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A general model for the production of massive lepton pairs is discussed with emphasis on the predicted
distributions of mass, transverse momentum, and longitudinal momentum. A comparison with proton-proton
experiments is given and the fit is satisfactory for all three distributions. The model is essentially the
constituent-interchange-model approach to large-transverse-momentum reactions and no new parameters are
needed. In a specific kinematic limit, it predicts the same mass distribution as the Drell-Yan model, a broad
power-behaved transverse-momentum distribution, and allows two independent ways of normalizing the rate.

I. INTRODUCTION

Since the original proposal by Lederman, ' the
study of massive-lepton-pair production has gen-
erated considerable experimental and theoretical
interest. The most successful theoretical model
for this process is the parton approach developed
by Drell and Yan. ' For a recent review of this
general subject, see Ref. 3. The observation of
an anomalously large yield of prompt single lep-
tons by the Chicago-Princeton group, ~ has further
generated interest in the pair yield"0 and possibly
new (unidentified) sources.

The recent observation"'"' of a large average
transverse momentum for the virtual photon in
massive-lepton-pair production has likewise gen-
erated a renewed interest in the basic theory. "
In the usual Drell-Yan(D-Y) picture of this reac-
tion, the photon is directly produced by the annihi-
lation of a quark-antiquark pair. Therefore a
large p~ of the photon must be due to large-p~
components in the initial-state quark and/or
antiquark wave functions. Such large p~ values,
however, can raise difficulties in the interpretation
of other experiments.

In this note, we wish to expand on a more gen-
eral model of massive-dilepton production that
was described earlier""2 and apply it to proton-
proton collisions. In this approach the photon is
produced in a scattering process, not via annihi-
ation, and the large transverse momentum arises
therefrom. The large p~ is not to be thought of as
characteristic of the initial state but rather as
characteristic of the final state. Different final
states have different p~ distributions in our theory.
The model used here is an application of the con-
stituent-interchange model (CIM)" of large pr to
large-mass production. We shall make no new as-
sumptions and the results derived here are just
those of the CIM. Since our model of massive-
lepton-pair production is basically the same as
the CIM of large-p~ hadron production, one pre-
dicts that the large-P~ singl, e-lepton rate should

behave essentially like the large-p~ pion rate. The
model predicts slight differences, however, and
the lepton/pion ratio should rise as -pr'. A rise
is observed. 4 The model described here is a uni-
fied approach to lepton-pair and hadronic produc-
tion. We shaB discuss only the continuum, but an
extension to the production of the new particles is
possible. Since low-mass photons can come from
many sources, for example meson-pair annihila-
tion, and these are neglected here, we expect our
model to fall below the data at low photon mass,
or Q, values.

As was stressed in the original discussion of the
D-Y model, the annihilation graph is gauge invari-
ant only if both the quark and antiquark are on-
shell; additional graphs are not then necessary.
The narrow transverse-momentum distribution
of the model assures that this is a good approxi-
mation. However, the photon then is restricted
to have a very small average transverse momen-
tum (Qr). If one arbitrarily broadens the distribu-
tion functions of the initial pair, several difficul-
ties arise: gauge invariance is no longer guaran-
teed because the quarks are forced to be far off-
shell, there are problems in avoiding double count-
ing and in keeping the correct final-state coher-
ence properties in any hard-scattering model of
the parton type, and finally, aswiB be discussed
later in detail, there would be severe difficulties
in interpreting inclusive hadron experiments at
large P~. In a sense, the model presented here is
one of the simplest that avoids the above difficul-
ties yet allows the photon to be produced at large
Qq.

This model also allows us to normalize the pre-
dicted rate in two different ways. One way is a
fit to the measured antiquark distribution func-
tions, as in the D-Y model, and a second method
is a fit to the large-P~ production of mesons.
These methods yield compatible rates within the
uncertainties. Another way of stating this result
is that, in our model, the measured antiquark dis-
tribution functions fix the rates of production of
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massive lepton pairs and large-p~ mesons. These
two reactions axe related in our model because
the (sea) antiquarks are assumed to arise pre-
dominantly from the decay of virtual mesons, not
fx'om gluons. This i.s natural because they ax'e the
lightest intermediate states available that are
stxongly coupled.

It has been argued in Ref.ll that the CIM should
be applicable Qot only to large-p~ processes but
also to large-mass production. The present ap-
plication is therefoxe a very natural union of these
two regimes. Even though our model looks differ-
ent from the Drell-Yan model, it will be shown
that annihBation terms dominate in the limit of
lax ge photon mass Q at fixed Q~. Unlike the D-Y
Inodelq however~ the Qp distx'lbu'tloQ 18 bx'oRd At
fixed Q, and lax ge Q~ the D-Y term is canceled
(this is gllara11'teed h)( gaUge Illvarlallee ill the mod-
el) alld 'tile remalIlder ls colls1stellt with the CIM
predictions. The main new feature of our Inodel is
thRt, since the pllotoQ 18 px'oduced in R scRttex'1Qg

px'ocess, the Q& distribution 18 power behaved Rnd

its width involves Q lnsteRd of Just the typical
transverse momentafluctuations of the initial state
Rs ln the ox'lglnRI D-Y model.

II. THE MODEL

%'6 will use the fox'malism originally devised to
de8cx'lbe hard-scattering modelsq Rnd Rpplled es-
pecially to the large-transverse momentum regime.
Following the notation of Ref. 11, as illustrated
in Fig. 1, the fully differential cross section is

XR((ly b;d),

FIG. 2. Leading diagralxl fol the bRslc inverse photo-
production process. Both +- Rnd 8-pole terms Rx'e need-
ed, Rnd the + pole clearlg hRs pair-annihilation coDtI'1-
butions.

R(a, b; d) = q~ 4 ((Ib - l'/ d)~
do'

and trivial kinematic off-shell effects have been
neglected. R 18 RssuIQed to be on shell Rnd 18
evRluRted Rt, x'educed vRlue8 of 8) t~ Rnd Q2

We now choose the dominant basic process to be
inverse photoproduction, meson+ quark "photon"
+quark, as illustrated in Fig. 2. This is the direct
RQRlog of the process used to descl lbe large-pg
xeactions producing mesons. The first term, the
u pole, clearly involves q+ q annihilation and will
be shown to be closely xelated to the D-Y process
ln R cex"tRln limit.

Corrections from this term, as well Rs the s
pole, will not scale in the large-Q limit but wol
he llllpOI'tRllt 111 'tile targe-qr llmlt. Olll' ill'tel'es't

hexe is to describe general kinematic effects and
not detailed angular distributions, opposite- side
cox'x'61Rtlons, etc. Thel efor6, 'the slnlplest quRx'k

model %'ill be adopted —R renormalizable theory
of scalar quarks with a &$4 interaction. Neglecting
the pion mass and denoting the quark mass by M,
the basic cross section achieves a simple form
after summing over the lepton splns:

1
Z(M, q; q) = n2h b(s'+t'+u' q2 2M )— —

x z(s', t ', u'; q2),

&2{u', q', I') 12(s', q', I')
(M'2 y)2 (sy bI2)2

2
(s' I')(I' -u')—
x t.2q'(s' —q'+ u')

+(s'-q'-M2)(u'-q2 M2)J

&'((2, b, &) = &2+ b'+ e2- 2 ((Ib+ bc+ e(2) .

FIG. l. General dlagraxn for Ixlasslve-paix' px'oduction
in hard-scattering models. Particle labels are used in
the text,

The vRX'1Rb168 8, t, and u desex'lbe the basic
process and will be related to the external vari-
ables s, t, u by Simple kinematics. The coupling
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of the (composite) mesons to the quarks is de-
noted by h2.

The dimensional-counting form of structure
functions in renormalizable theories, including
both the x and k~ behavior, has already been giv-
en. '4 An approximate form having the correct be-
havior in all limits is (see Fig. 1)

G„„(x,h, ) = G,(1—x)'[h, '+M'(x)]-'-',

M'(x) = a'(1 —x)+ a'x —x(1 —x)A',

and g is given by the usual counting results. Thus
the k~ falloff is related to the x-1 behavior and
(hr') =M'(x)/(g- 1), and depends on x. Since typ-
ical interesting values of g are 3, 5, and 7, the
average transverse momentum from this source
is not large for reasonable mass values. " In order
to handle the multiple integrations, we will be
forced to neglect the k~ distribution in the 6's and

replace them by 5 functions. Their effects can be
added to our calculation af (qr) but their contribu-
tion wiD turn out to be small. A consistency check
is that this small additional term be essentially
independent of Q and Q I y

the longitudinal mo-
mentum; the initial state cannot know about the
final state except through the slow x dependence
of the k~2 width.

In order to get a feeling for the kinematics, con-
sider the limit in which s and Q' are large com-
pared to proton and quark masses. One then finds

s =%Ps y

f' = xf+ (1-x)q',

u'=yu+ (1-y)q',
and E|l. (1) takes on a definite and simple form.
Let us now turn to the distributions predicted by
the model.

III. DISTRIBUTIONS

In orat' to compute the mass distribution, we
must integrate over d4Q at fixed Q'. The 5 func-
tion in R(M, q;q) that puts d2 on shell then fixes

I Q I2 so that only an angular integral must actually
be carried out. One finds in the large-s and large-

llmlt

4 dO'q', = 2 dxdy G„,~(x)G,I,(y)r(xys, q'), (7)

where

y(g', q2)=q4 2(Mq-f'l q).4 dO'

The factor of two arises from the a=M, b=q,
b=M terms. A simple calculation shows that

qn a2h2 q 2 2 q (1+6) M +St

where

e = 1 —q'/s

Q2

s 20

and the order of terms in Z have been retained. If
this is inserted into E|l. (7), with G's of the form

G(x) = G,(1 —x)~/x,

then by using dimensional counting for the struc-
ture functions, "g„=5, g, = 3, one finds

- gll gl3
R(p p) ~h' —+ —+ 0—

Q' Q' ~

Therefore the u pole leads exactly to the Drell-Yan
form. All the terms obey the counting rules of
Ref. 11.

The reason that the I pole exactly produces a
Drell- Yan term is easily seen. The structure
function for a q quark contains an explicit contri-
bution in which the antiquark arises from an inter-
mediate virtual-meson state":

' dm
Ge(~(x) = G~)„(—x/w)G„(~(w)+. .. . (9)

The integration over the u-pole diagram contrib-
utes a factor -(h'/M')(1 —x/w), which is the di-
mensional-counting result for 6&&„.Thus the e
powers in Eq. (&) must agree with dimensional
counting as applied to the Drell-Yan process.
The Q' powers agree automatically for Q~«Q.

There are two independent ways to normalize
the model. Equation (9) allaws us to normalize
the model in terms of the fraction of antiquarks
that arise from all the possible mesonic inter-
mediate states. In fact, we will assume that all
antiquarks arise in this manner and explore the
consequences, "although more data and a detailed
fitting may force a relaxation of this choice. The
form of the result (&) implies another self-con-
sistency constraint on the parameters h2 and M'.
The normalization of the Drell-Yan term depends
upon the ratio h'/M'. The width of the qr distribu-
tion will depend on M2 while the corrections to
the D-Y term which are important at small Q'
are proportional to h2. Finally, a second. and com-
pletely independent determination of PP and M' can
be made by fitting large-transverse-momentum
production of mesons since that depends on the
basis process (Mq Mq). This will be done later,
but the value of h' is found to be consistent be-
tween these separate experiments, and we will
use M'= i.

The large-transverse-momentum limit, Q~'» Q',
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is quite different from the above. In this limit,
b tht' d 'g Q ', andth b
tion becomes

s'Z- (1 —2q'/ ')+ (1 —2q'/s')+ 2( —1 —q'

-4q (s'+u')/(- s'u') .

The term that led to the Drell-Yan contribution in
the large-Q' limit explicitly cancels in the large-
@~ limit. In a sense, this is guaranteed by the
gauge invariance of the basic model amplitude.
The basic differential cross section, c~, is pro-
portional to Z/s', and

do's Q'(s'+ u') 1
dQ ' s"(-u') ~s'

as is required by dimensional counting" for ex-
clusive scattering processes. Note that this re-
sult would not have followed if the Drell-Yan term
had not canceled. It immediately follows that for
the full inclusive cross section, for Q,2» Q2,

while for Q~«Q, Rfx:Q~~. Letusnowturn to a
numerical evaluation of the predictions of the mod-
el.

IV. NUMERKAL RESULTS

In this note we are considering incident proton
beams only. The pion-beam case is a very inter-
esting one and numerical results will be presented
later. The distribution functions are chosen to be
the same as those used to fit electron scattering
and large-transverse-momentum processes. The
quark distribution is taken from Ref. 5 but mod-
ified at small x to agxee with large-energy muon

scattering. This modification has no effect on the
lar ge-mass and transverse-momentum distribu-
tions. The meson distribution is chosen to be

G„,(x) (1 —x)'G„,(x) .
The overall constants will be chosen shortly. The
mass M' is chosen to be the same as found in fits
to lar ge-transverse-momentum reactions, M2 = 1
GeV'. Kith all the paxameters now fixed, let us
compute and compare the predictions of the model
to experimental data for reasonably large trans-
ver'se momentum.

Note again that the model requires the px'esence
of two terms from Eg. (1). If a = meson and
b= quark, then one must also have the t u term
where a= quax'k and b = meson. In the calculations,
mass terms were not neglected in the kinematics.
Their effect is to slightly smooth the distx"ibutions
for small Q and Qr (say &1).

A. MBSS CllStnbll'tlOA

First let us compare the mass distribution from
the meson-quark (M-q) model with the D-Y model
and data. This comparison is given in Fig. 3 at
y = 0 and ~s = 27.4 GeV. The calculation of the M -q
curve was based upon an evaluation of 6-,» using
EQ. (9) and then a fit to the measured anti/nark
distribution functions (from deep-inelastic neutrino
data).

The normalization condition used above deter-
mines t e value of h'. One t enpredlcts t e de-
ferential cross section for meson-quax'k scattering
at 90'to be

d(T—„(uq-Mq) = C/s',

where C =1.2 && 10' GeV'. From a fit to large-p~
production of mesons, " the value of C was deter-
mined to be C = 10' QeV', where the experimental
and theoretical uncertainties in this number are
at least a factor of 2. This close agreement be-
tween the value of k' determined by two very dif-
ferent experiments ls somewhat fortuitous but ls
evidence in favor of the meson-quark model. Vjfe

shall use the former value of C in all the calcula-
tions.

%e have also compared our absolute prediction
with the data of Binkely et a/. ,' which is in the
range x~&0.2 and ~s=23.8 GeV. The agreement

0 2 4 6 8 10 IZ l4
g {Gev)

FIG. 3. The predictions of the M-q model and the
Drell- Yan model for the cross section at y = 0 compared
to the data of Kluberg et al. and Hom et al.
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with the mass distribution in the range 1.1 &Q &2.5
GeV is good. Our prediction is approximately a
factor of two higher than the standard D-Y predic-
tion (5) because of the modification at small x of

the functions mentioned earlier.

lo 35
I ~

1
~ 1 ~

I

B. Transverse distribution

Q~=O: A comparison with the data of Hom et al.'
at v s = 27.4 GeV is given in Fig. 4 for several
values of Q with the predicted normalization. The
presence of transverse-momentum fluctuations,
due to the (small) kr's present in the initial wave
functions, will slightly flatten the theoretical
curves. Note that the mass bins for different Q
values are not constant in width.

Q~ &0: . A comparison with the data of Anderson
et al.' at v s = 20.6 GeV, is given in Fig. 5 for two

Q bins. The theoretical predictions were integrat-
ed over the range x~&0.15 to correspond to the
experimental situation and were arbitrarily nor-
malized. As remarked before, our model is not
complete enough to fit the normalization at the

nl
I

I
I

I
1

xF &O.I5

IO' -+
~ 0.93 & Q & I. I 3
0 2.7&Q&3 5

CU

IO
C3

C3

IO
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IO I

0 0.4 0.8 I.2 1.6 2.0 2.4 2.8
QT (GeV)

FIG. 5. The predicted transverse-momentum distribu-
tions, normalized to and compared to the data of Ander-
son et al. at 150 GeV/f.".
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bw

C3

10 37

lowest Q where the normal vector mesons are
important, while the upper mass bin includes ef-
fects of g/J production. The fit suggests that this
particle is also produced by the same mechanism
as the photon. Note that this plot differs by a fac-
tor of Qp from that of Fig. 3 and that the t-u sym-
metry of R is equivalent to a Q~- -Q~ symmetry
for incident proton beams. For Q -2 GeV, the
predicted normalization is in agreement with the
data using the modified structure functions men-
tioned earlier.

For both regions of Q~, the model fits the Q~
distribution very well except at very small Q~
where the effects of the transverse-momentum
fluctuations in the initial state will be most sharply
seen. Again, these fluctuations will lower the
theoretical curve at small Qr, Qr s 400 MeV (we
estimate =30/p), but will have little effect at larger
transverse-momentum values.

10-38

lo 39
I 2

QT (GeV)

& Q &11.0

FIG. 4. The predicted transverse-momentum distribu-
tion of the M-q model compared to the data of Hom et al.
for various mass bins.

C. Longitudinal distribution

The y distribution of the meson-quark model as
compared with the data of Ref. 8 is given in Fig. 6
with the predicted normalization. Note the shape
of the y distribution as Q increases.

The x~ distribution is compared with the data of
Anderson et al. ,v in Fig. 7 for two mass bins. The
agreement of the shape is reasonable. These
curves have been normalized to the data for the
reasons given earlier.
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5.5&Q &6.5

6.5&Q&8.0

D. &Q, &

(q tot) [(q )2+ (k 2) ~ (k 2)]l/2

= [(Q )'+ 0 3 GeV']'/' (13)

In this paragraph, the average transverse mo-
mentum will be computed as a function of Q. This
is not as sensitive a test of the model as it is of
the Q~ distribution used by the experimentalists
to extract (Qr), but it is interesting since the ef-
fects of initial-state fluctuations in k~ can be eas-
ily estimated. Since these effects are essentially
uncorrelated and small, we can sum their squares
and find, very roughly,

bm
N Q

1l
10--

I

5.0 —
&&

Il
205

8.0 & Q &11.0

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 I.2 1.4

IOI

0.93«Q«I. I3
o 2.7 «Q «3.5

IO
0

O
C

0%

(3

IO

FIG. 6. The predicted y distributions are compared
to the data of Hom et al. for several mass ranges.

for (k,)=(k,)-330 MeV, where (Qr) is computed
from our previous formulas. The results are
plotted in Fig. 8. The lower curve is calculated
for the data of Ref. 7. The upper two curves, the
solid curve is (Qr) and the dashed curve includes
the fluctuation effects of Eq. (13), are computed
at the higher energy and are to be compared with
the data of Ref. 8 and Kluberg et al. Note that

(Qr) increases with Q but saturates for Q &4 GeV.
It appears that our transverse-momentum distribu-
tions (see Fig. 4) fit the data better than our (Qr)
values. The averages in Fig. 8 should be taken
cautiously —they are very sensitive to the assumed
form of the Qz distribution.

The (Qr) curve does not in general saturate at
the value of M. For M = 1 GeV, they are almost
equal in the present energy range, but for a smal-
ler M value, (Qr) exceeds M by a substantial
amount. For example, for M =0.5 GeV, (Qr) -0.66
GeV, and (Q~r") -0.88 GeV. However, this mass
is much too small to fit the large-p~ data; the
smallest fitted value we have seen is M-0.85 GeV.

It is interesting to note that the increase in the

(Qr) which sets the Qr scale is also observed in

2.0

b t

(3

IO

I.6
(3

I.2
I-

C3

0.8

0.4

400

~ Anderson et al.
0 Horn et al.
~ Kluberg et al.

10 '
0 0.2 0.4 0.6 0.8 1.0

XF

FIG. 7. The predicted Feynman-x distributions nor-
malized as in Fig. 5 are given and compared to the data
of Anderson et al.

0 2 4 6 8 10 I2 14 I6 I8

Q (GeV)
FIG. 8. The average transverse momentum from the

M-q model are given at two energies and x ranges and
compared to the corresponding data. The solid curves
are without fluctuation effects; the dashed curve is an
estimate of the effects of initial-state momentum fluctua-
tions on the 400-GeV curve.
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laxge-p~ experiments. The mass scale used to
fit the data increases with the mass of the detected
particle. This is consistent vrith a common type
of mechamsm for the production of large-P~ part-
icles a,nd massive photons.

V. DISCUSSION

From the compari. sons 1n the previous section,
the meson-quark model is seen to provide a good
representation of the experimental data. %e em-
phasize that the only parameters in the model mere
determined by fitting othex' data, principally large-
p~ production of mesons and inelastic neutx'ino

scattex"ing. The fact that the overall normalization
was consistent between the D-Y model, using stan-
dard quark charges and distribution functions, and

large p~ meson production is strong evidence in

favor of the M-q model.
It is a simple matter to make predictions for

other beams, such as pion and photon, by using
the appropriate distribution functions. Results
for these calculations mill be given later. Suffice
it to say at this point that the predicti, ons of oux

model axe much less sensi. tive to the presence of
valence antiquarks in the initial state than is the
D-Y model. In our model, pion beams and proton
beams look very similar (except for the effects
of the different values of g„,g„andg-, and lead-
ing-particle effects in the fragmentation region of
the pion).

The meson-quark model makes sevex'al predic-
t1ons fox' the final state which CRn be checked ex-
perimentally. The large Q~ of the photon is bal-
anced by a xecoil quark. Thus the final state jet
shouM look the same as those seen at SPEAR, in
electx'on scattering, Rnd in large-p~ meson pro-
duction. The angulax dependence of the balancing
"jet" is detex'mined in terms of the distribution
functions and the angular distribution for M, yq
(the correct angular dependence will have to be
computed with spin-& quarks and not the scalar
model used here). In general, we expect that the
w /II ratio in the jet will increase as a function
of Q~.

Another px'ed1ctlon of the model 18 that fox' any
incident hearn, the transverse-momentum distribu-
tion falls as Q~"6 for Q~»Q and Q~~ for Q~«Q.
FinaDy, we note that since massive lepton pairs

and large-pg mesons axe produced by R very 81m-
ilar mechanism, namely meson-quark scattering,
the ratio of pl'QIIlpt single ieptons to pioIls, f/II,
is expected to be quite constant. Hovrever, since
the former is predicted to faB as Q ~

' and the latter
as Q~ ', the ratio should rise as a function of Q~.
This trend is observed in the data. ' The vridth

of the Q~ distribution w'ill aid the theoretical cal-
culations in getting a sufficient number of laxge-
transverse-momentum prompt leptons to fit the
data. '

I.et us contrast our model with that of DreB-Van.
In the meson-quark model used here, the photons
are assumed to axise from the interaction of the
beam vri. th vixtual mesons in the cloud of the target
(ol' vlcc vel'sa) ill an 111vel'se photoproductlon pro-
cess. Inside this process, there are graphs that
can be identified as quark-paix' annihilation, the
basic D-Y px'ocess. Since our model explicitly
focuses upon a scattering process, the generation
of large Q~ is to be expected with a scale set by
Q' Rnd M'. We predict a Q~ 'faQoff for@~&Q, and

an (Qr) that depends on Q and a mass parameter
M that is characteristic of all large-p~ reactions.
For small Q~, it is not possible to freely "boB off'
heavy particles& so thRt the IQR881ve photon dis-
tribution does not have the sharp (exponential)

peak at small p~ that characterizes the pion spec-
tra, fox' exRIQple. The Rvex'Rge tx'ansvex'se IQomen-

turn in the initial state plays a, minor role in our

model.
In conclusion, this model agx'ees very vrell with

the experimental data from proton beams using no

ne% parameters. All the parameters Rx'e detex'

mined in terms of the measured antiquark distribu-
tion, the large-transvex'se-momentum production
of mesons, and the dimensional-counting rules. "'~

A consistency check between the normalization of

the tgro 1nput measurements 18 SRtlsf1ed, Fux'thex'

tests of the model will involve other incident

beams, extension of the measux'ements throughout

the Peyrou plot„and detailed tests of final-state
correlations.

No&e added in proof. Recent data by Hom et aL
presented at the 1977 SLAC Summer Institute
shows an (Qr) which is roughly 1.1 68V rather
than the higher preliminary values given in Fig. 8.
They also find that a Qr distribution fits their
data.
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