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ABSTRACT 

The photoproduction of resonances has been studied in three exposures 

of a hydrogen bubble chamber to positron annihilation radiation of 4.3, 5.25 

and 7.5 GeV nominal energies. The general analysis procedure and results 

on the three prong event topology are presented. We study the highly con- 

strained reaction y p -+ pr++n- over the energy range 2-8 GeV and the reactions 

yp ,p?r+n-7r” and yp +nn’n’n- at the annihilation energies. Cross sections 

are given. Using various models to parameterize the p” “elastic” reaction 

we find the mean t-slope to be (7.1 rt 0.4) GeV -2 and its forward cross sec- 

tion to decrease from 130 pb-GeV -2 at 3.3 GeV to -100 pb-GeV -2 at 7.5 GeV. 

The cross section for yp +wp is decomposed into an OPE and a diffractive 

part, a,(o), which is found to be 1.5 -L 0.3 pb. a( p”)/oD(o) is then 9.5 It 2.3. 

In comparing vector meson production with Compton scattering via VDM we 

find that for yt/4?~ =0.32 + 0.03 there is good agreement at all s and t where 

comparison may be made (E y = 5-8 GeV) . In a search for p’ +2n we find, 

at the 90% C.L., 0pt (1250) < 0.3 pb and G-p,(1650) < 0.1 pb per 100 MeV 

width. Inelastic peripheral $ production is seen, but with present statis- 

tics we cannot identify specific nucleon isobars associated with it. Quasi- 
- ++ two body reactions, yp --$7~ A , - ++ 

P A and Ain are observed, decreasing 

with photon energy like E ia . We find for the first two, a = 1.74 + 0.16 and 

0.6 k 0.2 respectively. -++ 
We conclude that if the reaction yp -+ p A is due 

to an OPE process the required p +ny width (-0.5 MeV) is much in excess 

of the value predicted by SU(3). 



I. INTRODUCTION 

We describe here a hydrogen bubble chamber experiment to study high energy 

photoproduction of resonances up to an incident energy of 8.2 GeV, using a col- 

limated beam of electron-positron annihilation radiation to provide photons of 

energy known to + 2%. Knowledge of the incident photon energy allows con- 

strained fits to be made to the charged particle measurements of reactions with 

a neutral and hence unmeasured particle in the final state. Previous bubble 

chamber studies I,2 as well as streamer chamber work3 have used electron 

Bremsstrahlung beams and hence the event measurements had one less con- 

straint. With a clean separation of such reactions from multineutral production 

we may therefore obtain a more complete picture of resonance photoproduction 

in the high energy region. Some preliminary results are already published. 435 

In this report we give full results on 3 prong events, with particular emphasis 

on the vector mesons; five prong results will be given later. We also note that 

preliminary data from a bubble chamber study using polarized photons has been 

reported. 6,7,8 

The bubble chamber exposures were made at three mean annihilation photon 

energies of 4.3, 5.25 and 7.5 GeV. The 4.3 GeV film was measured and analyzed 

by the Weizmann Institute Group, the 5.25 GeV film by the SLAC Group, and the 

7.5 GeV film by all groups. Since close collaboration during the exposures and 

analysis was maintained, we present here all the data obtained as essentially 

from a single experiment, so as to enhance the statistical accuracy and to be able 

to discuss the energy dependence of resonance photoproduction. In addition to 

those events with zero or one missing neutral particle produced by the annihila- 

tion radiation quasi-monochromatic peak, we also obtained a large number of 
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events with no missing neutral particle from the positron-electron and positron- 

proton Bremsstrahlung, and data from these reactions is also presented. In 

this work we do not present an analysis of strange particle producing events. 

The photon beam and its characteristics are described in Section II, scanning 

and measuring details are given in Section III, and a discussion of the determina- 

tion of reaction cross sections is presented in Section IV. The experimental data 

on the three body final state is given in Section V, with greatest emphasis on 

the p” meson production and distinguishing between model dependent and model 

independent data. Section VI gives experimental data on the four body final states. 

Section VII compares vector meson production with the vector dominance model. 

II. BEAM AND BUBBLE CHAMBER 

The positron annihilation photon beam at SLAC has been described in detail 

elsewhere. 9 Here we shall briefly outline the beam principles in order to give 

an understanding of the beam spectrum and the energy resolution. Figure l(a) 

shows a schematic representation of the beam setup. A positron beam of up to 

E = 12 GeV, resolved to -t 0.50/o, is produced by a radiator placed at the one- 

third point in the two-mile SLAC accelerator, and is focussed to a spot of about 

3 mm diameter with beam divergence < 10 -5 radians at a 15 cm liquid hydrogen 

cell. Here the positrons annihilate with electrons in the hydrogen atoms. The 

incident direction of the positrons is monitored to f. 0.1 mrad by two beam posi- 

tion indicators, while the outgoing photons are collimated into a beam at 7-11 

mrad to the positron direction by two collimators, so that a vertical sheet of 

photons traverses the SLAC 40-inch hydrogen bubble chamber. Three sweeping 

magnets clean up the beam, one of which contains -1 radiation length of lithium 

hydride for beam hardening. The positron intensity was set to give about 14 e+e- 
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pairs per burst in the chamber, and the flashes were suppressed if the intensity 

fluctuated beyond limits. The bubble chamber is a 40” diameter cylinder, 20” 

deep, with scotoh-lite illumination. The central field is 26 Kg, uniform over the 

illuminated volume to -t 4%. 

The resulting photon spectrum may be seen in Fig, l(b-d). It is expressed 

for each of the three energy settings as the number of events expected to be 

found in our fiducial volume for a reaction with 1 pb cross section per GeV of 

incident photon energy interval. The prominent high energy peaks are from the 

annihilation reactions 
e+ + e- + 2y (1) 

producing photons with a unique energy-angle relation. At angle 0 the photon 

energy KA is given by 10 

KA = E(l+ Ee2/2 Me)-1 (2) 

where Me is the mass of the electron. The effective energy resolution obtained 

through collimation is ultimately limited by the radiative tail (emission of extra 

low energy photons) so that the sharp spike expected at energy KA is actually 

transformed to a cusp-*like spectrum -(KA - K) -1 . The photon energy resolution 

is further limited by the finite beam spot size and angular definition of the beam 

and collimators. In this experiment the production angle B(between 7 and 12 

milliradians) was defined by the position of the event vertex in the bubble 

chamber rather than by a very tight collimation. We therefore obtained a 

spectrum of annihilation photons with a fairly large spread of photon energies, 

but for individual event positions in the chamber the energy was known a priori 

to an accuracy of 5 + 2%. The inset spectra of Fig. l(b-d) shows the difference 

between this value (Ecalc ) and the energy obtained by measuring the highly con- 

strained (3C) reaction yp-+ pr’r-, illustrating the narrowing effect. 

-4- 



In addition to the annihilation photons, the beam contains a background due 

to Bremsstrahlung from e’ on electrons and nuclei, which was not overwhelming 

because the intensity falls much more rapidly with 8 than does the annihilation 

intensity. The e’e- Bremsstrahlung has a maximum energy at any 0 given by 

Eq. (2). As will be described, multineutral production events from photons with 

energy < KA will not be confused with single neutral events. For photons of 

energy > KA, confusion can result, but the e+- nucleus Bremsstrahlung component 

is made small by the use of a hydrogen radiator, as well as being suppressed at 

large angles by the proton form factor. 

The three exposures were made by setting the positron energy and photon 

production angle as close to those for symmetric photon production as possible. ’ 

For the high energy run the maximum available positron energy was 12 GeV and 

a slightly asymmetric setting was necessary. Table I shows the beam conditions 

and number of pictures &obtained at each nominal energy. 

III. SCANNING, MEASURING, AND HYPOTHESIS FITTING 

The bubble chamber photographs contain about 200 times more e+e- pairs 

than hadronic events, so that the pictures were generally crowded with pair 

tracks. We therefore made two independent scans for events in the first 2/3 

of the chamber, resolving identification differences in a third pass. Pairs were , 

counted in the same fiducial volume every 100 frames for the flux determination, 

and in approximately half of these frames all pairs were measured. Between 90% 

and 94% of all events had successful measurements after three passes, the major- 

ity of those failing having short scattered tracks or vertex confused by low energy 

pair spirals. In a 10% sample of the film it was checked that pairs failing recon- 

struction had no energy bias. The event geometries were obtained and fitted to 
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the hypotheses shown in Table II, according to topology using the TVGP-SQUAW 

kinematics programs. This table also defines the mnemonic notation we shall use 

to identify these reactions in the remainder of the paper. Events fitting the re- 

actions yp -+pK+K- and yp +K+K-?T+~- better than the topologically equivalent ?r 

final states were eliminated from the sample, as were events with track ioniza- 

tion or decays distinguishable as K mesons. No good separation of nondecaying 

fast K’s in reactions with a neutral was possible, and this background was 

neglected. Proton-pion ambiguities were resolved where possible on the basis 

of visual ionization checks by physicists. 

Since the alignment of the chamber with respect to the beam is subject to 

uncertainty, the target position in the bubble chamber coordinates was determined 

by projecting back the measured pair track directions. The positron direction 

at the target was obtained in the same coordinates by requiring the reconstructed 

pair energies to have as narrow a peak as possible around the value given by 

Eq. (2)) with E determined by the beam switchyard magnet settings. Each 

hypothesis was tried first assuming production by an annihilation photon with 

energy and direction determined by the measured vertex position in the chamber. 

Reaction (l), p+-A, gives a 4 constraint fit, reactions (2), pi--OA, and (3), n++-A, 

a 1 constraint fit, while reactions (4), p-+-MM, and (5), -I-+-MM, give no con- 

straints. Then reactions (1)) (2) and (3) were tried again without the energy con- , 

straint. Each well-measured event, therefore, has at least one missing mass 

value from hypothesis (4) or (5). For events either with a proton of momentum 

cl.3 GeV, or with all positive tracks I 1.3 GeV, the missing mass is unique 

because all but one missing mass hypothesis was excluded by the ionization 

check. 
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At this point it is useful to review some features of photoproduction kine- 

matic s . In the laboratory system, let kT be the true energy of the photon pro- 

ducing an event, k the value assumed in the missing mass fit. Let Eo, po, m. 

and (j. be the energy, momentum, mass and production angle with respect to 

the beam of the actual neutral system of particles. In the bubble chamber the 

momentum of an ionization-ambiguous track is measured correctly. Let 

01 = (assumed track energy minus true track energy) =: (m,” - m;)/2p, where 

mf is the mass assigned to an ambiguous track of momentum p (p > 1.3 GeV) 

while mT is the true mass. We may then show that the calculated neutral mass 

mc is given by 

m2 
C 

= rni + 2(k - kT)(Eo - p. cos eo) - 2a( E. - k + kT - a/2) (3) 

If the ionization-ambiguous track is assigned its correct mass, 01 = 0, and we 

see that for true photon energy kT less than the expected annihilation energy, 

mc is always greater than the true missing mass, although a fast forward 

neutral system will make the missing mass insensitive to the assumed photon 

energy: in particular events of the type p+- will almost always fit p+-0. The 

only multineutral events which will be assigned an annihilation single neutral 

hypothesis are from the e+p Bremsstrahlung photons with energy > kA, and as 

may be seen from the spectra of Fig. 1, will make negligible contamination. 

For the ionization-ambiguous events wrongly assigned, it turns out that those 

with a neutron in the final state ((I! > 0) generally have low enough E. and high 

enough m. to make the overlap with the p7;ta-n’ hypothesis small. Those with 

a fast proton however represent a considerable overlap and must be treated 

more carefully. 

In Fig. 2(a) we show the missing mass calculated for all events failing a - 

fit to p+-A or p+-B (X2 > 25)) with ionization consistent with p-t-MM. In Fig. 2(b) 
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we show the same quantity for events consistent with ++-MM. The peaks cor- 

responding to single r” and single neutron production are evident. In Fig. 2(a) 

the superimposed curve A represents the expected missing mass distribution 

for multi-n’ events, as obtained from 5 prong events by ignoring two of the 

measured YT tracks. The long tail at low masses represents the expected con- 

tributions from events with Ey > KA. Curve B shows the shape expected for 

annihilation events alone while Curve C includes the p+-OB events. Curve D 

shows no production expected from the number of v” -+ n’n-n’ decays observed 

in the five prong topology. We define a candidate for p+-OA as having a 1C fit 

to that hypothesis with confidence level > 0.005 and -0.18 < MM2 < 0.10 GeV2. 

The purity of this sample is estimated to be 2 90%. 

In the case of n++-A the contamination is larger. In Fig. 2(b) the super- 

imposed curves show how the background is made up of (a) p-0 A or B with 

fast protons ambiguous with r’ (Curve F) (b) multi-n’ production with a fast 

proton (Curve E) (c) neutron-multi-neutrals as obtained from 5 prongs by 

ignoring the proton and one pion (Curve G) . Curve H shows the expected n++- 

events from Bremsstrahlung. Source (b) is the most difficult to estimate as 

such events produce a continuous band in MM2 across the neutron mass peak 

region, and we may only assign “reasonable” limits to this contamination (10-20s) 

which are reflected in the cross section uncertainties. We define a candidate 

for n++-A as an event with a 1C fit of confidence level > 0.005 and 0.6 < MM2 

< 1.2 GeV2. The purity of the sample selected varies from - 85% at 4.3 GeV to 

-75% at 5.25 and 7.5 GeV. 

In addition to the backgrounds discussed above, there was further uncertainty 

introduced from events of the correct reaction but produced by Bremsstrahlung 

photons close enough in energy to the annihilation peak so that measurement errors 
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allowed a 1C fit. Such uncertainties were handled by a Monte Carlo simula- 

tion as described in the next section. 

IV. CROSS SECTION DETERMINATIONS 

In a bubble chamber study of photoproduction, the cross section 0 may be 

obtained in a straightforward and precise manner: if ese pairs and events are 

found in the identical fiducial volume we have 

0 (events) = No. events 
No. pairs o(pair) 

where c(pair) is known to an accuracy -0.5Yo. 11 The corrections which must 

be applied are for the following effects: 

(1) Scanning and measuring losses (a) of random nature, which are 

estimated by the double scan and (b) systematic losses of 3 prong events 

with short protons which can be confused with pairs. 

(2) Distortion of the ese- pair energy spectrum because of multiple 

scattering and undetected energy loss through Bremsstrahlung radiation 

along the lepton track. 

(3) Loss of events from the individual reactions because of poor measure- 

ment, which are excluded by the fitting process and the cuts described in 

the previous section. 

(4) Events accepted, but actually from other reactions. 

In addition to the above corrections and associated uncertainty, in the de- 

termination of single resonance production cross sections, some of the signal 

seen may in fact be formed in the contaminating reactions and will make the 

cross section appear larger. Such effects are important only for resonances 

decaying into only visible particles, as has been discussed in the ABBHHM 

publications. 2 
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The correction l(b) was estimated from the copious p+- events. Counter 

measurements of this reaction 
12 have shown that at high energies, da/dt , where 

t is the square of the 4-momentum transfer to the proton, fits a smooth ex- 

ponential dependence in t near t = 0. By extrapolating our data it was estimated 

that short proton losses are significant for It I< 0.06 GeV2. This effect appears 

correlated with the number of pairs per frame, (although apparently being in- 

dependent of track orientation), and indicates a - 13% loss for photon energy 

>4 GeV. At low energies the loss becomes less important. 

Correction due to effects 2-4 were all studied by using the track measure- 

ment simulation program PHONY, 13 which generates film plane measurements, 

weighted by predetermined matrix elements, and subjected to multiple scatter- 

ing, Bremsstrahlung, nuclear interactions, and setting error. It was found 

that such simulated events could reproduce the X2 distributions of actual fitted 

events, including a low confidence level peak presumably from the nuclear in- 

teractions along the tracks. In the case of pair measurements it was found that 

nearly 10% of photons in the peak would appear to have energies in the Brems- 

strahlung component of the beam. 

The photon spectrum was obtained by an iteration: the energy spectrum of 

3C, p+- events was normalized by the ratio o(pair)/o(p+-) , the PHONY pair 

spectrum was folded in, and the change in the content of each energy bin was 

used to correct the actual measured pair spectrum. 

If Nm is the total number of pairs measured, ANm the number of pairs of 

the corrected spectrum in the interval AE at energy E, we have for the flux e 

in events/pb/GeV 

ANm 
e(E) = AE 

N roll 

‘i (5a) 



I 

Qi is the “pair flux” for roll i, defined as follows to account for changes in 

photon flux: 
G = (number pairs counted) 

(number pair frames) x (number good frames) 

The spectra deduced by this method are shown in Fig. l(b, c, d). 

The cross section for the 3C fit reactions were found using the scanning, 

measuring and forward loss corrections described. They are given in Table III 

and are shown in Figs. 3 and 4, along with previous determinations. Agreement 

is generally good, except that in the 5 GeV region, the pair spectrum correction 

may be responsible for the - 1 standard deviation disagreement with the ABBHHM 

result. 2 Note also that the present cross sections represent a revision of our 

preliminary values. 495 

In the case of the 1C fit reactions the following procedure was adopted to 

obtain the total channel cross sections. The “missing mass” was plotted for each 

event consistent by track ionization with the 1C hypothesis (ambiguous events given 

multiple entries) without regard to fits, as is shown in Fig. 2. The backgrounds 

expected from multineutral events and from wrong track identification were super- 

imposed and assigned a “reasonable” error. Then events of the proper category 

were generated by PHONY, having a phase space distribution weighted by the 

observed overall momentum transfer distribution to the nucleon and an incident 

photon energy given by the distributions of Fig. 1. These events were fitted by ’ 

the complete TVGP system in a manner identical with that of the experimental 

sample and subjected to the cuts described in Section HI, giving an efficiency for 

fitting both annihilation and Bremsstrahlung induced events to the 1C hypothesis 

when subjected to the cuts described above. This factor was used to correct the 
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number of events above the other backgrounds shown in Fig. 2 and finally the 

cross section for these events was found using Eq. (4), assuming no significant 

energy dependence over the energy interval involved. In the case of the channel 

p+-0 the o was treated separately, but in a similar manner, and the forward 

loss correction factor found for the p meson was applied. The final values 

obtained for the 1C channels are given in Table IV, and shown, along with pre- 

vious measurements, as a function of energy in Fig. 5. 

V. REACTION yp + pr+n- 

A. General Features 

1,2,3,6 This reaction has been investigated in previous track chamber experiments 

and by counter techniques, 12 which showed that above E, = 1.5 GeV the reaction 

0 
YP +PP (6) 

dominates the channel, having a roughly constant cross section, sharply pe- 

ripheral production angular distribution, and being consistent with a natural 

parity t-channel exchange mechanism. 6,14 These observations have led to the 

interpretation of this reaction as a diffractive process. For squared momentum 

transfer to the proton, It 1, less than 0.4 GeV2 it appears that s-channel helicity 

is conserved at the photon vertex. 6,15 In addition a contribution - E ,, -2 

from the reaction” 2’ 8y l6 

yp -+ nA(1236) (7) 

is observed. Evidence has been sought, but not found, for resonances other 

than P” in the n+n- mass system. 17 In this section we confirm some of these 

features in our data, add data at higher energies, and confirm that reaction (6) 

increasingly dominates the channel as incident energy increases. 
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It is important to point out here that in the bubble chamber we are free of 

possible backgrounds from reactions other than yp-,pn’n-. As will be shown 

later there is considerable P” production in other reactions which might be 

hard to eliminate with other techniques. 

B. P” Production 

In Fig. 6(a-e) and Fig. 7(a) the invariant mass of the *‘n- system is shown 

for six photon energy regions. The previously observed skewed distribution of 

the P” with respect to the usual Breit-Wigner shape becomes especially dramatic 

in the 7.5 GeV region (Fig. 7)) there being essentially no sign of the high mass 

tail to the distribution. 18 In Fig. 7(b and c) the change of shape for the 7.5 GeV 

data with t is illustrated by plotting the distribution near the P” mass for 

O<,Itl 10.12GeV2and0.12~ltl<0.4GeV2. Atlargeltithemassdistribu- 

tion can be qualitatively described by a relativistic Breit-Wigner form (Eq. (9a) 

below) with fixed _1 as is shown by the solid curve on both distributions, but at 

small t the high mass tail is significantly below even the s-wave B. W. predic- 

tion. This distortion means that a full analysis must depend upon the production 

model adopted. In the following we use procedures parallel to those of the SBT 

collaboration’ and shall note any differences in approach. 

To present the raw data independent of models we begin with a purely 

phenomenological approach. We assume that the double differential cross 

section for dipion production with It 1 < 0.4 GeV2 may be described by the form 

d2c - = A exp (Bt) dtdm (8) 

where A and B are functions of m, the dipion invariant mass. In Fig. 8 we show 

the t distributions for events with m in the p” region (0.60 < m < 0.85 GeV) , 
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which show that Eq. (8) represents this region well (dddt values will be pre- 

sented later). The loss in scanning of events at small t, mentioned earlier, 

is evident here. We determined A and B for fixed intervals in m for events 

with 0.06 < 1 t I< 0.4 GeV2 using a maximum likelihood method. The resulting 

forward cross sections and slopes are shown in Fig. 9. The variation of slope 

with mass becomes more markedat the highest energies but is consistent with 

the same value at the p” mass : B(.715<m<.815GeV)=(7.1*.4)GeV -2 

for 3.7 < Ey < 8.2 GeV, statistically in agreement with that of the SBT col- 

laboration 6 who find(6.8 f 0. 5)GeVw2 for Ey = 4.7 GeV. 

We now make the observation that the production models suggested in the 

literature fall into two classes: (1) the interference model of Sliding lg and 

(2) kinematic skewing or phenomenological models, such as suggested, e. g. , 

by Ross and Stodolsky, Kramer and Uretsky, and Mannheim and Maor. 20 In the 

first class we would include also models differing from that of Sb’ding in the 

details of the interfering background, 19 in the second any modifications of the 

kinematic factor, e. g. , as used in Ref. 6. We have chosen a particular example 

of each class to provide functional forms describing the dipion production data 

and by fitting these have obtained p” cross sections and values for the mass and 

width of the p”. Applied to the same data these values differ by small amounts 

which may be regarded as a measure of the theoretical uncertainties inherent in 

the model approach. A third set of cross sections were derived from the in- 

tensity of dipion pair production near the p” mass in a manner described below. 

These latter values are the least model dependent within our present theoretical 

understanding. We therefore have three p” photoproduction cross sections which 

will be termed (a) Sijding fit values, (b) phenomenological values, and (c) values 

obtained by the ffstandardtf method. The true p” cross sections presumably lie 

somewhere within the range of these values. We now describe our procedures. 
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(a) Sijding fits: As has been shown at lower energies 236 the character- 

istics of p” photoproduction are well described by the siding interference model. 19 

In this model the distorted p” shape is due to an interference of a diffractively 

produced p” (shown as a Feynmann graph in Fig. (lOa)) with a p-wave ~7r back- 

ground from a Drell diagram 21 (Figs. (lob), (10~)). It was shown in Ref. 6 

that this model explains most features of p” production at 2.8 and 4. 7 GeV 

including the skewing of the mass distribution and its variation with t. If Ml, 

M2, and M3 are the matrix elements for the diagrams in Figs. lOa, lob , and 

1Oc then the cross sections for diffractive p” production, the tYDrell-term” and 

the interference term are given by 1 Ml 1 2, 

respectively. In the calculations the explicit 

1% + M3i2 and 2Re [MI . (M2 + M3)] 

formulae given in Ref. 19 for Ml, 

M2, and M3 were used with the following changes (Appendix B, last paper, Ref. 6). 

(1) We used MI a exp (BSGd t/2) to describe the t dependence of p” diffractive 

production. (2) The amplitudes T, (s , t) which describe the nN interaction at the 

lower vertex were evaluated from the nN phase-shift data for M < 1.74 Gev. 
7T.P 

The virtual nature of the interacting pion was accounted for by multiplying the 

amplitudes T, (s, t) by a Ferrari-Selleri type form factor. 22 (3) Double counting 

was avoided by introducing corrections for the rescattering of the dipion system 

to form a p” indistinguishable from that directly produced. This can be done by 

multiplying the Drell matrix element by e i6 cos 6 where 6 is the p-wave phase 

shift associated with the p” resonance in elastic ~-7 scattering. 23 To evaluate ’ 

the total p” cross section the events in reaction (1) were fitted to an incoherent 

sum of three distributions given by: (1) the diagrams of Figs. (lOa-1Oc) with 

rescattering corrections, allowing the p” mass, width and t-slope, B Siid , in 

Ml to be free parameters determined by the fitting program; (2) the reaction 

“/P-A 
+-I- - 

r and (3) Lorentz-invariant phase space. Thecross section for 

‘/p + pop was taken to be t Ml1 2 while the 1 M2 + M3 I and the 
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interference terms were regarded as background. In Fig. IO(d) we show the 

projected dipion mass distribution of the p, Drell background and interference 

terms, indicating their relative importance for the 7.5 GeV data. 

The parameters M I and BsGd 
P’ P 

of the Sliding model were determined 

fromafitinthetregion It11 = 0.06<lt)<lt21 = 0.4GeV2. The cross 

section for p” events in this t range, u (t 
P 1’ 

t2), was then increased by the ratio 

of IM,l 2 integrated over the entire physical region of phase space to 1~~1 2 

integrated over the above restricted t range in order to obtain the total p” cross 

section. 

The forward p” cross section was computed from g (t 
P 1’ 

t2) by extrapolating 

to t = 0 using: 

do Sad BE%d . 
(t=O) = 

g Cl ) 5 ) . 
dt 

exp (B Sadtl) - exp(B SBdt2 ) 

In this way we avoid the effects of scanning losses at small t and the distortion 

by the kinematic boundary at tmin, the minimum 4-momentum transfer. The 

resulting fit parameters and cross sections are given in Tables V and VI. 

(b) Phenomenological fits : Here the p” shape was parametrized by:6 

P(m) = %- 
n(t) i 1 m f(m) L(m) 

e-4 = 
r(m) 

2 3 
tm p-m2)2 +-mE12(m) 

3 2 

r(m) = +- 
( i 

24p.r 

P cl; + q2 p 

(9) 

Pa) 

6)) 

L(m) is a Lorentz invariant two-body phase space factor, q and qp are the r 

momenta in the dipion rest frame for dipion masses of m and mp respectively 
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and $ is the p width. Equation (9) is essentially the Ross-Stodolsky 20 form 

where the constant exponent is replaced by a t-dependent exponent n(t). This 

parametrization, first used in Ref. 6, describes well the experimental data. 

When fitted over the full range of t we get < n(t)>= 4 at all energies. However, 

when the fit is repeated for distinct t intervals n(t) is found to be a function of t , 

decreasing from about 5.5 at 0 I It I 5 .I2 GeV2 to near zero at large t, in 

agreement with the results of Ref. 6. As in the Sliding fits, we have also allowed 

contributions from the reaction -@ + A ++ - 7r and from Lorentz-invariant phase 

space. The fractions of pp” , A*r’ and Lorentz-invariant phase space were 

fitted together with the p” mass, width and < n(t) > . The p” slope and forward 

cross section were derived by repeating the fit in t-intervals and fitting the 

resulting p” cross sections to the exponential form (8) in the range .06 5 1 t 1’. 40 GeV2. 

This fit to the differential cross section was also used to correct the total pheno- 

menological p” cross section for I tminl< I t 1~. 06 GIVE . Tables V and VI list the 

values found. 

(c) “Standard” method: D. R. YennieB3 has pointed out that in the absence 

of incoherent background processes the Sading model predicts that the values of 

d2p/dtdm at m = mp is given to good approximation by the peak of the Breit- 

Wigner resonance shape describing an undistorted p” meson. This is because 

the p-wave part of the Drell and interference terms vanish here and contributions 

from other partial waves are small. Hence by multiplying d2c/dtdm (m = mp) 

by a factor 

F = s f(m) dm2/2mpf(mp) , (10) 

where f(m) is defined in Eq. (9a), we can derive a p” cross section which is inde- 

pendent of details of the skewing mechanism. However, this method provides no 

estimate of incoherent background and therefore will only be reliable for our data 

at the higher energies where such background is found to be small by the previous 

fitting procedures. 
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To obtain the slope and forward differential cross sections we fitted Eq. (8) 

to our data in the range 0.715 < m < 0.815 GeV and 0.06 < 1 t I < 0.4 GeV2 to 

obtain the averaged double differential forward corss-section < d2a/dt dm > at 

t = 0. The values found are given in the last column of Table VI. To obtain 

d2 cr/dt dm (t = 0, m = mp) we corrected the average values by a factor: 

f(mp )/ < f(m) > 0.715 < m < 0.815 GeV = 1.15 (11) 

derived from Eq. (9a) for l? = 0.130 GeV. Because of the narrow mass interval 
P 

chosen this factor changes insignificantly for rp in the range 0.12 - 0.15 GeV. 

Since the true p” 

Wigner form and 

D. R. Yennie23. 

shape is not well known we use the zero width limit of the Breit- 

choose F = 7r rp / 2 with r 
P 

= 130 MeV, as suggested by 

The prescription becomes 

do shnd(t = 0) = 1. ,,<$& > 2 
dt 

(12) 

These values are shown in Table VI. Uncertainties resulting from the values 

chosen for the central mass and width of the p” meson are not included in our 

errors. 

In similar fashion we have determined dcp/ dt in finite t bins. These are 

shown for % 
> 3. 7 GeV in Table VII, along with the actual numbers of events 

used to determine < d2cr/dt dm >. 

The results obtained by the three methods are summarized in Tables V, VI, * 

VII and Fig. 11. It appears that at high energies all three approaches yield similar 

results within errors. 

One should note (see Table V) that the fitted mass and width of the p” are 

about .765 GeV and .135 GeV respectively and seem to be independent of the 

photon energy, in both the SGding and phenomenological methods. 
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The dipion slope near the p” mass is consistent with about 7 CeVm2 for 

3 5 E < 8 CeV and similar slopes are obtained from the %ding and pheno- 
Y- 

menological fits (see Fig. 11~). The forward cross sections from all three 

methods drop slowly with increasing photon energy, as has been observed 

previously. 2,17 

Comparing to counter experiments of p” photoproduction 17 we find that our 

average slope B is smaller than that observed in most counter measurements 

and closer to the Compton scattering slopes. 24 Moreover, the forward cross 

set tions , reported here, seem to be slightly lower. These discrepancies may 

be caused in part by a contamination from inelastically produced p” mesons in 

the counter experiments or by a change in the slope of p” photoproduction for 

It 1 < 0.06 CeV2. 

The results from the phenomenlogical method can be compared to those of 

other bubble chamber experiments 0 2,6 Total and forward cross sections as well 

as the slope of the differential cross section agree at corresponding energies. 

The Siding model is applied here in a way slightly different from that used by 

the SBT collaboration. 6 The total cross sections were fitted in both experiments 

by equivalent methods and indeed they agree. The slope B SGd in the present 

work was fitted directly in the p” matrix element, while the SBT collaboration’ 

determined it from a fit to the differential p” cross sections. Thus the kinematic 

’ cut off at large MnT and small t brings about the smaller slopes found by SBT. 

We further remark that since the &ding model describes the data very well, our 

procedure for deriving the forward SGding cross section is essentially equivalent 

to the standard method, using a p” width which would fit the observed 7rf7r- mass 

distribution. However, the &ding model fits subtract the incoherent background 

which is of increasing importance as EY decreases. Fig. 11(b) indeed shows that 
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the values of the forward cross sections from the standard method are higher at 

low E 
Y’ 

Using the method of moments, we have determined the spin one density matrix 

elements for the dipion system in the p” region (0.6 - 0.85 GeV). As has been 

observed previously 226 the helicity system provides the simplest description 

of the distribution because the helicity of the photon appears to be conserved. 

In Fig. 12 we show the behavior of the three measurable elements poo, Re plo 

and PI-1 in the helicity system. 25 Background from A++ reflections and phase 

space was subtracted by analyzing with and without A++ cuts and interpolating. 

For most points and in particular in the small I t I- regions the corrections 

were negligible. The y-p helicity conservation hypothesis’ (no helicity flip in 

the s-channel helicity system) is compatible with the data up to I t I = 0.4 GeV2 

andat7.5GeVmaybegooduptol’tI = 1.0GeV2. 

C. Nucleon Resonances 

In addition to the p” production we observe A in reaction (7) at all energies. 

Figure 13(a) shows the M(p*‘) spectrum for events with M(n’n-) > 1 GeV in the 

7.5 GeV data where A++?T- production is apparent. Events for which the momentum 

transfer between the target proton and the final pr+, t(p,pr+) is smaller than 

t(p, pr-) are shaded. For a nucleon isobar produced by a peripheral mechanism 

one would expect the smaller of the t values to be associated with the isobar as 

is clearly true for A-(1236). Figure 13(b) shows a similar plot with the 7;’ re- 

placed by the 7r-. In Figs. 13(c) and 13(d) we show the combined data for the 

4.3, 5.25 and 7.5 GeV regions for M(P?T’) and M(pn-) respectively using events 

with M(?r+n-) > 1 GeV. The solidly blocked events are those with the lesser 
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momentum transfer. Although not statistically compelling, the accumulation 

of events in the 1.9 GeV region for pr+ and the 1.6 GeV region for p’l~.- indicate 

that a substantial fraction of events with M(n+r-) > 1 GeV may be accounted for 

by nN* production (e.g., by the Drell process). 
- +-I- 

In Fig. 14 we show the cross sections for yp-+ r A at the six energies as 

determined from the phenomenological fits and using a relativistic p-wave shape, 

Eq. (9) above, for the A+“. Our measurements agree with those of earlier ex- 

periments. 1,2,16 The energy dependence of the delta cross section is well de- 

- scribed by o( yp-+ 7r A ++) = A Eye! with a slope a! = 1.74 rt .16 which is close to 

the slope for quasi-two body hadron collisions produced by non-strange meson 

exchanges. 26 The use of a delta shape other than Eq. (9) (e.g., that used in 

Ref. 8) may reduce the magnitude of the cross section but will not change ap- 

preciably the slope Q!. If delta production proceeds by pure OPE (One Pion Ex- 

J J change) one would expect p 11 = .5 (p 33 = . 0) in the Jackson system 
27 for the 

delta decay. It is however difficult to draw decisive conclusions about the 

yp -+nA production mechanism because of the small statistics involved and the 

reflections from the p” events. For the 7.5 GeV events with 1 t(p, A+“, 1 _< .4 GeV2 
J where the PO reflections are minimal (see Fig. 7) we find p 11 = .21 t- . 10 in 

contradiction with the prediction of pure OPE without absorption. At 4.7 GeV, 

the polarized photon experiment gave a similar conclusion. 8 

D. Higher Mass Vector Meson Production ( p’) 

Vector mesons with the square of their mass forming a series with interval 

-1 GeV2 are predicted by the Veneziano model, 28 with decay width uncertain, 

but presumably allowed to decay to two pions. Also, some discrepancies between 

VDM (Vector Dominance Model) and experimental data could be reconciled by 

the existence of higher mass vector mesons (see Section VII). No evidence for 
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such states is to be found in the spectra of Figs. 6 and 7. For the 7.5 GeV 

data the number of events with rnnn > 1.0 turns out to be especially small. 

Furthermore, as was shown in the last paragraph a large fraction of these 

events may correspond to nN interactions. In Figs.l5(a-b) we present the angu- 

lar distribution of the n’ in the dipion helicity system for events with dipion 

mass > 1 GeV, and for two t’( Y, n7r) intervals (t’ = t-tmm and tmin is the mini- 

mum momentum transfer for the given dipion mass). The shaded events have 

an associated A. If the p’ is diffractively produced in a CM helicity conserving 

interaction (sin 2H 8, decay distribution) one would expect most of the p’ to be 

at small t and to decay with / cos ,$I < .5. In Fig. 15(c) we show the dipion 

mass distribution for events with cos 8 
I :I < .5 where the shaded areas correspond 

to events with 1 t’( Y+ ~7r ) 1 < .4 GeV2. In the small t sample we find about 1 

event per 100 MeV in the 1650 MeV region and 4 events per 100 MeV near 1250 

MeV, corresponding at the 90% confidence level to up, (1650) 5 . 1 pb and 

opt (1250) I .2 pb per 100 MeV width of such resonances. These cross section 

limits are for 1 t’( Y-+rn) 1 < .4 GeV2 and include corrections for events with 
H 

I I 
cos 8, > .5 assuming a sin 2 H en distribution in the dipion system. Correction 

for high momentum transfer events are expected to be small if the t-slope of the 

dipion system is comparable to that of the p (765). 

VI. THE REACTIONS yp --+N~~TT 

A. General 

Unlike the channel yp +p~+w- discussed in Section V the 1C reactions: 

Yp -+ pn+n-no 
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are much more complex and difficult to analyze. The total cross section and 

the energy dependence for reactions (13) are given in Table IV and Fig. 5 above. 

In this chapter we shall discuss the quasi-two body reactions: 

YP-+OP 
-++ 

yP-+ P A 

yp-+Aln 

( 1w 

Wb) 

(14c) 

and the inelastic p production. 

~P-+PTN . Wd) 

Our detailed investigation of reactions (14a) and (14b) is presented in two 

recent publications 29,30 but, for the sake of completeness, we shall summarize 

here briefly the main results concerning the two reactions. 

B. w - Production 

The LL is clearly seen at all energies between 1.2 and 8.2 GeV and is well 

separated from the background, especially at the high energy regions. The w 

production cross sections, as observed in the present experiment are shown in 

Fig. 16(a). In Fig. 16(b) we show the results of earlier experiments and as can 

be seen the cross section for reaction (14a) rises from threshold to about 7 pb 

around 2 GeV and then drops rapidly to about 2 pb at 7.5 GeV. 

From SU(3) it is expected that the any coupling is much larger 32 than the 

Pry coupling: 

r(av) : I-( pny) = 9:l . (15) 

Thus one pion exchange (OPE) can contribute more to reaction (14a) than to 

reaction (6). We therefore attempted to fit the data of Fig. 16(a) (for 

E,, 2 2.0 GeV) to a curve of the type: 
-o! -a 

Oo’P-+WP) = ‘OPE * Ey 
1 

+ ‘DIFF ’ Ey 
2 

(16) 
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where Ey is the photon laboratory energy in GeV. The data is too meager for a 

detailed analysis. al is expected to be 26 1.6 - 2.5, like in other OPE dominated 

reactions, (see Section V-C above) and cr2 should be small (perhaps ‘c (. 2 k .15), 

like in our energy dependence of o( p”), see Fig. 11(d)). A fit of the data of 

Fig. 16(a) to Eq. (16), for fixed arl = 2.0, cy2 = 0.0, yields COPE = 31~ 5 and 

‘DIFF = 1.5 -t .3, and describes nicely the data (see curves in Fig. 16(a)). With 

these parameters we obtain also good3 agreement with experiment for both the 

production cross sections and o decay distributions. 29 The OPE part of the 

cross section is obtained by using a sharp cutoff absorption model 33 and for the 
do diffractive part we use dt = A eBt with B = (7.1& .4) GeV -2 as obtained in the 

last section for the p” (Fig. 11(c)). Since the asymptotic o cross section for the 

diffractive part, oD = 1.5 It 0.3 pb, we obtain: 

A(a) = g (VP-t UP) 1 y::“= CD * B = (11~ 2) pb/GeV2 (17) 

This value, together with the corresponding forward p” cross section, will 

be used (see Section VII) for deriving the direct VDM 34 I couplings of photons and 

vector mesons and for comparisons of our cross sections with Compton scattering 

results. 

Ideally one would want to try to detect in relation (16) terms proportional to 

-1 
EY and E;“, to account for possible A2 and f” exchanges and their interference 

with the diffractive (Pomeron) amplitude. Since our numbers of events are not 

sufficient to do this, we assume such terms are small. 

C. p- A+‘t-Production 

This reaction was also the subject of a separate publication 30 and will be 

discussed here very briefly. At the high energies (7.5 GeV) the associated 
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p-A++ production in reaction (14b) is well separated from the background and 

thus we have no difficulties in determining the cross sections in spite of its 

smallness. Our measured cross sections at all three energies are shown in 

Fig. 17 together with some recent measurements in the polarized photon ex- 

periments 35 at 2.8 and 4.7 GeV. 

In several early photoproduction experiments 1,2 it was attempted to utilize 

reaction (14b) in order to estimate the pr); width, r( pry). This was done by 

assuming the reaction mechanism to be one pion exchange (OPE) . More recently, 

in a Yd experiment 36 at 4.3 GeV the reaction yn -+ oA” was looked for and its 

cross section was found to be smaller than 0.5 pb. It has been pointed out that 

this is in contradiction 36 to the assumption that reaction (14b) proceeds via OPE 

if the SU(3) relation (15) is correct. If relation (15) is even roughly accurate, 

the observed 36 upper limit on the ratio oA”/ P-A’” would rule out OPE as the 

sole mechanism for reaction (14b). 

The study of the energy dependence of reaction (14b) would serve as a test 

for the nature of the reaction mechanism. A best fit of the cross section (Fig. 17) 

to a power of the energy: 

u 0’~ 4 p-A++) = C * Eia (18) 

gave C = 3.5 +Z 1.2 and a = 0.6 & 0.2, where o is expressed in microbarns and 

E y in GeV. This fit indicates that very probably the reaction is not due to pure 

OPE, because of the following arguments 30: (a) In general, reactions believed 

dominated by OPE have an exponent 26 of about 2 (values of a between 1.6 - 2.5 

are quoted in various compilations). (b) If we attempt to fit the data to a specific 

OPE model, the absorption model with sharp cutoff, 33 we find that for reasonable 

values of the absorption parameters (R between 0.8 and 1.0 fermi, which fits the 
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shape of our differential cross sections) I?( pry) turns out to be about 0.5 MeV for 

R = 0.8 fermi and 0.85 MeV for R = 1 fermi. This width is about 4-6 times 

larger than the expected 37 pny width (by Eq. (15), r( pny) = i r(wny) = .134MeV) 

contradicting SU( 3) and also unlikely on experimental grounds. 37 

Thus we would tend to conclude that OPE does not dominate reaction (14b). 

More accurate data with polarized photons on both the production and decay of 
- ++ 

the resonances P A would be required for a definite determination of the 

mechanism of reaction (14). Quite possibly vector meson exchanges are important 

in this reaction since (within VDM) they would involve ( p” p’ p-) couplings which 

could be very strong. 38 

D. The Reaction yp-+ nAz 

This reaction is the only clear quasi two body reaction in the n-t+- channel (13b). 

In Fig. 18 we show the invariant mass distributions M(n”n+z-) for the pions pro- 

duced in reaction (13b), for a sample of clean monochromatic events (P(X2) 2 0.05 

andMM2 = .6 - 1.2 GeV2 cuts were used). Best fits to the mass distributions using 

3 out of 4-body phase space and a single resonance (s-wave form) at all energies 

yielded the results shown in Fig. 18 and summarized in Table VIII. The fit to the 

7.5 GeV data is rather poor and may indicate a more complicated structure in the 

A region. The Ai production cross section seems to be decreasing with increase of 

E y as might be expected for an OPE dominated reaction. 

Our Ai signal is associated mainly with p” decay and indeed we see no signal 

in events without associated PO, in agreement with the accepted branching ratio. 37 

The shaded histograms in Fig. 18 for 1 t(p, n) 1 < 0.5 GeV2 demonstrate that the 

Ai production is associated with small momentum transfers. Best fits to the com- 

bined data of Fig. 18(d) yields a mass mA = 1.30 -t 0.01 GeV and width 

r (A$ = (0.13 + .046) GeV, in agreement with other experiments. 
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In the notation of our previous work 39 and assuming that A’ production in 2 

reaction (14~) is due to an OPE process, we get 

1 t 1 (t-m;)4 

rni k2 s (t-p2) 2 
( w 

where g nNN2/4~ = 14.6, k and s are photon momentum and total energy squared 

in the overall CMS, and ~1 is the pion mass. Introducing final state absorption 

corrections33 ’ mto Eq. (19a) we may derive from our experiment the A2nY coupling 

constant gAny (we used twice the cross sections of Table VIII to account for p+n” 

decays). From it we obtain the partial decay width: 

gA/2 q5 F(A++) =& 4n - 
m? 

t 19 
N 

where q is the photon momentum in A2 -+v decay. 

Again the problem of choosing the absorption radius arises. We find for 

R = 1.0 fm (the hadronic reaction value) that I‘(A2”y) = 0.6 MeV while for 

R = 0.8 fm (used for our o photoproduction results) I’(A2ny) = 0.3 MeV. Hence 

we conclude that within a factor two, 

r(A2V) =0.5MeV . 

If we assume VDM to hold in the A2 rest frame we may write 39 : 

2 
gA2y~ =: 

2 
gA2 pn ’ (20) 

With the effective value y2/4n = 0.30 that is derived in Section VII, we obtain 

for the VDM prediction r(Al + ye') 2 2 MeV, while the storage ring value gives 

~1.2 MeV. Considering the uncertainties in the data and the treatment the dis- 

agreement should not be considered serious, but may indicate that VDM plus 

OPE is not sufficient to explain the data. Much more data would be required for 

a better examination of VDM in A2 photoproduction. 

- 28 - 



E. Inelastic p Production 

As was noted already in previous experiments 2,425 there is substantial pro- 

duction of p’s in the inelastic reaction: 

YP-+P+N~ (21) 

The relative abundance of p” and pi * m reaction (21) depends on the production 

mechanism. p’ production is forbidden in a diffractive process while $ pro- 

duction will be suppressed if th-e p’s are produced via I=1 exchange to the domi- 

nant isovector part of the photon. Thus the cross sections for p production in 

various charge states and its t distribution may indicate the production mechanism. 

The invariant mass plots of the 7r+n0, ?~‘n-, and 7r-r’ produced in the p+-0 

final state is shown in Fig. 19, combining the three annihilation energies. Here 
- fl- w and p A events have been removed. Darkened events are those with small 

momentum transfer to the dipion system. Photoproduction of p”, 0’ and p- is 

clearly visible but not all is peripheral. We performed a multidimensional fit 

to the data, assuming the production of p’ , p- , p”, A”, A+ and A” both in 

associated and unassociated production, and a 4-body phase space background. 

The results of the fits, at the three annihilation energies, are given in Table VIII, 

None of the cross sections changed significantly when a possible Ai production 

term was introduced. For the 5.25 GeV data we were unable to obtain a good fit 

to the 7r’r- mass spectrum in either the p+-0 or ntt- channels, because the p” 

signal was anomalously broad and the background unlike phase space. We are 

unable to account for this effect, which does not occur in the other mass combi- 

nations. Since the signal is clear at our other energies, we prefer not to give 

a cross section for unassociated P” in the 5.25 GeV data. 

In order to gain information about the possible production mechanism of the 

mesons produced in channel (13) we plot in Fig. 20 the ~‘7r- and 71%” invariant 
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masses for events with small momentum transfer ( 1 t 1 < .5 GeV2) between the 

photon and the vector meson for the three annihilation energies combined. Ex- 
-++ eluded from the graphs are all events having o, p A or Az(?;‘~+n-) production. 

Thus reflections from the quasi two body reactions discussed above are eliminated 

as much as possible. We realize from Fig. 20 that there is a significant p” pro- 

duction, associated with both pro and n7;+, remaining after all above cuts and 

that is production is peripheral. The signal for charged pL production at small 

- (t ( values is much weaker. If we associate this peripherally produced p” with 

a “diffraction dissociation” process, 40 we would conclude that the ratio of 

elastic diffractive $ photoproduction to inelastic diffractive production is about 

30 (i.e., 15 pb/0.5 ,ub). This is similar to the ratios obtained in pion-nucleon and 

nucleon-nucleon reactions. 40 We wish to emphasize that our signal is small 

and thus we do not have enough statistics to study it in detail or even to prove \ 

that it is really diffractive. However, it is worth noting that when we plot the 

invariant masses of the NT system associated with the p” (Fig. 21)) we do not -- 

see evidence for the production of any of the known N*(I=1/2) resonances. In 

fact, we note that the majority of the inelastic p” production is associated with 

small momentum transfer to the nucleon. Though this may indicate photon as- 

sociation into pr systems, we see no significant 377’ structures other than Ai . 

It has been suggested that p”N* associated production may occur at much higher 

photon energies. 41 

Finally we wish to comment that the inelastic p production observed in this 

experiment, the final states p’n-p and on-p observed in yn reactions 36 and the 

reactions yp-rV 0 - r A ++(p = p” 4,5 , w) which were reported previously, need not 

all have the same production mechanism. Some may be diffractive (like the p” 

in Fig. 20 above and the one observed in yn 36 reactions), others may be due to 
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OPE (o-production) and prt production may be due to charged vector meson ex- 

change since the p” p’ p- coupling could be large. 
38 

F. Inelastic Nucleon Isobar Production 

A summary of the cross sections for baryon resonances production at all 

energies is also given in Table VIII. These cross sections are rather small and 

we do not notice any quasi two body reaction other than p-A+’ that was discussed 

already. A- production in reaction (13b) is large at 4.3 GeV and decreases 

rapidly with energy. The (N”)+ mass plot associated with P” production (Fig. 21) 

shows general enhancement at low masses but, as mentioned before, no N*‘s 

are resolved. Similarly, the (pn-) system associated with p” production does 

not show any resonance structure. 

VII. VECTOR DOMINANCE MODEL TESTS AND THE 

PHOTON-VECTOR MESON COUPLINGS 

In the previous sections we have obtained the pop differential cross sections 

and have separated the op cross section into its energy dependent part and con- 

stant (presumably diffractive) part. Assuming the slope for p” and o production 

to be the same, the diffractive pa/o ratio of cross sections in the forward direction 

at our highest energy, 7.5 GeV, is just 

9.5 f 2.3 (22) 

This ratio, by SU(3) and VDM32’ 34 should be 9:l. In colliding beam experiments, 

when the photon is on the vector meson mass shell, the ratio (22) above was 

found42 to be 7.5 +_ 1.5, not in disagreement with our value. 

Within the framework of VDM, the relation between the amplitude for 

Compton scattering and photoproduction of transverse vector mesons, VF , 
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required for our comparisons, can be written as follows: 

atyp -+YP) 
=c Xk-E 

v” % 
a (yp+VyP) (23) 

where V” = $, o, Q, plus any other vector mesons coupled to the photon, and 

$4~ is the usual y-V coupling constant. The optical theorem for the spin 

averaged forward cross section can be written as: 

6-l 
c _- 1 -_ ikz. (t=o) 
16T 1-t (v/2 dt 

(24) 

where Q= Re a(O)/Im a(O). 

From (23) and (24) we then obtain 

“,(yp) =iy;;effY1’2$o 13 (5s g (yp+V;p)Er )1/2 (25) 
\ 

mowing the forward vector meson cross section and using the recent 
Y2 

measurements of oI. (yN), we are able to determine the effective value of ;r;5?- 

in Eq. (25) ( 1q12 is estimated44 to be small, about 0.04). 

Our experimental values for the R. H. S. of (25) are given in Fig. 22 (average 

of Sijding and phenomenological cross sections, Table VI) with the effective 

yz/47r adjusted for best agreement with the o;r measurements 43 above 3.7 GeV. 

The magnitude of the w and C$ diffractive cross sections were taken from Section 

VI-B and from Anderson et al. 17 
-- while the ratio of couplings were obtained from 

Eq. (22) above. For y2 p,eff’4’ = 0.32 A .03 (and not 0.50 as obtained in the 

storage ring experiments 42 
) the s-dependence of both processes are similar. It 

should be noted that a similar comparison made on 4.3 C&V yd data 36,43 found an 

effective yzj4s = 0.28 & .04. 
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The recently reported direct measurements of Compton scattering cross 

sections24 allow a further test of the VDM idea, which avoids the uncertainty of 

the extrapolation to t=O for the p” data, and the assumption of a small real part 

in Compton scattering. If the amplitudes (23) for vector meson production all 

have the same phase (e.g. , all imaginary) and spin structure, we obtain at all t : 

In the more general case VDM would require the L. H. S. of (26) to be L R. H. S. 

(from the density matrix elements of Fig. 12 we conclude that all the p” is 

transverse). In Fig. 23 we present our results for the R. H. S. of IQ. (26) for 

the above value of y: / 4 71 . We use our standard values (Table VII) for the p” 

part, and make the comparison for E 
Y 

> 4 CeV, where the incoherent background 

is small. For the 0 and $ contributions we used, respectively, our measured 

w cross sections and the $ data of Ref. 17. In Fig. 23 we also show the directly 

measured Compton scattering cross sections 24 in hydrogen. Note that our points 

are raw data obtained from the number of dipion pairs with mass in the interval -- 

0.715 - 0.815 CeV. In this mass interval the Sijding interference term is 

expected to roughly cancel and other backgrounds are small (see Section V). The 

lines in Fig. 23 correspond to the p” standard slopes (Table VI) and are normalized 

in the forward direction to the sum of the p” standard cross section plus the w and 

$J diffractive forward cross-sections as in (25). Thus the curves represent our 

best estimate for the R. H. S. of (26) assuming only diffractive contributions. 

Excellent agreement between our photoproduction data and Compton scattering 

via the VDM Eq. (26) is obtained at all s and t values where data on both reactions 

is available. 
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Because the forward cross section was used already in (25) to determine the 

couplings, the real meaning of the agreement observed in Fig. 23 is that the 

slope that we observe in photoproduction (average of (7.1 f .4) GeV-2; see 

Table VI) is in agreement with Compton scattering. This is a somewhat dif- 

ferent conclusion than that reached in Ref. 24, since the slope they assumed 

for photoproduction was about 8.5 GeVS2. 

In this context we must note (see sec. V-B) that our forward p cross sections 

and slopes are lower than some counter experiment values. 12 This discrepancy 

could be accounted for by the “inelastic” p production observed in this and other 

experiments, 45 by using a different mass interval to define the p” or a different 

extrapolation function. 

We conclude from our comparison of photoproduction and Compton scat- 

tering that the two processes have the same t dependence, and within large errors 

and over a restricted range of comparison the same s-dependence, so that with 

the variation of only one parameter we can satisfy the VDM tests. The effective 

magnitude of yi/47r that we require is roughly comparable to, but still smaller 
42 than, the storage ring value (with photons on the vector meson mass shell). It 

is worth noting that in comparison of single r photoproduction with vector-meson 

production in pion experiments 46 one also usually obtains rough agreement in 

magnitude with the VDM predictions for coupling constants around 0.30, but in 

this case there may be disagreement in the t dependence of the two processes. 47 

Thus VDM appears to be violated in its most restrictive form. The meaning 

of the effective value for yP2/47r found in photoproduction on hydrogen is not at 

all clear. From p photoproduction on complex nuclei 12 and deuterium, 48 values 

of Yo2/4” - 0.7 are found, so that simply a change of coupling with meson mass 

cannot account for the deviation from the storage ring value. It is conceivable 
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that more vector mesons (or several pion structures having the quantum numbers 

of the photon) are required to saturate relation (25), or that the V-nucleon scat- 

tering amplitude changes when the V is off mass shell. 
49 Similar conclusions 

were noted in Ref. 36, in a study of @ reactions. (See also Section V-D). 
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TABLE I 

Parameters and statistics of the three exposures. 

Central photon energy (GeV) 

Resolution (%) 

Positron energy (GeV) 

Central production angle (mrad) 

Photons/frame, k > 0.9 kA 

Total pairs/frame in scanning 
volume 

Total frames 

Total event measured 

4.3 

32.0 

a.5 

11.9 

-54 

15.8 16.2 

300K 252K 

10178 9153 

5.25 7.5 

&2.0 k2.0 

10.0 12.0 

9.4 7.15 

-70 -30 

11.7 

-940K 

-24000 
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TABLE II 

Reaction hypotheses tested for 3 prong events. 

Reaction Reaction 

(1) YP - pl;t‘n- (1) YP - pl;t‘n- 

(2) yp -+pTf+7r-ITo (2) yp -+pTf+7r-ITo 

(3) yp -bnT+r+n- (3) yp -bnT+r+n- 

(4) (4) yp + pn+k-MM yp + pn+k-MM 

(5) yp + 7;t7;‘~-MM (5) yp + 7;t7;‘~-MM 

Source Notation 

Annih. p+-A 
Brems. p-b-B 

Annih. p-+OA 
Brems. p-k-OB 

AlUCh. n++-A 
Brems . w-I--B 

Annih. pt-MM 

An.nih. +-k-MM 

4.3 GeV 

823 
3917 

832 
1571 

479 
1313 

2403 

1792 

No. fits at: 

5.25 GeV 

519 
4020 

943 
2058 

339 
1384 

3001 

1723 

7.5 GeV 

810 
11868 

1689 
5608 

592 
3809 

7397 

4401 
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TABLEIII 

Cross sections for the 3C fit reactions yp t-+pfr- and yp,p7r'7r'n-xS 

found in this experiment, averaged in the energy intervals shown. 

EyGW a(yP+P~+"-W) Ey(GW atyp++~+=)(@) 

0.4-0.5 9.Ortl.O 

0.5-0.6 47.6~3.0 

0.6-1-O 77.2~3.5 

1.0-1.2 70.2~4.0 

1.2-1.5 60.0~3.5 1.2-1.5 0.035 LO.04 

1.5-2.0 49.5 iL3.0 1.5-2.0 0.8&0.2 

2.0-2.5 36.5~2.0 2.0-2.5 1.920.3 

2.5-3.0 31.2~2.2 2.5-3.0 3.1LO.5 

3.0-3.5 26.8~2.0 3.0-4.0 5.5rto.7 

3.5-4.0 25.322.5 4.0-5.0 4.450.7 

4.0-4.5 20.7~2.0 5.0-5.5 4.920.7 

4.5-6.0 19.Oztl.O 5.5-6.0 6.0 51.0 

6.0-7.0 15.8 ~2.0 6.0-7.0 4.6~0.9 

7.0-8.0 16.0f.1.2 7.0-8.0 4.6kO.4 

8.0-10.0 14.5 ~2.5 8.0-10.0 5.4rtl.O 
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TABLE IV 

Cross sections found for the reactions Yp+pr++n-n’ and 

yp + nr’n+n- at the annihilation peak energies, averaged 

over a photon energy interval approximately 1 GeV. 

( yp-+p71.+n-7i.“) ( yp+nn’n+K-) 

4.3 GeV 18.2&2.Opb 7.5f.1.5pb 

5.25 GeV 13.5 +_ 1.5 pb 4.6&11.5pb 

7.5 GeV 11.8-~1.2pb 4.OL1.3p.b 
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TABLE VII 

Event distribution for the reaction Yp --+px+‘r- in the mass range 

M(7i+.rr) = 0.715 - 0.815 GeV. The corresponding cross sections 

are from the “Standard” method described in the text. 

WV2 _ 

.06-. 10 

. lo-. 15 

.15-. 20 

.20-. 30 

.30-.40 

.40-.80 

r 4.3 GeV 

Events Wents g (pb/GeV2) Events 

71 65 f 7 52 69 * 9 44 

60 44* 5 48 51*7 55 

42 31* 4 40 43 *6 31 

53 19 I 2.5 38 20 * 3 40 

31 11* 2 21 11*2 19 

32 2.9 f 0.5 25 3.35 0.6 18 

r 5.25 GeV 
- 
I 7.5 GeV 

g &b/Ge?‘) 

45* 6 

44*6 

25 f 4 

16 *2 

7.7 *1.7 

1.8kO.4 
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TABLE VIII 

Cross sections obtained for the reactions yp+pr’~?‘-n’ and yp + .’ +n?l 71 71 -, and for 
resonance production therein. Associated resonance production is excluded from 
the single resonance values and no correction (except o) was made for decays into 

other channels. 

Final 
State 

+-0 p7r 7r 7r 

UP(*) 

p-a” 

;A+ 

;A0 

p-p+ 

POPTO 

p’pr- 

A++*of 

A+ IT+ 71.- 

A07TfT0 

++- n7T 71’ 7r 

A-T+7l+ 
+ &2 

p Onn+ 

EytGeV) 

3.7 - 4.7 4.7 - 5.8 6.8 - 8.2 

18.2~2.0 I.lb 13.5 -+ 1.5 pb 11.8 -t 1.2 I.lb 

2.9 + 0.4 2.3 + 0.4 2.0~0.3 

1.8 rt 0.4 0.9 Ifi 0.35 l.l+ 0.2 

0.1 f. 0.2 0.5~0.2 0.3 + 0.2 

O.lkO.2 0.4ik 0.3 0.2F0.2 

0.8 ~fr. 0.5 1.7t0.5 0.7+ 0.4 

0.520.5 t**j 0.9 F 0.4 

1.8~0.5 1.9 + 0.5 l.lkO.4 

0.5 It 0.4 0.6 i 0.3 0.0 It 0.1 

0.3kO.3 O.OkO.3 0.5 f. 0.2 

0.0+0.3 0.0 i 0.3 0.0 f. 0.5 

7.5+ 1.5 4.6 F 1.4 4.0 + 1.2 

1.4k 0.4 0.5 + 0.3 0.2 -r- 0.2 

0.8-t- 0.3 0.6~0.3 0.3 2 0.3 

1.2 L 0.7 (**I 2.0~1~0.6 

(*) Including 10% neutrals. 
(**) Unacceptable fits: see text. 
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FIGURE CAPTIONS 

1. (a) Layout of the positron annihilation beam; (b) photon spectrum in the 

bubble chamber as deduced from measurements of the reaction yp 4 p7r’7r- 

and normalized to microbarn equivalents from e+e- pair production measure- 

ments. Positron energy 8.5 GeV, mean production angle 11.8 mr. The in- 

set shows the distribution of energies Ey found for 3C fits about that calcu- 

lated from the event vertex position in the chamber, illustrating the narrow- 

ing effect; (c) same for 5.25 GeV run; E, = 10 GeV, $= 9.4 mr; (d) same 

for7.5GeVrun;E+=l2GeV, (?=7.15mr. 

2. (a) Missing mass squared, as defined in text, for all events consistent by 

ionization with the reaction yp ,p*‘+71- plus neutrals at the three photon 

energy settings; (b) same for events consistent by ionization with yp,r+ni’r* 

plus neutrals. Events with fast protons appear in both (a) and (b) . 

3. Cross sections for the reaction yp --rp7i+7[.-, as a function of energy E Y, 

found in this experiment, and compared with other determinations. Points 

marked CEA are from Ref. 1; ABBHHM, Ref. 2; SLAC-UCLRL-TUFTS, 

Ref. 6. 

4. Cross sections for the reaction yp+pn+7r’n-n- as function of energy. 

ABBHHM points are from Ref. 2. 

5. Cross sections for a single neutral in the final state of the 3-prong topology. 

SLAC-UCLRL-TUFTS points, see Ref. 35. 

6. Dipion mass distributions for yp ,p7r’n- for the first 5 energy intervals as 

labelled. The darkened areas of (d) and (e) represent events with p” mass 

in the A(1236) region (1.12 < M p” < 1.35 GeV and It(p,A)(< 0.8 GeV2). 

7. Dipion mass distributions for yp -+pn’+n- in the photon energy range 

6.7-8.2 GeV. (a) All events. Darkened areas represent events with A, 

- 48 - 



as in previous figure; (b) same distribution for events with 0 < t < .12 GeV2; 
1 I 

(c) same for .12 <ItI< .40 GeV2. The curves in (b) and (c) represent the 

same relativistic BW resonance (Eq. (9a)) with mP = 0.765 GeV and fixed 

r= 0.14 GeV. 

8. ( t 1 distributions for events in the p” region (. 60 < m < .85 GeV) for various 

E y intervals. The right-hand side scale and the curves represent do/dt for 

the phenomenological fit (Table VI). 
2 

9. (a) Double differential cross section & (t=O) . As illustration 

we show the phenomenological fits to the data. (Eq. (9) with 

IO = .125 GeV, mp = ,765 GeV). The exponent n = 6 was used at all 

energies except E y = 2.0 - 2.5 GeV, where n = 4 gave a better fit. (b) The 

slope B for the interval 0.06 5 1 t 1s 0.40 GeV2 as a function of the dipion mass. 

10. (a-c) The contributing diagrams in the Sijding model. (d) The contributions 

of the Drell, interference and p-wave Breit-Wigner terms to the yp-+p7?7r- 

cross sections at 7.5 GeV. The distributions are normalized to the number 

of the Drell, interference and p” events obtained with the Sb’ding fit. 

11. (a) Average double differential forward cross sections near the p” mass 

tmrr= - 715 - .815 GeV). (b) Forward differential cross sections; and 

(c) slopes determined in the three methods (see text). (d) Total p” cross 

sections. The results are given for the standard (circles), phenomenological 

(triangles) and Sb’ding (crosses) methods. The errors are those obtained in 

the standard fits (a-c) and phenomenological fits (d). 

12. Spin one density matrix elements in the helicity frame for the dipion system 

in the p” region (. 60 < m < . 85 GeV) with background subtraction. 
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13. (a) M(P?T’) and (b) M(pn-) distributions for yp --+pn+n- events with 

M(n+n-) > 1 GeV (Ey = 7.5 GeV). The shaded areas correspond to events 

with t(p, PT’) , < t(p, PT-) 
I I 1 in (a) and to) t(p,pn-) l(Jt(p,pn+)/ in (b). (c) and 

(d) are the same distributions as in (a) and (b) for the combined data of the 

4.3, 5.25 and 7.5 GeV experiments. 
++ - 14. Cross sections for yp +A n’ as obtained with a fit to a relativistic p-wave 

Breit-Wigner for the delta. The solid line represents the best fit to the 

form A Et” . 

15. (a), (b) Angular distributions of the 71;” in the helicity frame of the dipion 

system for events with M(?‘r’n-) > 1 GeV for the 7.5 GeV data. Shaded area 

represents A events. (c) D p i ion mass distributions for those events with 

1 
H cosBn c.5. I The shaded area represents events with 1 t’( y, “q 1 < .4 GeV2. 

16. (a) yp-+op total cross sections measured in this experiment and in Ref. 7. 

o” is the unnatural parity exchange cross sections for 1 tl11.0 GeV2 at 2.8 

I and 4.7 GeV. (Ref. 7.) The curves are best fits to Eq. (16) for al = 2.0 

and a2 = 0 (see text). (b) Compilation of yp+op cross sections (Refs. 1, 

2, 7, 31 and this experiment). 

- 17. yp+ p A +-I- cross sections determined in this experiment and from Ref. 35, 

versus the photon energy E y. The full line is best fit of the data to Eq. (18) 

whichyieldsa=0.6+0.2. The dashed curves are the OPE calculated cross 

section for various absorption radii and fixed coupling (r( pny) = .135 MeV) . 

18. M(n”?‘r’r-) distribution in the reaction yp -+mr’r+7T- at (a) 4.3 GeV, (b) 5.25 

GeV and (c) 7.5 GeV . The shaded areas represent events with 

lt(p,n) 1 L 0.5 GeV2. (d) Mass distribution combining the three energies for 

above t cut. The curves are best fits to A2 resonance (M(A2) = 1.30 GeV, 

r(A2) = .l GeV) and phase space (see Table VIII). 
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19. M(Y~‘? distribution for the reaction yp-+pr’ - ’ n 71 at 4.3, 5.25 and 7.5 GeV 

combined. Shaded areas represent events with It( y, rql L. 5 GeV2. All 

0” (M(?;tn-YT’) < .81 GeV) and p-A’+ events (M(n-9’) = .60 - 85 GeV and 

M(p7;t) = 1.15 - 1.30 GeV) are removed. 

20. Peripheral M(T~) distribution (I t( y, TX) 1 < .5 GeV2) for reaction (13) at all 

energies. (a) M( n+n-) for reaction (13b), Ai events (M(r+*‘7r-) = 1.25 - 1.35 GeV) 

removed. (b) M( r+n-) for reaction (13a), 0’ and p-A* events removed. 

(c) M(7T’7r”) and M(a-r”) for reaction (13a), w” and p-A’” removed. (d) Sum 

of (a) and (b). 

21. M( pro) and M(nn’) distribution in the reactions yp +p*+n-a’ and nn’n’n- 

respectively, for the events with M(n+A) = .65 - .85 GeV. a’, p-A+’ and 

Ai events are removed from the sample. From our fits about half the events 

in this figure originate in the reaction yp + $Nn. 

22. Comparison of measured yp total cross sections of Ref. 43, with VDM pre- 

Yp2 _ dictions based upon present data, for F - 0.32 (see text). 

23. da/dt for Compton scattering calculated from the present photoproduction 

Yp2 data of Table VII using Eq. (26) and T = 0.32. The straight lines represent 

our standard fits (see text). The VDM predicted cross sections are 

compared with recent Compton scattering measurements of Ref. 24 at 5.5, 

8 and 8.5 GeV. 
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