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tion of the mass and width was that of the 1.51-
GeV isobar since it lies on a relatively slowly

varying background. The 1.23-GeV isobar lies on

top of the rapidly rising 1m and 2~ nonresonant
background and the 1.67-GeV isobar lies near the
limit of the instrumental acceptance. These fac-
tors introduce uncertainties in fitting the back-
ground under these peaks and hence also in their
masses and widths.

In Table I the results of the present experiment
are compared with the most recent preceding PP
missing-mass experiment, ' a recent rp missing-
mass experiment, ' and the results of mP phase-
shift analyses. ' The three missing-mass experi-
ments are in good agreement, demonstrating that
widths obtained in missing-mass experiments are
narrower than widths obtained from ~P phase-
shift analyses.
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We have measured wide-angle electron-positron pairs from the reaction y+ C C +g+
+g in the invariant-mass region 920&~&1080 MeV/c for incident photon energy 6&4
&7.4 GeV. The photoproduction amplitude of the (3E) meson was found to deviate from pure
imaginary by 25 + 15' corresponding to a ratio of the real to imaginary part of the P-nu-
cleon amplitude of P =- 0.48+00.g. The forward photoproduction cross section [do(y+C

C+Q(P —e+e ))dt]~ owas found -to be 96+14 nb/(GeV/c)2.

We determine the ratio of the real to imaginary
part of the g-nucleon amplitude, p, and the
quantity Ce= [do(y+C -C +Q(Q -ee))/df], 0 by
studying the e'e yields from the reaction

y+C-C+ e'+ e

in the energy region 6.0-7.4 GeV and e'e in-
variant-mass range 920 &m & 1080 Me V/c'. The
motivation for measuring P and C& is as follows:

(1) The phase of the PN scattering amplitude,

or the ratio of the real to the imaginary part of
the amplitude P, has been of considerable theo-
retical interest. On the one hand, since the gN
system does not couple to any of the known high-
lying trajectories other than the Pomeranchukon, '
one will expect the gN amplitude to be purely
imaginary. On the other hand, according to the
quark mode12 the (II)N amplitude is related to the
E 'N, g'lV amplitudes. Using the existing data on
the E'N, m'N amplitudes, various quark models'
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have predicted P from -0.3 to 1.0.
(2) Knowledge of p is necessary in the derivation of pN total cross section oz„and g-photon coupling

constant y&'/4z from measurements of photoproduction of P mesons on complex nuclei. '
(3) lt follows from p, -e universality that I"(p-ee) should equal I'(g- p, p, ) apart from a small phase-

space correction. Since the experiments on photoproduction of lepton pairs measure C directly, a
comparison between e'e pair-photoproduction data and p. 'p. pair-photoproduction data' around the

mass of the g checks p-e universality at a distance of - 10 "cm.
To second order, the amplitude for Reaction (1) is

Ar =A&(y)+A+(y)+A &H(2y)+ABH(3y)+A„(y),

where A (y) and Az(y) are the diffractive photoproduction amplitudes of p and g mesons decaying into
e'e via one photon. ABH(2y) is the ordinary Bethe-Heitler (BH) amplitude (which is real), where the
final e'e states are connected to two y rays. Ai,„(3y) is the second-order BH pair amplitude in which

the e'e are connected to three y rays. A, (y) is the incoherent p, Q meson production amplitude. It
follows from charge-conjugation invariance that 2IA„„I'= IAr(e', e )I' —IAr(e, e')I' can come only

from interference terms involving an odd number of photons'.

IA I' = 2 Re{[A~(y)+A &(y}]AiiH(2y)+Aii„(2y)A z„(3&)}.

At high energy on complex nuclei in the region of the g mass, one has

IA»&I'= 2 Re[A(y)A ii„(2y)j.

Since A B„(2y) is real, the measurement of asymmetric e e pairs yields information on the phase ie'~
of A ~(y).

The contribution to e e' yield from coherent p and P production' is

Av=g&v 2 A(VA-VA)Dv -" ~A(y-e'e ); Dv=(~vz —m —i~vt"v) i,
y mv

where gzv= enr vz/2yv are the vector-meson-photon coupling constants, I'„ is the width of the reso-
nance, and A(y-e e') is the amplitude for y-e e' pairs. The contribution of the Compton process
then is'

d 4 „EEoc-
dE dE dg dg

—
„2 z Ip, +p I 4 (, - &+.P-. ) ( }I il

The interference between the BH and Compton processes is then described by the cross section'

cfo' Z QP ~at /2
oi dE dE d d 2 Gz(f)E+E- 2 s(k) IRe(~i)]A2

(2)

with

A, =ie'"A; A =gzzZ+z g„~Z D exp[i(y~ —y)];
E F. 1 1 "m

A, =2m — ' +2 -+ -(E —E)+E kP —E kPkp kp kP kp 2

where

Z i, = [do(yA VA)/df li ] /

is the production phase of the p meson, Z is the charge of the target, k is the photon four-momen-
tum, p, is the four-momentum of the e', E, is the energy of the e', Q is the recoil four-momentum
of nucleus, t=(k-P, -P )', S(k) is the bremsstrahlung energy spectrum, and Gz(f) is the elastic form
factor of the target. The metric is g~= 1, g„= —1 (i=1,2, 3), with the z axis defined to be the beam
direction. The effect of the &o contribution is «1% and has been omitted.

As can be seen from Eq. (3}, the interference cross section o,. is antisymmetric under exchange of
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the four-momenta of the electron p and positron
p . Thus the effect of the interference term is to
produce an asymmetric distribution of experi-
mental events as a function of variables antisym-
metric in p, and p . Such an asymmetry is a
measure of o,- and therefore of y.

Asymmetries introduced by the spectrometer
are removed by taking equal amounts of data for
each polarity of the spectrometer.

The experiment was done using the DESY-
Massachusetts Institute of Technology spectrom-
eter. The apparatus and experimental proce-
dure were the same as described earlier. ' Sym-
metric spectrometer settings for the two arms
were found to be the optimum condition for run-
ning because of the large acceptance of the spec-
trometer in p, and 8,. The target was chosen
to be 1.5 cm carbon. The data were collected
with k, „=7.4 GeV, central electron momen-
tum 3.350 GeV/c, and central electron angle

@= 8.6 and 8.8'. The pions and the muons from
the decay of pions were rejected by four large-
aperture Cherenkov counters with a rejection ef-
ficiency af better than 10 '. To check the ab-
solute norxaalization of the detecting system, we
measured the e'e pair yield at 8p 4 to be with-
in 3% of the quantum electrodynamics prediction.
The data are corrected for target out (4%%uq), brems-
strahlung loss, dead time, accidentals (8/p), etc.

In order to describe the results of the mea-
surements, we adopt the following notation: The
subscripts "+"and "-"denote the sign of the
charge of the lepton passing through the right
arm of the spectrometer. The experimental re-

suits for N, (m)+N (m) are presented in Fig. 1
and the experimental results for N, (m) -N (m)
are given in Fig. 2. The total number of e'e
pair events is 390 among which 242 are attribut-
ed to the BH process and 46 events are attributed
to target-out and accidental events. The analysis
was done in two steps.

To compare the observed spectrum of Fig. 1
with Eq. (1a), we fit the symmetric data with the
contribution from p, p production and the BH
process. The BH contributions are calculated
using the measured elastic form factor on C and
the inelastic form factor from the Drell-Schwartz
sum rule. '

Taking '1 e=4.0 MeV, m =765 MeV, 1' =130
MeV, yz /4m=0. 5, tdo(yC-Cp)/dt], 0= 11.0 mb/
(GeV/c)', y~= 12', and the slope of the diffrac-
tion peak of the g meson a = 58 (GeV/c) ', we fit
for Cz(k), the resolution of the pair mass hm,
and m e. The best values are (Fig. 1)

m &= 1021.0+1.5 MeV,

&m =+7.0+, 9 MeV,

C &=96+ 14 nb/(GeV/c)'.

Using these fitted values, we compare the data in
Fig. 2 with Eq. (3). The fitted parameter is y.
We find

y =25'~ 15'.

The error is statistical only. The sensitivities
of the fit results to various input parameters are
shown in Table I. As seen, the result for the
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FIG. 1. Observed e+e spectrum from Reaction (1).
The curve is the best fit of the data with Eq. (la) with
m~=1021.0+1.5 MeV, 4m=+7 0+ ' MeV, and C~
=96 + 14 nb/{GeV/c) 2.
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FEG. 2. Spectrum of interference events. The curve
is the best fit of the data with Eq. (3), from which one
obtains p =25' +15 .
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TABLE I. Sensitivities of the fitted results to input parameters.

Fit
0mg 6Am DC' 6y

(NeV) (Nev) [nb/(Gev/c) ] (deg)

Without p contribution
Binning shifted by +2 MeV
Include incoherent part (5/II))

Slope a=47 Qa=-11) (GeV/c)
Slope a=70 pa=12) (GeV/c) 2

Fixed mass
resolution to +4.5 MeV

+ 1.7
+ 0.2
+0
+0
+ 0.3
—0.2

+ 1 ' 8
+ 1.9
+ 0.0
+ 1.0
+ 0.4

+10
0
5

—11
+10
—11

+7
+3
+0
+1'
+1
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production phase is very insensitive to variation
of the input parameters used, while the normal-
ization constant Ce is sensitive (to 10% level) to
reasonable variation to input parameters.

The measured mass of the P meson is com-
patible with the world average vaIue m += 1019.5
~ 0.5 MeV. ' Since this average value also has
some systematic uncertainty greater than the
indicated error, no correction to the mass mea-
surement is made. The measured mass resolu-
tion 4m = +7.0",-, MeV is also consistent with the
calculated value, b m = + 4.5 NeV for this spec-
trometer, using a Monte Carlo technique. The
value Ce(e'e ) = 96 + 14 nb/(GeV/c)' compares
very weII with a value obtained previously by
this group"o Ce(e'e ) = 99+ 27 nb/(GeV/c)'.

With the colliding-beam value" of ye'/4s = 3.2
we obtain the photoproduction cross sections, in
pb/(GeV/c)', for the 6.7-GeV reaction y+C
-C+ P: (do/dt), 0270+40 or (do/dt)e 0, = 190
+ 30, in good agreement with the earlier DESY
values from the 5.2-GeV y+ C-C+E'+K ex-
periment. ' The 8 = 0' value is also in agreement
with the Cornell 6.4-GeV photoproduction exper-
iment. '

Conversely, using our production cross section
on carbon, we obtain a branching ratio R = F(g
-ee)/F(Q-all) = (2.8+0.4) x10 ' and yq~/4m = 4.0
+0.7, comparable with our earlier value" of R
= (2.9+0.8) x 10 ' and the Orsay colliding-beam
value of y em/4s = 3.2+ 0.8.

A comparison of our data with that of Hayes
et al. ' shows a difference of 2 standard devia-
tions if one assumes p. -e universality.

For light nuclei the effect of nuclear physics
is small, and using the Margolis multiple-scat-
tering theory' we relate the production phase
angle y on C to that on a nucleon, thus to p, the
ratio of the imaginary to the real part of the p
production amplitude on a nucleon. We find

p = —0.48'~~~3,'.

In conclusion, our measurement indicates that
the ratio of the real to the imaginary part of the
P-N scattering amplitude is negative, 1.5 stand-
ard deviations from zero.
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The pion-exchange multiperipheral model is used to predict the amount and spec-
trum of pion production at small c.m. momenta in high-energy collisions. The trans-
verse momentum distribution, which agrees with the present experimental data, is
predicted to remain unchanged at all higher energies, but the number of pions produced
per unit volume of phase space, which is related to the average multiplicity, is pre-
dicted to decrease.

There has recently been a revival of interest
in the theoretical development' and phenomeno-
logical application' of the pion-exchange multi-
peripheral model originally proposed by Bertoc-
chi, Fubini, and Tonin, and Amati, Stanghellini,
and Fubini in 1962 (the ABFST model). ~ The
results of these studies have been generally en-
couraging, and there appears to be some possi-
bility that the model will actually be able to ac-
count for the majority of inelastic events at the
very high energies that will soon be experimen-
tally accessible.

The purpose of this article is to present and
discuss the predictions of the ABFST model
concerning inclusive pion production in a kine-
matic region that will become more and more
important at higher energies, namely, the re-
gion in which the pion energy is only a small
fraction of the total available energy in the over-
all c.m. system. %e shall refer to this loosely
as the region of "small c.m. momenta, " although
the highest pion momenta included may actually
be quite large [a fixed small fraction of s"*,
the c.m. energy] at very high energies. This is
an important region for multiperipheral models
because its growth with increasing energy is
supposed to give rise to a logarithmically in-
creasing multiplicity of secondaries, a predic-
tion most characteristic of these models and
at present in agreement with experiment. 4

If pion exchange is to be the dominant multi-
peripheral mechanism, it should give a detailed
account of the production of pions in this limited
kinematic region at small transverse momenta,
which are associated with small momentum

transfers, as it does in the case of low-energy
processes that are dominated by single pion
exchange. ' The predictions provide a good test
of the essential features of the model, and any
shortcomings will lead to a disagreement with
experiment that becomes more serious with in-
creasing energy.

A striking consequence of the hypothesis of
multiperipheral pion exchange is that secondary
pions must be produced in pairs of predominant-
ly low invariant mass. Since most of the cross
section for low-energy ww scattering is asso-
ciated with the p resonance, this means that
most secondary pions result from the decay of
p mesons. Accordingly, the principal features
of the model should be represented by the dia-
gram shown in Fig. 1, and we shall adopt this
diagram as our basis of discussion.

A problem that must be faced at the outset,
and which always arises in the ABFST model,
is that the vertices in Fig. 1 refer to scattering
processes in which one or two particles are not
on the mass shell. For several reasons this
is not a serious difficulty here. Consider first

Anything

Anything

FIG. 1. The multiperipheral diagram to be consid
ered.
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