently, a random-walk
treatment shows that (u'(y))„„,„, is proportional
to the density of clusters. [This is in contrast to
(u'(y)&ur in (4.6) or (4.7), which was independent
of the magnitude of the single-particle distribu-
tion, at least in the plateau region. j Quigg and
Thomas' have calculated the contribution of
cluster decay to (u'(y)), assuming the production
of neutral clusters of three particles, to be

(u'(y)&.i..&.„= —,
' n(e ')

d
'" (y), (4.10)

where b is a parameter which measures the spac-
ing in rapidity space of the particles from the
decay. This parameter is separately measurable
since, under the approximation of isotropic decay,
4 determines the width of the transverse momen-
tum distribution. (Chao and Quigg' have also
suggested studying correlations between n~ and

n„as a function of gap size between left and right
hemispheres for an independent test of d. ) The
simple model of Quigg and Thomas is close
enough to the average cluster properties deter-
mined empirically that we will take (4.10) to be a
valid approximation of the charge-transfer effects
of physical clusters.

When the clusters are not all neutral, the net
(u'(y)) is the sum of two terms:

(u'(y)) = &u'(y)&ur+ (u'(y)&„„„.„, (4.11}

where (u'(y)&~ reflects the contribution of the
protoclusters given by Eq. (4.6} [(yEHP)] or Eq.
(4.7) [(y~ CP)] and (u'(y))„„„„,by Eq. (4.10). We

have assumed the average decay properties of
the clusters to be independent of the charge trans-
fers along the multlperipheral chain. The de-
termination of d, in (4.10) given by Bia1'as" in-
dicates that the two terms in (4.11) are approx-
irgately equal for values of (1/a)do&»/dy typical
of the plateau regions in hadronic reactions.

Making the aforementioned gQ hoc modifications,
(4.8) and (4.4), in the form of (u '(y))„r to take "edge
effects" into account, we find the prediction of the
multiperipheral cluster model for the mean-square
charge transfer in hgdronic production processes
is then

FIG. 8. Multiperipheral cluster model and origin of
particles vrhen cluster spacing in rapidity is of the same
order as the size of a single cluster.

(4.12)

where d gi»/dy is the inclusive cross section for
a nonleading particle and the proportionality
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constant now depends on both the multiperipheral
Regge exchange and the cluster properties. As-
suming approximate exchange degeneracy we get
(4.6) to be valid in hadronic collisions, and in-
serting Bia)'as's value for 6 into (4.10) the pre-
diction is

ch

(s2(y)) = 0.6 (4.13)

Figure 9 shows that this prediction gives a good
description of data from K P and pP collisions.
The agreement with (4.13) is quite good, and this
implies that the properties of clusters are ap-
proximately energy-independent and roughly inde-
pendent of the quantum number of the incident
particles.

I l f l

1.Q —(Q) 16 GeV/c K p Collision (ABCLV)

0.5

C3

1.5 ~
K
ZI.Q o (I)
~ bJ

~o
0 5

Q 1—

C3

I 1 1

(b) 24 GeV/c pp Collision

( Bonn HQfTlburg MUnlch)
Pre l irnino r y

1
'

1

(c) 205 GeV/c pp
ANL/NAL/SUNY—

—0.8

Q4

0:.

FIG. 9. Mean square charge tra, nsfer, Q~(y}), in
16-GeV/c E P collisions, and 24-GeV/c and 205-GeV/c
pp collisions, respectively. The diagrams are taken from
Ref. 6. The curves are, respectively, 0.81daf"/dy,
0 85do'"/dy, and 0.72do'"/dy, where d&f"/dy is the single-
particle density of a nonleading particle. The agreement
with the multiperipheral cluster model {4.13}is quite
good. See Chao and Quigg {Ref. 6} for further discussion.

C. Implications for electroproduction

Mueller-Regge analysis'~ or parton-model. as-
sumptions' imply that measurements on the final
states of electroproduction in the nucleon frag-
mentation region (NFR) and the hadronic plateau
(HP) must agree with the equivalent measure-
ments in hadronic collisions. We can therefore
expect that (4.13) should be true for (u'(y)) in
y*P, at least in these kinematic regions.

The validity of (4.13) over the entire kinematic
range is quite another matter. We have already
seen that the identification of the fundamental
charged constituents with quarks leads to a dis-
continuity in (u'(y))„p between HP and CP calcu-
lated from the quark-line diagrams in Secs. III
and IV. The difference between the hadronic sec-
tors, Eq. (4.6), and the current sectors, Eq.
(4.7), is not large, and given the fact that we have
evidence (from hadronic collisions') that this
multiperipheral component is not the only con-
tribution to (u'(y)), it is not even necessarily
detectable. However, there remains the possibil-
ity of dramatic dissimilarities between the cluster-
ing properties of hadrons in the P FR and those in
the NFR. This contingency would conflict with
the fundamental idea of the correspondence prin-
ciple of Bjorken and Kogut' which suggests that
all properties of final-state hadrons are the same
in the entire kinematic region, but there are
some simple intuitive reasons for considering the
possibility.

One of t;he reasons we might expect different
clustering in the PFR has to do with the space-
time evolution of a deep-inelastic interaction in
the quark-parton model. As has been frequently
discussed, the fact that free quarks are not ob-
served in deep-inelastic processes puts severe
constraints on the forces which bind partons to
form hadrons. If the forces were such that only
short-range correlations in rapidity space were
present, then the large rapidity gap between the
initial and the final location of the struck parton
in Fig. 3 would not allow the other quarks to
arrange themselves in such a way that the only
particles are of zero triality. " Some ad hoc
evasions of this difficulty have been proposed. "
A study by Casher, Kogut, and Susskind" of a
soluble two-dimensional model of spinor electro-
dynamics indicates that it is possible to have a
causal explanation of this type of "screening" of
the quark quantum numbers. The CFR hadrons
in Fig. 3 are created in a kind of "inside-outside"
cascade of vacuum polarization in this view of
deep-inelastic processes, and therefore the
"condensation*' of quark-antiquark pairs to form
hadrons or clusters of hadrons should arise from
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a different principle in CFR than in hadronic
collisions, where there are several indications
of short-range order. The fact that the cluster
properties in hadronic collisions appear to be
roughly independent of target and energy gives
some indication that hadronie dynamics demon-
strates a form of universality. If clustering
arises in the dynamics a different kind of cluster-
ing should be taking place in CFH.

Another reason for expecting different cluster-
ing phenomena in deep-inelastic interactions can
be found in the interpretation of data on e'e
annihilations at SPEAR. Preliminary measure-
ments on this reaction which is closely related to
the CFR in deep-inelastic electroproduction in-
dicate that'

(4.14)

in striking contrast to the situa, tion in hadronic
collisions, '

(4.15)

Cluster models have shown the ability to deal with
multiplicity correlations such as (n, )„vs n, "
but the identification of clusters with ordinary
hadronic resonances argues against a traditional
clustering explanation of (4.14).

The possibility, then, looms large for diver-
gence from the Bjorken-Kogut correspondence
result that (4.13) is valid for electroproduction
over the entire range of kinematically accessible
variables. The opportunity exists for the detec-
tion of an exciting new class of clustering phe-
nomena, . Since the measurement of & u2(y) & is
comparatively easy, the experimental check of
these possibilities should take place soon. For
example, a possible result is pictured in Fig. 10
which was drawn assuming larger-mass clusters
in CFR with the properties of these clusters
being energy-independent.

D. Extreme case: Fireball in current
fragmentation region (CFR)

In a previous paper' we have proposed that
measurements of mean-square charge transfer
should be able to decide between an underlying
parton approach and a "statistical fireball"
approach to e'e annihilation. Because the mech-
anism of annihilation should be reflected in the
CFR of the electroproduction final state, ' it would

seem reasonable that similar searches could be
conducted there. We have already noted that the
existence of a single large fireball is not expected
on the hadron side, since the data must coincide
with hadronic collisions where strong evidence
for short-range order is already known, '

It is now simple to take account of this contin-
gency, since a fireball is only a la.rge cluster,
having, say, n charged fragments. However, our
treatment of clusters in the previous subsection
assumed that each cluster always had close to
some avera. ge number of deca.y products (i.e.,

the individual dispersions in number of decay
products were small), whereas we must relax
this restriction for fireballs. Thus, in looking at
fireball mechanisms, we must separate the events
into categories labeled by the number of charged
final-state particles; this was the technique used
in Ref. 8.

For illustration we consider the set of events
in whose final states there are n, charged parti-
cles in CFR. These e, particles are hypothetically
assigned to a. current fireball having n, charged
decay products, and measurements are made of
& u'(y)&„, for yw (Y„, y „). To simplify matters
as much as possible, we shall first ignore all
particles on the hadron side (y, & Y„), and take
the current fireball to be neutral; necessary
modifications of the results so obtained will be
easily made by a random-walk method outlined
later.

Consider a given final state which has n~ charged
particles in the "left" range (Y„,y) and ns charged
particles in the "right" range (y, y ). We will
assume for convenience that all charged particles
are singly charged. Since only over-all charge
conservation is in force and not semilocal charge
conservation, we have large possible fluctuations
of charge transfers in CFH,

( I n(3') In, )max ™n(nz~nz) ~ (4.16)

FIG. 10. Hypothetical deviation from (4.13) in p*p
electroproduction attributable to heavy-mass clusters
in the current fragmentation region.

and the observation of I n(y) I,, ~ 1 in any event
points to the existence of a large current fireball.

Let P'„( z„n)niobe the probability that a final
state with n, positive (and so by assumed neu-
trality of CFR n =n, negative) particles should
send n~, positive and n~ negative particles into
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the right range, i.e., to the right of rapidity y in

CFH. If we assume independence of positive and

negative particle motions in CFB, then

P:,(n~. na-) =P:„(n~.)P:,(n~ )- (4.17)

This assumption should be good for les» ~»1
where the CFH is large and particles therein are
produced copiously; in any case it is the best we

can do in a simple model. Momentum and charge
conservation may make some corrections when

n„+=0 or n~ but we will assume that these con-
figurations are negligible (except near y,„, but
we will ignore this difficulty for simplicity). We

then have

(n(y)& = P P:,(nR n~ )(nn+ -ns )'-
-=2 [(n„'&„-(n„&„,' j. (4.18)

For example, let P„' (n~, ) be of binomial distribu-
tion form,

P.",(nR. ) = ~,""(y) l.""(y)
R+

(4.19)

where r, (y) =1-/, (y) is the probability for a pos-
itively charged particle to go to the right of rapid-
ity y. For Y, »1 (where CP dominates the CFR)
and assuming a flat plateau, we take

l, (y) = " for y c CFR .
C

(4.20)

Then using C invariance [which requires l, (y)
=l (y) and r, (y) =r (y) =1-/+(y)] we have

(M'(y)&. , = 2n. l. (y) [1-/, (y) J (4.21)

Thus we see a fundamental difference between the
strongly ordered MPM of Sec. IV X, or even the
mildly ordered multiperipheral model of Sec. IV 8,
and the unordered fireball model: In the former
two, (u'(y)&„ is finite and roughly independent of
n„ in the latter it grows with (charged) multiplicity
without limit.

Generalizations of the remarks above lead to the
result that (u'(y)&„ in a one-fireball model (as op-
posed to a several-cluster model in which all
clusters have the same multiplicity) depends only
on the shape of the over-all fireball multiplicity
distribution do&'h& /dy. ln Sec. IV 8, we saw that
random-walk arguments implied that if several
independent fireballs (or clusters, inc/uding sin-
gle-particle clusters) were involved in a given
event, then the net (u'(y)&„ for the process was
simply the sum of the individual (u'(y)&„of the
individual fireballs. This makes it easy to write
down the net (M'(y)&„ for a given event in elec-
troproduction even when the underlying mecha-
nisms involved in the hadron side and the current

side are different, and also to include the possi-
bility of the CFB fireball not being over-all neutral.
The behavior of (u'(y)&„ for a pure fireball is shown
in Fig. 11. This should be compared with the forms
obtained in a strong-ordered limit and in the finite
(energy-independent) size cluster limit.

J(

o 4

&- 2

o
8

nc (=zn+)

(b)

—Yh- /n &u Yc- tn (-q2/(m~&))

(HFR) i (CFR)

FIG. 11. This figure illustrates the behavior of (u~{y))„
C

in CFR (Yh&y &y~~ = Yz + Y,) in the extreme case that
CFR consists of one fireball of charge multiplicity nc
(=2n+ ——2n ). We have assumed Y, to be large enough
that a flat plateau dominates CFR„and have used Eq.
(4.21} with {4.20). Diagram (a} shows (u~{y))„, vs n,
across y fixed in the center of CFR Iso l+ =P' in (4.21)].
Diagram (b) shows (u {y)) vs y for n~, the CFR charged.
multiplicity, fixed at 8, To the extent that charge dis-
tributions in HFR and CFH, are independent of each other,
the net (u~{y)) represented by the dashed line in (b) is
the sum of the (u2{y)) 's for each region separately, as
indicated.

V. SUMMARY

Tests of the quark-parton model in electropro-
duction, where it has already experienced some
success, are all the more crucial now in view of
the new e'e annihilation data', which seem to
strike at its roots. In this paper we have urged
probing electroproduction mechanisms by measur-
ing charge transfer and fluctuations in the hadronic
final states of deep-inelastic electroproduction,
and have also presented sample predictions based
on simple parton pictures. The experimental mea-
surements we have proposed are easily done and
have important implications within the context of
the standard models we considered. These mea-
surements consist in determining (u(y)&, (u'(y)&,
and (u2(y)&„ for large-s events having various
given ~'s, where n, is the charged multiplicity
in CFR (y & Y„=—In~).

The behavior of (u'(y)&„depends critically on the
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clustering properties in CFR —it is near unity for
all n, if individual cluster size is limited and en-
ergy-independent. This is already thought to be
the case in hadronic production processes where
(s'(y)) and (u'(y))„are identical. On quite general
grounds it should therefore be true in the hadronic
regions of inelastic electroproduction. If the clus-
ter size in the CFR is not so limited, (u'(y))„be-
haves as depicted in Fig. 11.

Even if energy independence of clustering is
established, the usefulness of (u'(y)) is not ex-
hausted. For example, it can be used to test the
Bjorken-Kogut correspondence principle, "which
suggests that characteristics of the electroproduc-
tion final states should not vary radically between
different kinematic regions. A simple extension
of their discussion is that clustering properties of
hadrons should be the same in the current frag-
mentation region as in the target fragmentation
region. Vfe have presented some simple intuitive

arguments why this may not be so, and then have
shown how measurements of (u'(y)) can provide a
sensitive test of this hypothesis; cf. Eqs. (4.6)
and (4.7).

Regardless of how the clustering properties re-
veal themselves in (u') measurements, the micro-
scopic structure of our model can still be probed.
For example, particle ratios in the CFR have been
measured and provide qualitative support for
quark-parton ideas. A more quantitative test of
the assignment of quark quantum numbers to the
constituent partons can be formulated in terms of
(u(y)), the charge transfer across a given rapidity,
in Eqs. (3.6) and (3. t) for HFR and CFR respec-
tively, in terms of v(y) and U(y) (, „, the prob-
ability that a particular valence quark is present
at rapidity y. This probability can be separately
determined by the charge transfer in high-energy
proton-proton collisions. ' '
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The possibility of detecting parity violation in deep-inelastic charged lepton-hadron scatter-
ing using polarized lepton beams is discussed. Assuming scaling, the quark-parton picture of
the nucleon, and some general features of the weak currents, a general formula for the size
of the parity-violating effect is derived. Specific estimates are made for various spontaneously
broken gauge-symmetry models of the weak and electromagnetic interactions.

I. INTRODUCTION

Recent experimental evidence' for the existence
of neutral weak currents in neutrino-hadron
scattering has renewed interest in the question of
whether such currents can produce measurable
effects in charged lepton-hadron reactions. It
has been pointed out that since the new currents
are, in general, parity-violating, they should be
detectable by an asymmetry in the inclusive cross
sections for beams' (or targets") polarized
parallel and antiparallel to the lepton beam mo-
mentum. In this paper this asymmetry is esti-
mated using the quark-parton model and some
very general assumptions about the neutral weak
currents. The general result is then specialized
to some specific models, including those of
Weinberg' and Salam' (WS) and Lee, ' Prentki, and
Zumino' (LPZ). This calculation is similar to
that of Derman, ' who did the calculation in the
WS model in the case where the %'einberg angle,
6~, is zero. It is the purpose of this paper to
show that the size of the asymmetry is very sen-
sitive to the parameters of the model being used.
In fact, in the WS model, for values of 8I, near
sin'8ii, =0.3, the asymmetry is expected to be an
order of magnitude less than Derman's estimate.

II. THE CALCULATION

The process of interest is shown schematically
in Fig. 1. For simplicity, the lepton beam is
taken to be completely polarized either parallel
or antiparallel to the beam direction (helicity,
X=+ I). Also, the kinematic variables are
assumed to be in a region where the hadronic
structure functions exhibit scaling, and it is
appropriate to use the parton model to calculate
them. In the general context of spontaneously
broken gauge theories, the electromagnetic cur-
rents interact via the exchange of virtual photons,
and the weak neutral currents by exchanging
virtual Z mesons. To lowest order in weak and
electromagnetic coupling constants, the parton
picture of the reaction therefore appears as in
Fig. 2. The form of the electromagnetic currents
is assumed known:

where the sum is over quark types and Q, is the
charge of the i-type quark. The neutral currents
have the general form


