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1 INTRODUCTION 

*he interaction of photons with nucleons in the energy range (2.0 - 

30) GeV is observed to have many of the features of purely hadronic 

processes (i. e. ., TN, &N, pN collisions). More specifically, the total 

cross section is almost independent of energy, and the elastic scattering 

amplitude is mainly imaginary with a sharp t-dependence and almost no 

energy-dependence. These features find a natural explanation in the 

Vector Dominance Model of photoprocesses [Sakurai, 19601, in which the 

photon is pictured as a superposition of vector mesons which mediate the 

interaction of the photon with other hadrons. This implies that the photo- 

production of vector mesons should be a favored process in yp reactions, 

and indeed it is observed to account for -20% of the total cross section. 

The vector meson production process, the elastic y-nucleon scattering 

(Compton scattering), and, through the optical theorem, the total y-nucleon 

cross section-all display the characteristics of diffractive processes. 

But before continuing on a detailed review of the properties of these reac- 

tions, we first review the general phenomenological features of diffractive 

scattering. 

Diffraction scattering can be discussed in terms of two pictures 

representing the t-channel or the s-channel points of view. In the t-channel 

(or exchange channel) picture the scattering is thought to proceed through 

the exchange of a singularity called the Pomeron. The basis for this 

picture is that of Regge exchange models. The s-channel (or direct 

channel) picture is seen in geometric or optical terms, where diffraction 

is generated by the absorption due to the competition among the many open 

inelastic channels. The target nucleon is seen as an absorbing disc (black 
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or grey), with a specific radius and a specific opacity. From this view- 
- 

poiii?t the diffractive reactions are merely the shadow of all the inelastic 

processes taking place. In both pictures, measurements of the energy 

and momentum-transfer dependence of the diffractive reactions provides 

information either on the Pomeron amplitude or on the size and opacity 

of the scatter. 

Unfortunately beyond these two pictures we have no good theoretical 

description of the dynamics of diffractive processes and no basic under- 

standing of the Pomeron singularity. Rather we have a set of phenomeno- 

logical rules which allows us to identify what we mean by diffraction. 

Below we list the features which we expect from a diffractive process: 

0 energy independent cross sections, or at most increasing 

no faster than logarithms of the energy; 

0 sharp forward peak in the differential cross section, g . dt ’ 
0 mainly imaginary scattering amplitude; 

. particle cross sections equal to antiparticle cross sections; 

. factorization-i. e. , the strength of a given subprocess 

(e.g., a -A or b --LB in the reaction ab --L AB), is inde- 

pendent of which other particles are participating in the 

reaction; 

. exchange process characterized by the quantum numbers 

of the vacuum (in the t-channel); 

. change in parity in the scattering process follows the 

natural spin-parity series (-1) J or PO=Pi. (-1) J where 

AJ is the spin change and PO, Pi are the intrinsic parities 

of the outgoing and incoming particles; 
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0 the spin structure of the scattering process is dominantly 
-c, s-channel helicity conserving (SCHC). 

Photoproduction is a particularly interesting process for the study of 

diffractive reactions since, although it probes the same s-channel quantum 

numbers as TN scattering (i. e. , S=O, B=l), the photon has both an iso- 

scalar and an isovector component and has spin J=l. Therefore it brings 

an unusual variety to the study of the scattering processes. Furthermore, 

since polarized beams are relatively easy to prepare, vector meson 

photoproduction allows a detailed study of the spin characteristics of 

diffractive reactions. It has also been pointed out [Freund, 19671 that 

vector meson photoproduction, especially of the $ meson, should be a 

particularly suitable laboratory for study of diffraction since, in these 

reactions, the other exchanges (f, A2, 7r --) are suppressed. 

In the following sections we review the experimental results on high 

energy diffractive photoproduction. In the preparation of this review, I 

have extensively used the following excellent articles: [Wolf, 19711, 

[Moffeit, 19731 and [Silverman, 19751. Data on the total cross section 

and on Compton scattering are presented and discussed in section 2, 

followed by a detailed look at vector meson photon-production of p, W, and 

$ in section 3 and of higher mass states in section 4. The vector domi- 

nance model is discussed in section 5, together with a review of the meas- 

urements of the photovector meson coupling strengths. Section 6 contains 

some concluding remarks. 
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2 THE TOTAL PHOTON-NUCLEON CROSS SECTION, AND COMPTON 

-SCATTERING 

2.1 Total Cross Sections 

The total photon-nucleon cross section has been measured from thres- 

hold up to -30 GeV on both proton and neutron targets, using a variety of 

techniques. The most extensive measurements come from counter setups 

in tagged photon beams at NINA [Armstrong et al., 19721, DESY [Meyer 

et al., 19701, SLAC (UCSB) [Caldwell et al. , 19731, and SERPUKOV 

(Lebedev) [Belousov et al., 19731. Other measurements have been 

obtained with monochromatic photon beams at SLAC-both from e’e- 

annihilation in flight and from the back scattered laser beams-using hydro- 

gen or deuterium filled bubble chambers as a detector [Ballam et al., 

19721. All the above measurements are in good agreement. . Early meas- 

urements of the total yp cross section were also obtained from an analysis 

of extensive inelastic electron [Bloom et al. , 19691 and muon scattering 

data [Lakin et al. , 19711 where the one photon exchange approximation was 

used and the total cross section extracted by extrapolating the inelastic 

scattering to q2=0. These measurements agree with the directly meas- 

ured total cross section to within lo-20%. The energy dependence of the 

total cross section exhibits the well known resonant structure from N* 

formation at low energy, followed by a very slow, smooth falloff as the 

photon energy increases above 2 GeV. The photon cross sections show 

very similar behavior to the nN cross sections, but are much smaller. 

Figure 1 shows l/200 of the average 7;‘~ and n-p cross sections compared 

to an average of the photon measurements. The similarity is striking. 
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At high energies, the forward Compton scattering amplitude and, via 

theFptica1 theorem, the total cross section, are expected to be dominated 

by the following C-t1 exchanges- [P, f, A2. The Pomeron (P) is expected 

to give rise to an energy independent contribution, while the meson 

exchange contributions (f, A2) fall off like E -l/2 . This leads to an 

expected energy dependence of the form 

cr(yN) = a0 + a1 - E -l/2 
(2-l) 

where E is the photon energy. The isoscalar and isovector exchange con- 

tributions (To and Tl respectively) couple with opposite sign to the 

Compton scattering on protons and neutrons: 

A ?/p = To + Tl (2.2) 

A 
m 

= To - Tl (2.3) 

Identifying the isospin of the various exchange terms, we may write 

the cross section on protons and neutrons, as 

aT(yp) = c U?+(cfccA2)’ E 
-l/2 

~Tb’@ = cp + (Cf - CA2) - E -l/2 

(2.4) 

(2.5) 

Taking the sum and difference of the total cross sections then allows the 

isolation of the isoscalar and isovector exchange contributions. 

-t- uT(yn) = Im To = CIP + Cf * E-1’2 1 (2.6) 

- uT(yn) 1 = Im Tl= C 
A2 

. E-d2 (2.7) 
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In fig. 2, all the data on direct measurement of the total cross sec- 

tio;on protons is shown. A best fit to the form of eqn. (2.1) yields 

+yp)=(98.7*3.6)+(65ilO.l). E -l/2 E.lb (2.8) 
. 

The measurements of the total cross section on deuterium are given 

in fig. 3. 

The neutron cross sections are obtained from the deuterium data 

using the relationship 

T CT (yn) =K.o T (yd) -oiT(yp)+ms+cw (2.9) 

where K is a kinematic factor which takes into account the Fermi motion 

of the nucleon, us is the screening correction [France and Glauber, 19661 

to account for the shadowing of one nucleon by the other, and cw is a 

smearing term [West, 19711 which corrects for the fact that-the nucleons 

in the deuterium are slightly off the mass shell and moving. Around 5 GeV 

the two corrections (us, gw), are of comparable size, and together amount 

to “3% adjustment to the measured cross sections, with an estimated 

uncertainty of -0.5%. These corrections are very important since they 

are of the same magnitude as the difference in the proton and neutron 

cross sections for energies around 10 GeV. The neutron cross sections, 

obtained in this manner, are shown in fig. 4. The best fit to the energy 

dependence of eqn. (2.1) yields 

cT(yn) = (103.4 i 6.7) + (33.1* 19.4) . E -l/2 pb (2. 10) 

The difference between the neutron and proton cross sections is also 

shown in fig. 4. A best fit to the SLAC (UCSB) cross sections yields 

oT(yp) - aT(yn) = (18.3 f 6.1) . E-1’2 pb (2.11) 
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However, it is also clear from fig. 4, that the Serpukov measurements 

are>ompatible with no difference between the proton and neutron cross 

sections. Therefore the result given in eqn. (2.11) should be regarded 

as an upper limit. 

An analysis of the isospin composition of the total cross sections 

using eqns. (2.6) and (2.7)) yields the following estimates for the I=0 and 

1 exchange contributions [Caldwell et al., 1973; Dominguez et al., 19721: 

I = 0 exchange : 

1 

Cp = (101.9 it 2.9) pb 

Cf = (50.9 -+ 8.5) pb. GeV l/2 * 

(2.12) 
I=lexchange: CA =(9.11t3)pb0GeV m . 

2 

From these results we may derive the isovector exchange contribution to 

the forward Compton amplitudes, and find: 

GeV 
(1.6&0.5)0/o at 25 GeV (2. 13) 

In summary, the total photon-nucleon cross section is observed to 

behave like the TN total cross section, reduced by a factor -200; the 

energy dependence exhibits a slow decrease above 2 GeV. The proton 

cross section is slightly larger than the neutron cross section implying a 

small but probably nonzero contribution for isovector exchange to the 

Compton amplitude (2 3% around 6 GeV). 

2.2 Compton Scattering 

Compton scattering (i. e. , elastic photon-nucleon scattering), is not 

only one of the basic reactions between photons and nucleons, but is also 

interesting due to its relation to the total hadronic cross section, u T’ via 

the optical theorem, and to the photoproduction of vector mesons through 
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the vector dominance model [Sakurai, 19601. The process is expected to 

be zffractive and exhibit strong forward peaking in the scattering angular 

distribution. Furthermore, the comparison of the forward cross section, 

da 
X0 > and gT allows a test of forward dispersion relations ‘not possible 

from TN data, since yp scattering may have extra contributions to the real 

part of the diffractive amplitude which are not present in 7r.N collisions 

[Damashek and Gilman, 19701. 

The Compton scattering reaction has been well studied over a wide 

range of energies and momentum transfers, and there is good agreement 

between the different experiments [Buschorn et al., 1970; Anderson et al., 

1970; Boyarski et al., 19711. The results of these measurements are 

shown in fig. 5. The differential cross 

peak with very little energy dependence 

the shape of the scattering distribution. 

are fit to the forms 

g = dg 
dt x0 > 

- exp (At) 

sections show a sharp forward 

of the forward cross. section or of 

The differential cross sections 

e = do 
dt > x0 - exp (At + Bt2) 

(2. 13a) 

(2.13b) 

For momentum transfers less than 0.6 GeV2, the simple exponential form 

(eqn. (2.13a)) describes the data well, but the quadratic form of eqn. 

(2.13b) is required to fit the data out to t=l GeV2. The results-of these 

fits are summarized in table 1. The Compton scattering differential cross 

sections show very similar behavior to those of TN elastic scattering. 

The forward amplitude in Compton scattering may be written 

[Gell-Mann, Goldberger and Thirring, 1954; Damashek and Gilman, 19701, 
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f0 
YP 

=(~x~).f~+io.(e+x~).f~ (2. 14) 

where E E are the polarization vectors of the photon before and after the -i’ -f 

scattering, u is the Pauli spin matrix of the recoil proton, and fl and f2 

are the amplitudes for parallel and perpendicular polarization vectors. 

Now, applying the optical theorem 
( 

k Im f = - c ) 1 4nT’ the forward Compton 

cross section, du @)P x o > as a function of photon momentum, k, may be 

written as 

]Refl I2 + L * If, I2 
k2 

(2.15) 

The real part of fl can be evaluated using the measured total cross 

sections and a dispersion relation, assuming Regge behavior for fl(k); 

k2 Re fl(k) = -g +- /gT(k’) dk’ . 
27r2 

(2. 16) 

The calculated ratio of the real part to the imaginary part of fl is shown 

in fig. 6 aamashek and Gilman, 19701. The calculation implies that the 

ratio of real to imaginary amplitudes in the forward direction is -0.2 at 

5 GeV, and -0.1 at 20 GeV. 

A comparison of both sides of eqn. (2.15) is shown in fig. 7 where the 

total cross section data discussed above are compared to the measured 

forward Compton cross section. Good agreement is obtained assuming 

f2=0, and using fl from the dispersion calculation. An estimated upper 

limit of the f2 contribution to the forward cross section of 10% is obtained 

from this comparison. 

An estimate of the isovector contribution to Compton scattering may 

be obtained from a comparison of the cross section on hydrogen and 



- 10 - 

deuterium targets. An example of such a measurement, for photon ener- 

- gie; of 8 and 16 GeV, is shown in fig. 8 [Boyarski et al., 19711. The data 

show a sharp forward peak from the coherent deuteron scattering with a 

flatter incoherent contribution at larger t. The deuterium cross section, 

ignoring spin effects, is given by 

= 2 ITo I2 (1 + F(t) + SG(t)} + 2 IT1 I2 [l-F(t)] (2. 17) 

where T o, Tl are the isoscalar and isovector t-channel exchange ampli- 

tudes on nucleons, F (t) is the deuterium form factor and G(t) is the Glauber 

s tattering term. The cross section on hydrogen is writ&n; 

= ITO+Tl I2 = ITO 12+ IT1 i2+2Re To-T; 

Then, 

(2.18) 

(2. 19) 

The deuterium form factor, F(t), is taken from the electron scattering 

data, as F(t) = exp (56t), f and the screening correction term from the cal- 

culations of Ogren [Ogren, 19701, 

G(t) =i-O. 069 exp (-At/4) + 0.007 exp (-At/2) 

with A= 7.8 GeVe2. 

TThis parametrization of the form factor is known to fall off too steeply. 

A more accurate parametrization is given by France, V. and Varma, 

G. K. (1974), Phys. Rev. Letters 33, 44; 

F(t)=0.34e141’5t+0.58e26’1t+0.08e15’5t . 
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The ratio of deuterium and hydrogen cross sections, given in eqn. 
- 

(2.i3), wasfitasafunctionoft (for0.014<t<0.17GeV2), usingthe 

combined 8 and 16 GeV data, and the following ratios determined: 

Re.To*TT 

ITo+ Tl I2 
= -0.049 + 0.012 

(2.20) 

IT1 12/ lTo+T1 I2 = o. 03 zt o. 10 

A literal interpretation of this result implies that the neutron Compton 

cross section is larger than the proton cross section, and that the iso- 

vector amplitude is purely real. However, a more probable interpreta- 

tion of this data together with that on the difference between the neutron 

and proton total cross sections would be that the isovector exchange con- 

tribution in Compton scattering is small, near the forward direction. 
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3 PHOTOPRODUCTION OF VECTOR MESONS-p, w, @ 

3. TIntroduction 

In this section we discuss the photoproduction of the lowest lying vec- 

tor meson states-the p, w and $ mesons. These processes have been 

extensively studied using a variety of techniques, on both proton and deu- 

teron targets. The experimental situation is summarized in table 2. The 

various techniques each have their own peculiar experimental problems. 

The track chamber experiments allow a clean isolation of the exclusive 

reactions with very little background and they measure the full decay 

angular distribution. However, they have difficulty measuring the cross 

section near the forward direction, due to scanning losses (typically for 

t-c 0.02-0.05 GeV2). The counter experiments either detect the decay 

products of the photoproduced meson, or the recoil nucleon system and 

then identify the meson production in the missing mass distribution. The 

former method detects only part of the decay angular distribution and the 

observed angular correlations have to be corrected for the geometrical 

efficiency of the apparatus. The recoil experiments clearly have no infor- 

mation on the decay correlations. Both counter techniques are also vulner- 

able to inelastic vector meson production being included as background in 

the data, since they do not, in general, detect the complete final state. 

However, the counter experiments are high statistics, good res-olution 

measurements with data all the way in to the forward direction. 

Since the vector mesons have spin-parity l- like the photon, one 

might expect these processes to have large cross sections and be diffrac- 

tive in character (i. e . , to exhibit the properties listed in section 1 above). 

Indeed, the production rates are found to be large and decrease slowly with 
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energy above 2 GeV, and with scattering distributions that falloff with an 

eenential slope. An analysis of the decay distributions of the photopro- 

duced vector mesons, especially from polarized photons, provides a 

powerful tool for the study of the spin dependence of diffraction scattering. 

3.2 Rho Production 

3.2.1 Cross sections 

Rho production is the dominant process in the reaction yN - 7r+r-N. 

The n’7r- mass distribution is shown in fig. 9 for the 9.3 GeV hydrogen 

and 4.3 GeV deuterium bubble chamber experiments [Ballam et al. , 1973; 

Eisenberg et al. , 19761. The p” peak dominates the $7r- mass spectrum, 

and what little background exists under the peak is observed to get smaller, 

the higher the photon energy. The p” shape is clearly skewed, in that 

there are too many low mass events and too few high mass events when 

compared to a p-wave Breit-Wigner’resonance shape. The skewing, and 

resultant p” mass shift, are observed to be dependent on momentum trans- 

fer, and are most pronounced in the forward direction. Since this effect 

is not fully understood, and since the p” is a broad object, defining an 

absolute cross section is rather difficult. Further, since the backgrounds 

are energy dependent and the skewing of the o” shape is t-dependent, it is 

very difficult to compare cross sections from different experimental 

techniques, measuring different fractions of the decay distribution, over 

different t-ranges, at different energies. The typical spread in the 

reported cross sections due to these uncertainties is of order (10-30)0/o. 

The above behavior of the r’n- mass spectrum may be described by 

several models. We describe the most successful one-the Sbding model 

[Sdding, 1966]-which explains the phenomena in terms of an interference 
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between p” production and the production of pion pairs through the Drell 
- 

mGhanism [Drell, 196 l]. The model is shown diagramatically in fig. 10; 

diagram (a) refers to the p” production process while (b) and (c) are the 

Drell terms; diagram (d) and (e) are rescattering terms introduced to 

avoid problems with double counting [Bauer and Yennie, 1970; Pumplin, 

19701. They ensure that at the p” mass, the p” amplitude saturates the 

unitarity bound. The mass skewing results from the interference of dia- 

gram (a) with the other four diagrams. This interference term changes 

sign from positive to negative in passing through the p” mass. The various 

contributions to the cross section are shown in fig. 11. While the inter- 

ference term contributes little to the integrated cross section, it does 

account for the observed p” mass shift and skewing of the 7r’n- spectrum. 

(This model also provides a good description of the t-dependence and 

angular correlation of the photoproduced pion pairs, as we will discuss 

below. ) 

Yennie has used this picture in proposing a simple recipe to determine 

the p” cross sections free from the problems discussed above, of having 

to understand the details of the $, mass shape for different experiments 

measuring in different regions of the kinematic variables. He suggests 

taking the yield of T+Z- pairs at the rho mass (i. e, , MT* = MP) , where the 

interference term is zero, and then the cross section is given by: 

do -= 
dt 

d2a 
dMnn’ dt (3.1) 

where Po is the rho width. 

There are problems with this recipe; the mass and width of the rho 

meson are not precisely known quantities and they influence strongly the 
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determination of the cross section; the presence of U-P interference effects 

artignored and can introduce -10% differences in the estimated cross sec- 

tion. However, it is a standard method and has served to bring some 

degree of order in an area of great confusion.. We shall use this definition 

in comparing the various p” photoproduction experiments discussed below. 

The total o” production cross section is shown in fig. 12 from the 

track chamber experiments. There is good agreement among the differ- 

ent measurements. The energy dependence of the cross section closely 

resembles that of the average of the elastic 7r+p and n-p cross sections. 

More specifically from the quark model we expect the @‘p) system to 

behave like the average of n+p and n-p scattering, while from vector 

dominance we expect the y - p” transition to be the same as p” - co 

multiplied by a constant, fi/y 
P 

which measures the strength of the 

photon-rho meson coupling (see section 5 below). We then may write 

cXYP -pop) = T oel (POP - POP) 

yP 

a7r 1 el + =-- 2 2 m (r P) + cel(a-P) * 
Y [ 1 

P 

(3.2) 

The solid line in fig. 12 represents the above relation with r,2/4, = 0.65 
( 1 

and using the measured r*p cross sections [Giacomelli, 19691. The agree- 

ment is good. 

Typical differential cross sections for yp -pop are shown in fig. 13 

for 9 and 16 GeV. The agreement between the different experiments is 

fairly good, with all measurements typically lying within a +15% band at 

each energy. The shape of the scattering distribution, for t < 0.5 GeV2, 
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is well fit by an exponential form 

& = do 
dt z > exp (At) 

0 
(3.3) 

Experiments measuring over a wide range of momentum transfers-[e. g. , 

Anderson et al. , 1970; 0. l<t< 1.2 GeV2] find they require a quadratic 

term in the exponential. A summary of the forward cross section, s)oy 

and slope parameter, A, for those experiments using the Sbding model 

analysis, is given in table 3, and the data plotted in figs. 14 and 15 

respectively. 

The measured forward p” cross section data in fig. 14 show good 

agreement among the different experiments, and exhibit a slow falloff with 

energy similar to that observed for diffractive hadronic reactions. More 

specifically, we may relate the forward p” cross section to-the measured 

7frp and 71-p total cross sections using the quark model and vector domi- 

nance (see eqn. (5.5)) and the discussion of the vector dominance model 

in section 5). The solid line in fig. 14 is the result of such a calculation, 

and provides a good representation of the forward p” production cross 

sections which are measured to be ~125 pb/GeV2 at 4 GeV, and falls to 

-100 pb/GeV’ at 10 GeV, with an estimated uncertainty of -(10-15)0/o. 

The slope of the forward o” cross section is shown in fig. 15. It 

shows very little energy dependence and is in good agreement with the 

average of the measured 7r*p elastic slopes, shown as the solid line. It is 

important to note the different t-ranges measured in the various experi- 

ments (see table 3). Recent studies of hadron elastic scattering distri- 

butions at the CERN-ISR [Barbiellini et al. , 19721 and at SLAC [Carnegie 

et al. , 19751 have shown that the slope of the scattering distribution for 
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t 5 0.2 GeV2 can be 1 to 2 units larger than for the region 0.25 tLO.5 GeV2. 

- Exzmples of this are shown in fig. 16 where the forward slopes in r*p, 

K*p and p*p elastic scattering at 10 GeV, are shown as a function of 

momentum transfer . For 0’ photoproduction, we compar’e data from the 

very forward direction (0 < t < .2 GeV2) to larger t-measurements 

(0.05 < t < 1 GeV2) in fig. 13, and observe that although the cross sections 

agree where the data overlap the measurements of the slope differ by 1 to 

2 units. The situation is summarized in table 4. This is an indication 

that forward steepening is present in the p” photoproduction cross section, 

just as for other diffractive elastic processes. 

3.2.2 Angular correlation studies 

The systematics of the 0’ decay angular distribution have been most 

beautifully studied in a series of experiments using a linearly polarized 

photon beam at energies of 2.8, 4.7 and 9.3 GeV [Ballam et al. , 1973i. 

The definition of the angles used for these studies is shown in fig. 17, and 

depending on the coordinates system the Z-axis is defined as 

0 y direction in p” rest frame, for Gottfried-Jackson 

0 p” direction in total center of mass system, for Helicity 

. y direction in total center of mass system, for Adair 

The full information of the 0’ decay angular distribution is contained 

in nine independent density matrix elements [Schilling et al. , $9711; 

wtcos e,o,+.) =rT 2 3 {L (1-p~o)+$(3p~o-1) cos2e- fiRepiOsin20 cos$ 

0 -pl lsin28 c0s2~-Pycos2mp~lsin2e+~~o 
II 

cos2 e 

- $2 Rep:0 sin 28 cos $ - p:-l sin2 e cos 2@] 

- Pr sin2ip $? Imp~osin28 sin@ + Irnp21Wlsin2 8 sin2@ 
[ II 

(3.4) 
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where PY is the degree of linear polarization, and the density matrix of 

theyho has been split into three parts 

~~k=~~k-P~cosZ~.pilk-P~sin2~.p~ . 

PY varies from 95% at 2.8 GeV to 77% at 9.3 GeV. 

The photon, due to its zero rest mass, can only have helicities AY= +l, 

while the p” meson may have helicities Xp= *l and 0. A study of the decay 

distribution allows a separation of the various helicity amplitudes, since 

for hp= &l the decay angular distribution will have the form sin2 8, and for 

hp=O, it would follow cos2 0. The decay angular distributions also allow 

a separation of the natural? and unnatural parity t-channel exchange 

amplitudes to leading order in the photon energy [Schilling et al. , 19711. 

The natural parity exchange process has the pions from p” decay emerging 

preferentially in the plane of photon polarization (@ -O”), and the unnatural 

exchange processes have the pions emerging perpendicular to it (Q-90’). 

Figure 18 shows the distribution of cos 6 against !l? in the helicity 

system, for 3/p -pop at 4.7 GeV. The data show a beautiful sin2 0 cos2Q 

correlation, implying the o” takes over the photon’s polarization with no 

helicity flip and that the process is dominated by natural parity exchanges. 

The relative contribution from natural parity exchange (cN) in the 

t-channel is measured by the parity asymmetry 

Pg.3 crN -2 1 
N u= CT +(T 2pl-l -poo (3.5) 

tNatura1 parity exchanges have the property P = (-1) J, where J is the in- 

trinsic spin of the object being exchanged. Unnatural parity exchanges 
have P=-(-l)J. 
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Pa is shown in fig. 19 as a function of momentum transfer, for the three 

ene”rgies 2.8, 4.7 and 9.3 GeV. Rho production is completely dominated 

by natural parity exchange. The fraction of unnatural parity exchange is 

found to be < 5% and consistent with the contribution expected from. one- 

pion-exchange calculations. Similar conclusions were obtained from 

counter experiment studies using linearly polarized photons at DESY 

[Criegee et al. , 19701 and CORNELL [Diambrini-Palazzi et al., 19701. 

These experiments were able to show that unnatural exchange contributions 

were small (i.e., < 100/o), right down close to threshold for the reaction. 

The nine density matrix elements describing the p” decay distribu- 

tions are presented in fig. 20 as a function of t for the 4.7 GeV study, as 

evaluated in each of the three coordinate systems-Go&fried-Jackson, 

Helicity and Adair. Substantial spin flip or t-channel helicity flip contri- 

butions are seen in the Gottfried-Jackson and Adair system density matrix 

elements while in the helicity system the density matrix elements are 

consistent with no flip contributions (i. e. , they are consistent with s- 

channel helicity conservation). The SLAC streamer chamber [Davier 

et al. , 19701 and wire chamber spectrometer [Giese, 19741 confirm this 

behavior up to the highest energies available (i. e. , Ey = 16 GeV) and for 

t% .5 GeV2. These results imply that in the center of mass the rho behaves 

like a photon with its spin along its direction of flight. 

This tidy picture in which s-channel helicity conservation (SCHC) was 

a property of the rho production amplitudes (and perhaps all diffractive 

amplitudes [Gilman et al. , 19701) was not to be: it certainly is the dominant 

contribution to the process but careful and systematic study discovered 

small helicity-flip amplitudes. The density matrix elements for the 



- 20 - 

9.3 GeV experiment are shown in fig. 21, for the helicity system. The 

pari-& asymmetry Pa, is close to 1 showing the rho meson is predomi- 
1 

nantly produced by natural parity exchange, and the elements p1 .I and 

-Im 2 p1 1 are close to 0.5 and all other elements close to zero, as required 

by SCHC. However, there are small but systematic deviations from zero 

in the interference terms between helicity-flip and nonflip amplitudes. 

The relevant elements are: 

intensity of AA=*1 amplitude: pi0 

intensity of AA =*2 amplitude: p: 1 + I.DIP~-~ 

interference between M=*l and AA=0 amplitudes: 

1 2 
Rep10 -Imp10 

Re Pi0 

P (3.6) 

interference between AA=&2 and AA=0 amplitudes: 

4-l J 

In the forward direction these elements must go to zero from kine- 

matics, but in the range (0.2 <t < 0.8) GeV2 they appear to be systemati- 

tally nonzero. 

Similar studies have been performed for rho production in deuterium, 

where they find the same angular correlations. Figure 22 indicates that 

the process is mainly SCHC and natural parity exchange and fur-ther 

detailed analysis of the density matirx elements confirms such a conclusion. 

This indicates that rho production on protons and neutron has the same spin 

dependence. Since I=1 exchange amplitudes will couple with opposite sign 

in the proton and neutron reactions (see eqn. (3.11))) and the density 

matrix elements for the yp and v reactions are the same (even for those 
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implying helicity flip), it would appear that the isovector contributions 

mu,$ be small and do not account for the helicity flip behavior. The I=1 

exchange amplitudes are discussed more fully in the next section. 

Using the linearly polarized-y beam data, the density matrix elements, 

and the cross sections, can be separated (to leading order in energy), into 

natural and unnatural parity exchange contributions [Schilling et al. , 19711 

N 

p; = $ [p;k IF (-l)i * p;k] (3.7) 

Analysis of the hydrogen and deuterium laser beam experiments 

[Ballam et al. , 1973; Eisenberg et al., 19761 for example, shows that the 

pyk are close to zero, confirming once more the dominance of natural 

parity exchange. (See fig. 23.) The deviations from SCHC in fig. 21 may 

now be observed to originate in the natural parity exchange density matrix 
N elements, pik, of fig. 23. 

In order to check for instrumental bias the density matrix elements 

were separately evaluated for data with the photon polarization parallel 

and normal to the camera axis in the bubble chamber. Since the p” decays 

preferentially in the polarization plane, this effectively rotates the asym- 

metry of the angular distribution by 90’ in the chamber. No difference 

was observed in the two results. 

Given the observation of helicity flip behavior in the data, it may be 

identified with either the rho production or the nonresonant r-r background. 

This question was studied in detail using the S&ding model [StSding, 19661 

to describe the mass and t-dependence of the dipion angular correlations. 

Figure 24 shows two of the helicity flip moments, as examples, with the 

expected behavior of the nonresonant r-r background subtracted out. One 
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plainly sees that the s-channel helicity flip effect is associated with the 

rh;production. 

Assuming that the rho production is natural parity exchange, that the 

helicity flip amplitudes are small and that the nonflip amplitude is-imagi- 

nary, the measured density matrix elements may be used to estimate the 

ratio of single and double helicity flip to the dominant nonflip amplitude. 

The results are shown in table 5. The different estimations of the 

strength of the flip term are in fair agreement with each other, and imply 

that the single flip amplitude is of same sign as the nonflip amplitude 

and -lo-15% in magnitude, while the double flip is roughly the same size 

but opposite in sign. Both helicity flip amplitudes are dominantly natural 

parity exchange. 

There are two facts that argue for the isospin of the helicity flip 

amplitude being zero; 

(a) if the exchange were I=1 the sign of the helicity flip amplitude 

on neutrons and protons would be opposite, while it is observed 

to be the same 

(b) if the exchange were I=1 we would expect a much bigger effect 

for helicity flip in w - wp, since 

N 
Re plo(Y -, w) 

2 
Y 

N 
Re plo(Y -PP) 

-+7*1 . 
yp 

Therefore, we would expect very large Re pyo and pyel in the natural 

parity exchange part of omega production. Instead one observes (see 

table 5) an amplitude similar in size to that found for rho production, as 

one would expect for I=0 exchange. 
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The magnitude of the helicity-flip amplitude does not change much 

fro% 4 to 9 GeV, although an s -l/2 behavior cannot be ruled out due to 

the large errors. It is tempting to relate the helicity-flip behavior to the 

diffractive Pomeron exchange amplitude, especially as similar features 

have been identified in elastic TN scattering, for the nucleon vertex. 

A Saclay group [Cozzika et al., 19721 studying the A and R polariza- 

tion parameters in nN elastic scattering have shown that the t-channel, 

I=0 nucleon helicity-flip amplitude Fi is of order -10% of the nonflip FL 

amplitude for 0.2 < t < 0.8 GeV2 and is roughly independent of energy. 

The ratio of flip to nonflip amplitude as a function of momentum transfer, 

is shown in fig. 25 for both the y - p” and p - p analysis. The simi- 

larity is strong, indicating that helicity flip is a common property of 

diffractive processes and that it has the same characteristic for the meson 

or the nucleon vertex. 

In summary, p” photoproduction is dominated by natural parity 

exchanges in the t-channel and the y - p” transition mainly conserves 

the s-channel helicity of the incoming photon. A small helicity flip 

amplitude is observed, also dominated by natural parity exchanges, and 

is -10% of the nonflip term. The angular correlations are found to be the 

same for p” production on neutron or proton targets. 

3.2.3 Amplitude structure in yN - p ON-isolation of I=1 exchanges 

The contribution of isovector t-channel exchange to the process 

YN-p ON may be estimated by comparing the production cross sections 

from deuterium and hydrogen targets. Four separate methods for 

extracting the I=1 exchange amplitude are summarized below. 
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9 Comparison of forward cross sections 
- 

I - The forward cross section, for rho production on deuterium or 

I hydrogen may be written: 

dc x o 1 (?/d - poti) = 4 ITo I2 (i-G) , 

where G is the shadowing correction [France and Glauber, 19661, and 

dcr 
x o (YP -pop) = iTO+Tli 2 ) 

For no I=1 exchange, the ratio of expressions (3.8) and (3.9) should be 

3.72. Otherwise, for an I=1 exchange contribution one may obtain from 

R the following: 

2TI.T; 

ITo1 2 

2 

(3.10) 

where A$ is the relative phase between the isoscalar and isovector ampli- 

tudes at +O. 

Given that p” production is dominated by natural parity exchange in 

the t-channel we can identify the isoscalar amplitude with (P + f) exchange, 

and the isovector amplitude with A2 exchange. The absolute phase of To 

has been measured experimentally by DESY-MIT [Alvensleben et al., 

19701 and NINA [Biggs et al., 19711 groups by observing the interference 

between Bethe-Heitler production and leptonic decay of the rho meson. 

They find the phase of To to be 102°-1060. If Tl were taken to have the 

phase of the A2 Regge trajectory it would be -135’, and hence 

cos A$=0.84. If, however, we assume that absorption or other effects 

may alter this phase we might still expect T1 to lie in the second quadrant 

and hence cos A$ > 0.2. Applying these assumptions on A@ to eqn. (3.10) 

we can estimate IT1/TO I. 
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Table 6 shows the results of such a calculation for the three bubble 

ch;mber and two counter experiments studying rho production on deuterium. 

For the counter experiments only the highest energy data (i. e. , those near 

the end point of the bremsstrahlung spectrum) were used ‘in order to 

remove possible confusion due to inelastic background contributions. The 

ratio of the deuterium to hydrogen cross sections near the forward cross 

section is shown in fig. 26 from the highest energy SLAC experiment 

[Giese, 19741. The data from all five experiments are in fair agreement, 

and imply that the isovector exchange amplitude, T1, is small. 

ii) Comparison of closure and coherent cross sections 

We may write the helicity nonflip amplitude for rho production on 

protons and neutrons as 

f(w - pop) = To exp (AV2) + T&t) 

f(yn - p’u) = To exp (At/2) - Tl(t) 
! . 

(3.11) 

where To, T1 are the isoscalar and isovector exchange amplitudes, as before. 

The Glauber multiple scattering theory then gives the differential cross sec- 

tion for coherent production from deuterium, following [Eisenberg et al. , 19761: 

g (yd - pod) = 4 ITo1 2 [S(t/4) exp (At) - S(t/4). G. exp (3At/4)] (3. 12) 

where G is the shadowing correction [France and Glauber, 19661, and 

S(t) is the deuteron form factor. 

The total closure cross section for rho production, including both 

coherent and breakup contributions, is written 

$(yd--p’pn) = 41T012 exp(At)*i. (l+S(t)) 

-t 4 IT,1 ‘*+a (l-S(t))-41T012.G.exp(3At/4) 

(3.13) 
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Knowing ITo I2 from the forward coherent deuteron cross section, the 

tom rho production data may be fit to eqn. (3.13) and an estimate of 
2 ITl/TO I obtained. The closure and coherent cross sections from the 

4.3 GeV yd bubble chamber experiment [Eisenberg et al. ; 19761 are 

shown in fig. 27 together with their fit to eqn. (3. 13). The results of 

these calculations are given in table 6 for experiments at 4.3 and 16 GeV, 

and also indicate that the isovector contribution is small. 

iii) Neutron-proton cross section difference 

Another method of estimating the isovector contributions is to com- 

pare the production cross section on neutrons and on protons, as we did 

for Compton scattering and the total photon cross section in section 2 

above. Here, we have 

Q-&P ‘P OP) -a(yn -p 0 ni 2Re Tl*Tg _ 
M (3. 14) 

U(YP -pop) + Wn - pan) lT012 

The comparison may be performed from the data of the deuterium 

bubble chamber experiments [Eisenberg et al., 19761, but have to be done 

at a value of momentum transfer where the recoil nucleon can be clearly 

kinematically separated from the spectator nucleon. The analysis is done 

for recoil momenta greater than 280 MeV/c. The results are shown in 

table 6, and again show that TI is small. 

iv) Exchange contribution to 3/n - p-p 

Yet another independent limit on the isovector contribution may be 

obtained from the cross section for the charge-exchange process, yn - p-p. 

The principal t-channel exchanges contributing to this reaction are 
+ + + 

n,p, As. If we assume that the natural parity exchanges do not inter- 

fere destructively, we can obtain an upper limit for the Ai contribution, 
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and from SU(2), a limit on the A0 contribution to p” photoproduction. 2 The 

cr;ss section data are summarized in fig. 28 and the resulting limits 

recorded in table 6. 

In summary, all, the methods in table 6 imply that the isovector con- 

tribution to YN --r p ON is small and less than (5 - 10)0/o of the isoscalar 

amplitude. This is in good agreement with the estimates obtained in 

section 2 for the isovector contribution to the related reaction of Compton 

scattering and the total hadronic cross section, of ~3% at 6 GeV and 

~1.5% at 20 GeV. 

3.2.4 Amplitude structure in 3/n -’ p” N-isolation of f and P exchanges 

The rho production process may be considered dominated by f”-meson 

and Pomeron exchanges in the t-channel, since both unnatural parity 

exchanges and I=1 natural parity exchanges have been shown to be small 

(see sections 3.2.2 and 3.2.3). Further, since there is substantial 

energy dependence of both the total rho cross section and the forward 

differential cross section in the 2-5 GeV range, it may be expected that 

the meson exchange amplitude is appreciable. 

A separation of the f and [P amplitudes has been performed [Chadwick 

et al., 19731 utilizing the Dual Absorption Model [Harari, 19711 as a guide 

to the structure of the exchange amplitudes. A more detailed description 

of this work may be found in the thesis of Kogan [Kogan, 19751. This 

analysis followed a similar separation of the f and IP exchange amplitudes 

in TN scattering [Davier, 19721. 

The rho production is parametrized in terms of two components-a 

central Pomeron term and a peripheral f exchange term: 

lP(s, t) = iCp exp Ap(s) t [I 1 
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Im f(s, t) = (C,/&) exp Af(s) t - Jo@-) [ 1 (3. 14) 

anrthe cross section at a given energy is written 

$YP- POP) = lp(t) + W)12 
.(3. 15) 

= IP(t) I2 + 2lP(t) . Im f(t) 

neglecting the If(t) 1 2 term which decreases like l/s. 

The rho production and Compton scattering cross sections may be 

well represented with this model as shown in fig. 29. The logarithmic 

slope of the Pomeron contribution to the p” differential cross section as 

a function of energy, as determined from this analysis is given in fig. 30 

together with the Pomeron slope from Davier’s nN analysis. For com- 

parison the slope of the differential cross section for the reaction 3/p - @p 

is also shown. 
, 

It is interesting to note that the lack of energy dependence in the 

shape of the p” differential cross section (fig. 15) is the result of a con- 

spiracy between the falling energy dependence of the steep peripheral 

f-exchange amplitude the rapid shrinking of the Pomeron amplitude. This 

is the same result as found for TN scattering. 

It is also interesting to note that the ratio of f-exchange to Pomeron 

exchange required for these fits [Chadwick et al. , 19731 is the same for 

Compton scattering, rho photoproduction and for the TN elastic scattering. 

3.2.5 Summary 

In summary, the rho photoproduction reaction is observed to be dif- 

fractive, dominantly isoscalar natural parity exchange and with a spin 

structure which is mainly s-channel helicity conserving. The small (lo-15)%, 

helicity flip contribution stems from I=O, natural parity exchanges and is 

probably associated with Pomeron exchange. 
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3.3 Omega Production 

- Omega production is experimentally much more difficult to study 

than the rho, since in addition to the problem of lack of precise knowledge 

of the incoming photon beam energy, one has. to deal with the three body 

(T’TT-~“) decay mode of the vector meson. The various experiments study- 

ing w production on proton and neutron targets are listed in table 2. The 

w mass distribution from two experiments-the 9.3 GeV bubble chamber 

experiment [Ballam et al. , 19731, and a counter experiment [Cladding 

et al., 19731, are shown in fig. 31, where a rather clean signal is 

observed in each case. Typical backgrounds are estimated to be -(lo-15)%. 

The cross section, as a function of energy, for w production in the 

reaction 

YP - WP 

is shown in fig. 32. There is good agreement among the different measure- 

merits, Unlike the rho cross section, the w data show a very rapid 

decrease of the cross section in the energy range from 2 to 5 GeV and then 

become almost constant above 5 GeV. The linearly polarized photon 

experiment [Ballam et al. , 19731 allows a separation into the contributions 

from natural (aN), and unnatural (g’), parity exchanges in the t-channel 

N 
U o- (3. 16) 

where PO is the parity asymmetry defined in eqn. (3.5) above. The rapid 

fall is almost entirely accounted for by the s U component of the cross sec- 

tion which has essentially disappeared by 10 GeV. The natural parity 

cross section, by contrast, is almost constant, decreasing by only 20% 

from 2 to 10 GeV. 
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The behavior of the w cross section can be understood as a super- 
- 

postion of a strong pion exchange part and a diffractive part. The pion 

exchange contribution is about half the total w cross section for energies 

-4 GeV, but due to the steep energy dependence this term is negligible 

by 10 GeV. 

The differential cross sections are sharply forward peaked, with a 

slight steepening near the forward direction (see fig. 33). The cross 

sections from different experiments agree within -(lo-15)% except for the 

new CORNELL data [Abramson et al., 19761, which appears to be syste- 

matically -30% lower than the other measurements. When the differential 

dcN cross section is separated into the natural - ( 1 
do’ 

dt , and unnatural - ( 1 dt 

components, using a t-dependent form of (3.16)) the natural parity 

exchange component is found to be well represented by a simple exponential 

form 

. 

The slope of the w cross section at small t agrees well with that found for 

p” photoproduction in section (3.2)) namely -7-8 GeVm2. The forward 

cross section measurements are summarized in table 7, where data from 

both hydrogen and coherent deuterium experiments are included. We quote, 

where possible, forward cross sections evaluated using the same assump- 

tion for the slope of $$YP -* up) when fitting the measured differential 

cross section. As discussed above in section (3.2) for the p”, the hydrogen 

data measure I TO+T1 I2 while the coherent deuterium cross section deter- 

mines IT0 12, where T o, Tl are the t-channel isoscalar and isovector 

exchange amplitudes respectively. Also included in table 7 are estimates 
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of ITO I2 from optical model analyses of w production on complex 

nuclei [Behrend et al., 1970, 1971; Braccini et al., 19701. 

An independent estimate of IT0 I2 may be obtained from the quark 

model and vector dominance model. Anticipating section 5 below, in which 

these relations are fully discussed, we take eqn. (5.4) and insert crT(wN) 

and q 
w 

as 27 mb and -0.2 respectively (using the quark model and our 

knowledge of p”N scattering), and the measured photon-omega coupling 

strength, y2 /47~ = 4.6 from the storage ring experiments. Such a calcu- 
w 

lation results in IT0 I2 = 15.3 pb/GeV2, and is entered on the bottom line 

of table 7. Except for the Cornell-Rochester measurement, all other 

data are in tolerable agreement with each other and with this VDM esti- 

mate of the u forward cross section, IT I 2 
0 , 

The w decay angular distributions at low energy (~5 GeV) show none 

of the beautiful polarization correlations observed for the rho,due to the 

large pion exchange contribution to the production process. However, by 

9.3 GeV the familiar sin2 19 cos2 $ pattern for the w decay distribution is 

observed (see fig. 34) indicating that at this energy the w is produced 

mainly by natural parity exchange and that the process approximately 

conserves the s-channel helicity of the photon. The w density matrix ele- 
N 

ments, PikY are consistent with those obtained for p” production, although 

more poorly determined due to the smaller production cross section. They 

indicate that the same production and decay properties pertain for the w 

reaction as for the p”, even to the presence of a small helicity flip con- 

tribution to the ye w transition. 
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The cross sections, differential cross sections and angular distribu- 

tidAs for the reaction 

yN - wN 

are well represented. by a model which describes the natural parity ex- 

change in terms of the p”N data and the unnatural parity exchange by a 

one-pion-exchange calculation [Wolf, 1969; Benecke-Diirr, 19681 in which 

the w radiative width was taken to be I 
WT 

= 0.9 MeV [Barash-Schmidt 

et al. , 19741. The solid lines in figs. 32 and 34 are the result of this fit. 

The isospin decomposition for the reaction yN - UN is specially 

interesting, as was first pointed out by Harari [Harari, 19691, since any 

I=1 contribution to the forward Compton amplitude gets amplified by a 

large factor in the w production process. More precisely, A, the isovector 

contribution to yN - UN may be written 

A = 2 - WP) - Q(YP - 
- wp) -t a(yn - 

y2 ImT1 - 
IZW 

2” 
yP 

Im To 
YP ‘YP 

(3. 17) 

and 

Y2 
+7 . 
Y 

P 

In section (2.1) we estimated, with some reservation, that the iso- 

vector amplitude contribution is of order (3 f 1)s at energies around 6 GeV, 

implying a large isoscalar-isovector interference in u photoproduction, 
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with a value of A - 0.21. However, as we mentioned in section 2.1, this 

res?lt is very sensitive to the subtraction procedure and the deuterium 

model used. 

We may estimate. A from the w photoproduction data through the rela- 

tions: 

- up) = ]T;+T;12 (3. 18) 

(which excludes the pion exchange contribution), and 

g) (3/d - wd) = 4(1-G) ITN I2 0 (3.19) 
0 

where G is the shadowing correction [France and Glauber, 19661 and is 

equal to 0.068. We may then find limits on A from 

A< 
lT;+Ty I2 - IT; I2 

IT; I2 
(3.20) 

Using the data summarized in table 7, the Weizmann group [Eisenberg 

et al. , 19761 find 

AL -0.3 I 0.3 

while the Rochester-Cornell group Abramson et al., 1976 find 

A= 0.20 * 0.12 

The difference between these estimates stems from the different 

measured forward cross sections, and as shown in table 7 the Rochester- 

Cornell experiment find a much lower cross section than all other experi- 

ments. However, neither experiment is sufficiently precise to allow a 

good determination of the I=1 exchange amplitude, independent of the 

relative normalization question, and an answer to this interesting question 

awaits a new experiment. 
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In summary, the w photoproduction experiments indicate that at low 

ene?gies (~5 GeV) one pion exchange is an important part of the produc- 

tion process, but that by energies of -10 GeV the w reaction behaves very 

much like p” production, with a .cross section- -7 times smaller. At 

these energies the w is produced via natural parity exchange and is mainly 

s-channel helicity conserving. The intriguing possibility of using w pro- 

duction to measure the I=1 exchange contribution to forward Compton 

scattering, since it is -7 times enhanced in yN -f UN, has not been 

achieved due to the smallness of the amplitude and the lack of precision 

in the current experimental measurements. 

3.4 4 Production 

The phi photoproduction reaction has been studied in the counter and 

track chamber experiments listed in table 2. The $ signalis very clean 

as shown in fig. 35, where the K+K- mass distribution from the 9.3 GeV 

bubble chamber experiment [Ballam et al., 19731 is given. The cross 

section for + photoproduction as a function of photon energy is shown in 

fig. 36 and is about 0.5 pb and rather constant, perhaps rising a little as 

the energy increases. 

The differential cross section is sharply forward peaked and well 

described by the usual exponential form 

A compilation of the published differential cross sections prior to Spring 

1975 is shown in fig. 37a where fair agreement among the different experi- 

ments is observed. There is little indication of any s-dependence of the 

shape or magnitude of the 6 differential cross section. In fig. 37b, the 
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above data is combined with the new small momentum transfer, high 

statistics DESY experiment [Behrend et al., 19751, (the previous data are 
h 

only plotted for t > .4 GeV2). Again agreement between the various experi- 

ments is apparent where the data overlap.- However, the small~momentum 

transfer measurements exhibit a much steeper falloff of the differential 

cross section than the larger t measurements, indicating that the cross 

section is not well described by a simple exponential form. 

The energy dependence of the slope of the 6 differential cross section 

(i.,e., the shrinkage) was studied, prior to the Behrend experiment by 

fitting the combined data in fig. 37a [Moffeit, 19731, to the usual Regge 

form for the slope,A, 

A = A0 + 2cr’ Qn s (3.21) 

(where s is the total center of mass energy squared), and-yielded the 

following value for the shrinkage parameter, a! 1, 

a’=0 14xko.09 . . 

This is in good agreement with the results obtained from a SLAC-Wisconsin 

experiment [Anderson et al., 19731 studying Cp production at a fixed t-value 

of 0.6 GeV2, The measured cross sections from this experiment are 

shown in fig. 38, and an analysis of the s-dependence indicates 

a’ = -0.03 zt 0 13 . 

(i.e. , these measurements confirm the lack of energy dependence of the 

slope of the $I production cross section. ) 

A new fit to the energy dependence of all the available measurements 

on the $I differential cross section [Silverman, 19751, finds, for t < 0.4 

GeV2 

a!‘=0 22&O 27 , . . 
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The slope of the forward cross section as a function of energy, and 

the>esult of this new fit to the energy dependence, are shown in fig. 39. 

We will return to the question of the energy dependence of the shape of the 

$ differential cross section later in this section. . 

The decay angular distribution of the $ from the linearly polarized 

laser beam experiment, although limited in statistics, shows the now 

familiar sin2 8 cos2@ correlation implying natural parity exchange domi- 

nance and s-channel helicity conservation in the production process (see 

fig. 40). Indeed the density matrix elements are compatible with those 

measured in rho photoproduction. A similar conclusion is obtained from 

measurements of the asymmetry in yield of K*fs (from $ decay), counted 

in the plane of photon polarization and normal to that plane, by the 

Wisconsin-SLAC group using polarized photons of energy -6 GeV 

[Halpern et al. , 19721. They find the asymmetry parameter, 2, is close 

to unity, 

I: = 0.985 zt 0.12 , 

implying natural parity exchange and no spin-flip in the $ production. 

Photoproduction of @ mesons from complex nucleii has been studied 

by DESY-MIT and CORNELL groups [Alvensleben et al. , 1972; McClellan 

et al. , 19711. The Cp is observed to be coherently produced and an analysis 

of the (K+K-) decay distribution is consistent with the SCHC production 

hypothesis. The photoproduction of $ mesons from deuterium and hydro- 

gen targets has been measured for photon energies -8 GeV [McClellan 

et al., 19711, and the ratio, R, of the cross sections at t=O is found to be 

R = 3.6 f 0.6 

compatible with the expected ratio of 3.89 for no I=1 exchange. 
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Thus the $ photoproduction experiments indicate that the 4 is dif- 

fraztively produced, with natural parity, I=0 t-channel exchanges and with 

mainly SCH C . 

These observations are in agreement with our expectations for $ 

photoproduction. It has been pointed out on very general grounds that +p 

elastic scattering should proceed only by Pomeron exchange [Freund, 19671. 

This follows directly from the quark model in which the $ is described in 

terms of two strange quarks (Ax), and is supported by experimental evi- 

dence showing the $ to be decoupled from nonstrange hadrons. Then a 

measurement of 4p elastic scattering should determine the parameters of 

the Pomeron trajectory rather clearly in comparison to other elastic 

scattering processes which usually involve additional exchange contribu- 

tions. Since the @-meson photoproduction cross section is related to the 

elastic scattering of transversely polarized Q, mesons on protons through 

VDM via the relation 

then measurements of the energy dependence of the photoproduction cross 

dcr section, x (r 4 @), should also allow a good understanding of the Pomeron 

amplitude. 

There is one caveat on this picture. The DESY/MIT group [Alvensleben 

et al. , 19711 have measured the real part of the forward amplitude for the 

yp --) (pp process by observing the interference between the resonant $ 

production and the Bethe-Heitler process in yC -. $C, with $ -+ e+e-, at 

7 GeV. They find that the $ amplitude differs from being purely imaginary 
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by 25’& 15’, or in terms of the amplitudes; 

-0.48 ;I;,” . 

This may be an indication that the y - $ process is not purely due to 

Pomeron exchange. Unfortunately the above phase measurement is a 

difficult experiment and the errors do not allow a firm conclusion. 

How do we accommodate our expectations for the behavior of a purely 

diffractive process with the experimental results on the s- and t- 

dependence of the $ cross section? Let us consider the two regions of 

momentum transfer with t < 0.4 GeV2, and t > 0.4 GeV2, separately. 

First, the larger t region with t> 0.4 GeV2: $ photoproduction shows 

no s-dependence over the energy range s - 4 to 40 GeV2. The value of 

01’ obtained from an analysis of the cross sections in this region was 

01’ 
@ 

= -0.03 * 0.13 

The s-dependence for the elastic cross section at t - 0.6 GeV” for two 

hadronic processes (pp and K+p elastic scattering), are shown in fig. 41 

for comparison. These processes have exotic quantum numbers in the 

s-channel, and are therefore expected to be dominated by Pomeron 

exchange (i. e . , to be mainly diffractive in character). For energies 

corresponding to s > (10-15) GeV2 they also exhibit little energy dependence. 

In fact, the Wisconsin-SLAC value of CE’ agrees well with the shrinkage 
+ 

parameter of other hadronic processes evaluated for s > 10 GeV2, and in 

the same t-range [Leith, 19751, 

a’ = -0.04 f 0.03 Gev-2 
T-P 

a’ = 0.00 rt 0.04 GeVm2 
K-P 
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a’ 
K+P 

-0.lGeV 

cl!’ = 0.10 f 0.06 GeV-2 
PP 

Therefore the main difference between these purely hadronic processes 

and the y - # reaction is that at low energies (i, e., s < 10 GeV2) the 

hadronic reactions begin to show strong shrinkage (see again fig. 41)) 

while the photoprocess maintains the high energy behavior. In this same 

energy region, the total hadronic cross sections exhibit a rapidly falling 

energy dependence (see fig. 42)) rather than the typical constant or slowly 

rising cross section characteristic of our picture of a Pomeron dominated 

process. The $ cross section, however, is quite constant-see fig. 36. 

The low energy hadron total cross section behavior is usually explained 

I in terms of absorptive corrections or cuts [Barger and Phillips, 19711, 
. - 

and perhaps these effects also modify the elastic t-dependence. It is 

entirely possible that the photoproduction of $I meson does provide a good 

picture of the Pomeron at low energies, and that the photoproduction and 

hadron-hadron scattering data agree at high energies when nondiffractive 

contribution to the hadronic processes have become small. 

The small t-region (i. e. , t < 0.4 GeV2), is more complicated. In 

this region the 6 differential cross section displays a steepening in the 

forward direction and is not well described by a simple exponential form. 

However, recent high statistics studies of elastic K+p and pp scattering 

around 10 GeV have shown similar behavior in these classically “Pomeron 

dominated” reactions [Carnegie et al. , 19751. High energy pp elastic 

scattering experiments at the ISR, also observe this feature [Barbiellini 

et al. , 1972; Leith, 1975a]. In fact, for both K’p and pp the slope of the 
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forward scattering cross section shows qualitatively the same behavior 

as Ge $ photoproduction; the larger t region shrinks slowly, while the 

forward direction has a steeper slope and shrinks more rapidly. This 

data is summarized in fig. 43. The small t differential cross sections 

are characterized by a shrinkage factor (Y’ 

a!’ = 0.28 rfr 0.03 
PP 

cl!’ 
K+P 

-0.5 

and the analysis of the small t C$ photoproduction cross section finds 

% 
-0.22 * 0.27 . 

To summarize, the C#J photoproduction experiments find 

P the production cross section independent of energy. 

. the differential cross section sharply peaked, with indica- 

tion of steepening near the forward direction; the energy 
J 

dependence for the change of the shape of the production 

angular distribution is poorly determined but quite con- 

sistent with that observed for other diffractive dominated 

processes like K’p and pp elastic scattering. 

0 the production process involves natural parity exchanges 

and conserves s-channel helicity; there is very little I=1 

exchange. 

0 there may be a substantial real part to the forward @N 

scattering amplitudes; measurement of the interference 

of 4) + e+e- decays with the Bethe-Heitler process yielded 

t-o.33 
vq = -0-48-0.45 2 while the C#J photoproduction on complex 

nuclei measurements become consistent with the storage 

ring data on (y2/47r) if ?) 
@ e 

is around 0.5. 
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. assuming the y - $ reaction is dominated by Pomeron 
-c, 

exchange, the slope is around 4 GeVm2 and implies that 

the $-nucleon interaction radius is much smaller than 

the nucleon-nucleon or; pion-nucleon radii. This is just - 

what we expect from the quark model and find experi- 

mentally in a study of I$ production from complex nucleii 

(i.e., $(+N) - 8-13 mb). (These experiments will be 

discussed in section 5 below.) Indeed, the measured @N 

slope agrees well with that expected from the ratio of the 

total cross sections and the measured nN, K+N, pp for- 

ward slopes. 

e finally, $ photoproduction may well be the way to a 

better understanding of the diffractive mechanism,- but 

it will require much better experiments over a larger 

range of momentum transfers, and especially, over a 

wider range of energies. 
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4 HIGHER MASS VECTOR MESONS 

4 .? Introduction 

The existence of higher mass vector meson states (than the p”, w 

and $), has long been predicted by the Veneziano model [Veneziano, 19681, 

and from analysis of the nucleon form factor [Schumacher and Engle, 

19711. An example of such states are the p’ at 1300 MeV and p” at 1700 

MeV [Shapiro, 19691. There is now experimental support for two iso- 

vector states with mass around 1250 MeV and 1600 MeV, and their exist- 

ence implies that, one must also find the associated isoscalar w’, @’ 

states. Below we discuss the evidence for the existence of higher mass 

vector states, and review the characteristics of the photoproduction 

reactions. 

4.2 p’ (1250) 

The first experimental report for such states comes from a study of 

the missing mass distribution in the reaction 

YP - p + (missing mass) 

for photon energies up to 17 GeV [Anderson et al., 19701. An enhance- 

ment was observed at a missing mass of 1230 MeV. The SLAC-Berkeley 

bubble chamber group [Ballam et al. , 19741, the SLAC streamer chamber 

group [Davier et al. , 19731, and the DESY streamer chamber collaboration 

[Rabe et al. , 19711 found an enhancement in (,‘, + missing mass) at 

around the same mass value, when studying the process 

YP- pr+.rr- + MM 

for missing mass, MM, greater than or equal to, two pion masses (i.e., 

not the final state plr+n-R). 
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The (T’+~-MM) spectrum is shown in fig. 44, for the three energies of 

th;bubble chamber experiment (viz. 2.8, 4.7 and 9.3 GeV) . The bump 

around 1240 MeV is strongly enhanced when 7r+n- masses in the region 

(330-660) MeV are selected, as indicated by-the shaded region in fig. 44. 

This would be characteristic of n*n- from w decays. From this observa- 

tion, and from a study of other final states, the bubble chamber group 

conclude that the 1240 MeV bump represents an u?r” decay mode of a 

resonant state. 

The cross section for the production of this object is shown in fig. 45, 

where it is observed to be about 1 pb and quite independent of the energy. 

The differential cross section (see fig. 46), is found to be sharply peaked, 

and well represented by an exponential form. 

These observations suggests that the UT’ system is produced diffrac- 

tively. The absence of any UT- enhancement at the same mass for the 

charge exchange reaction 

Yn - pwr- 

is a confirmation that nondiffractive contributions are small [Benz et al. , 

19731. 

The isospin, charge conjugation and G-parity of any on0 system must 

be ICG= l-+. The spin and parity have been studied through analysis of 

the decay angular correlations in the SLAC-Berkeley experiment [Ballam 

et al., 19731 and both JP= l- and If assignments are found to be compatible 

with the data. 

Preliminary studies of e+e- - w7r” from Frascati show indications of 

an enhancement in the cross section at a center of mass energy of -1250 

MeV [Conversi et al., 19731. This would be further confirmation of the 
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existence of a J P = l- object of mass 1250 MeV decaying into UT’, since 

e%- reactions proceed through one photon exchange. 

We call this object the p’ (1250). 

4.3 p”(1600). 

The region above the rho meson was initially scanned for effects in 

(~*7r-) by several counter and track chamber experiments [Ballam et al. , 

1972, 1973; Parket al., 1972; Eisenberg et al., 1972; Hicks et al., 1969; 

McClellan et al., 1969; Bulos et al., 1971; Alvensleben et al., 19711 and 

no clear sign of vector meson production observed. A broad structure, 

about 200 MeV wide, around 1600 MeV was seen in two of the experiments 

on complex nucleii [Alvensleben et al. , 197 1; Bulos et al. , 19711, but the 

effect was difficult to interpret since the high mass tail of the p” mesons 

is not well understood (see fig. 47). The 4n system was subsequently 

studied by several track chamber experiments [Bingham et al. , 1972; 

Davier et al. , 19731 and found to exhibit a clear enhancement around 1600 

MeV, as shown in fig. 48. The cross section for production of this peak 

was estimated to be between 1 and 1.6 pb and is independent of energy 

between 9 and 18 GeV. The differential cross section is shown in fig. 49 

for the streamer chamber experiment, and is well fit by 

with a slope, A, of’ (5.7* 0.3) GeV -2 . 

The 4n bump is identified to be mainly a o”1;‘, final state. From a 

study of other final states the isospin of the non-rhopionpair may be deter- 

mined. The fact that pop0 is not observed excludes Izr= 1, while the ratio 

(p 000 ?r r : o’~‘r-) F=: 0.5, favors 12,= 0 rather than IZa= 2. This gives an 
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assignment I=1 for the total bump, and since the G-parity of a 4n system 

i-1, the change conjugation, C must be -1 (since G = C(-1)I). We then 

have ICG = la+ for the 4~ state. 

A study of the decay angular distribution from the linearly polarized 

photon experiment yields the familiar sin2 8 cos2 $ correlations we have 

seen in p ‘, W, and 4 production, where the vector sum of the two 7r’ 

momenta is used as the analyzer for the 4~ system decay [Bingham et al., 

19721. Examples of the decay correlations are shown in fig. 50. They 

imply mainly natural parity exchanges in the t-channel and mainly SCHC 

for the production of the 47r state. In addition, they indicate that the spin- 

parity of the 1600 MeV bump is Jp= l-. The I=0 exchange character of 

the production process is further emphasized by the observation of coherent 

production of p” (1600) on deuterium [Eisenberg et al. , 19761. 

Thus, the experimental information from photoproduction reactions 

indicate that a (p’r’r-) enhancement with quantum numbers, I CG Jp=l-, 

is diffractively produced at energies around 10 GeV. Such a state should 

be seen in e+e- annihilations through the one-photon-exchange process. 

The cross section for e’e- - ~$~-71-+n- ’ 1s shown in fig. 51, where it may 

be observed to rise rapidly from threshold, peak around 1600 MeV and 

then fall rapidly as the energy further increases [Bartoli et al. , 1970; 

Barbarino et al. , 1972; Ceradini et al., 19731. This bump may be inter- 

preted as confirmation of the production of a vector state in e+e- collisions. 

The ratio of the (7r’n-~“~o: 7r+7r+7rm7r-) cross sections is consistent with 

that expected for the decay of an I=1 p’?;tn system. It appears that the 

e+e- and yp experiments are producing the same heavy vector meson, 

which we call the p” (1600). 



- 46 - 

Indeed, one finds good agreement between the measured peak cross 

se&ion in efe- annihilations and that calculated from the photoproduction 

data using the vector dominance model. We may write 

(4.1) 

assuming that the elastic pop and p”p cross sections are comparable and 

that the process pop - p”p is weak. Similarly we may relate the peak 

cross sections for e+e- - p” and p” through 

(4.2) 

From eqns. (4.1) and (4.2), we find 

. - a(e+e- - p” 

Substituting the measured quantities on the right hand side of eqn. (4.3)) 

we find 

u(e+e- - p I1 - 47r) = (12 -25) nb, 

consistent with the measured cross section of (16 * 5) nb from the storage 

ring experiments [Ceradini et al. , 19731. 

No other strong decay modes of the p” have been observed. The 2~ 

mode is not observed in e*e- reactions, while limits of < 20% and < 14% 

for the ratio of 2n to 4n decay have been set by the photoproduction studies 

in hydrogen and complex nuclear targets, respectively. However, 

preliminary results from a high energy experiment at FNAL [Lee, 19751, 
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have shown a signal in both 27r and 4n in the reactions 

c, 3/Be - 7r+7rWX 

- 7r+ 7r+ r- n-x 

at energies of. around 80 GeV. -The mass distributions, uncorrected for 

the apparatus detection efficiency, are shown in fig. 52. A very rough 

estimate of the (2~/47r) branching ratio from these measurements would 

indicate R > 0.05. 

A state with the same quantum numbers has been identified in a 7r-7r 

scattering phase shift analysis [Hyams et al. , 19751. The data comes 

from a high statistics measurement [Grayer et al., 19741 of the reaction 

-!-- 
np-7r7rn 

at 17 GeV. The analysis of the (n-r) angular distribution finds evidence 

of a p-wave (T-T) state lying below the spin 3 state called the g-meson. 

The resonance has a mass M= (1590 + 20) MeV, and width, I? = (180 550) 

MeV. The properties of this state, in terms of mass and spin-parity 

quantum numbers, agree well with those found in photoproduction and 

e’e- experiments, but it is much narrower, and couples more strongly 

to 2n. However these differences are probably the result of difficulties 

in interpretation of the experiments; the photoproduction (4~) bump may 

not be all resonant [Slattery and Ferbel, 19741, while the p" (1600), found 

in the r-r scattering studies, is a rather small contribution to. the total 

r-r cross section (see fig. 53). 

A summary of the properties of the pff (1600) are given in table 8. 

4.4 New Particle Production 

Near the end of 1974 there was great excitement at the discovery of 

a very narrow peak in the e’e- system at a mass of 3100 MeV from 
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experiments at Stanford [Augustin et al. , 19741 and at Brookhaven 

[Au&rt et al., 19741. The cross section as measured in e+e- collisions 

at SPEAR is shown in fig. 54. The width of the new particle was found 

to be (695 15) keV. Shortly afterwards another peak was found at 3700 

MeV, with a width of (225 * 56) keV [Abrams et al. , 19751. Such narrow 

widths at such high mass imply some new selection rule is at work in the 

decay of these particles-the *(3100) and Q’(3700). The most popular, 

and currently the most successful, model explaining the existence of these 

new particles invokes a new quantum number, called charm, and an addi- 

tional quark-the charmed quark (c)-[DeRujula and Glashow, 19751. The 

* states are then described as being (cc)states, very much like the $ 

meson is thought of as a system of strange quarks (AX). Systematic 

studies of the decay modes of the * and 9’ have shown that they are heavy 

vector mesons formed via the one-photon-exchange in the ese- annihila- 

tion, and that they both have I CG JP = o--1-. One would expect these 

states to be produced diffractively in the photoproduction reaction, 

Three experimental groups at Cornell [Gittelman et al., 19751, SLAC 

[Camerini et al., 19751 and FNAL [Knapp et al. , 19751, have observed 

the photoproduction of these heavy vector mesons, over the energy range 

(10 - 100) GeV. In fig. 55 the effective mass of the detected &‘p-) pair 

is shown for the SLAC and FNAL experiments, and the J!(3100) signal is 

clearly observed. 

The forward cross section for the reaction 

yN - XPN (4.4) 

exhibits a very interesting energy dependence, as shown in fig. 56. The 

cross section rises very steeply for energies above -11 GeV, increasing 
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by almost two orders of magnitude - 18 GeV. Beyond 20 GeV the growth 

iFquite gradual, increasing by at most a factor of two in the interval up 

to 100 GeV. 

The differential cross section is observed to change dramatically 

through this region of rapid rise in the forward cross section. The 

measured distributions at 11 GeV [Gittelman et al., 19751 and 19 GeV 

[Camerini et al. , 19751 are shown in fig. 57. The differential cross 

sections are well fit by an exponential form 

with the slope, A, equal to 1.25 GeV -2 at 11 GeV, and -3 GeV -2 at 

19 GeV. The highest energy data are compatible with a slope -4 GeV -2 

fKnapp et al. , 19751. This indicates that the production angular distii- 

bution is almost isotropic at energies near to the kinematic threshold, 

and that in the region of the rapid rise of the cross section, the distribu- 

tion becomes quite sharply peaked, but does not change much as the 

energy is further increased. 

The SLAC experiment found that inelastic photoproduction of J$- 

mesons, 

YN - *IN’ 

was small, being only -2O-30% of the elastic production, 

The photoproduction of the other high mass particle, the @‘(3700), is 

observed in both the SLAC and FNAL experiments, and the ratio of 9 to 

k1 production at 19 GeV photon energy is measured to be 

R=w)= 6.8k2.4 . 
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Several interesting observations may be made in applying the vector 

- dominance model (section 5) to the above data. Taking the measured 

do forward cross section, dt o, ) and assuming that the %N scattering ampli- 

tude is purely imaginary we may use eqn. (5.4) to determine aT.@N), the 

total !i?N cross section, in the same way we find uT(pN) in section 5 

below. We take the photon-vector meson coupling strength from the e’e- 

experiments (~:/47r= 2.6) and find aT(+N) - 1 mb. This implies that the 

$N interaction is typically hadronic, but with a much smaller strength 

7 than the 7r.N and pN interaction. Recent measurements comparing the 

relative A-dependence of * photoproduction on complex nuclei, and 

applying an analysis similar to that discussed in section 5.2 below, yield 

an estimate of uTpN) = (3 * 1) mb, independent of the vector dominance 

model assumptions [Prepost, 1976; Ritson, 1976:. 
< - 

We may now use this value of gT(?TrN), and the measured slope of the 

production distribution to learn of the ratio oel/aT. From the optical 

theorem, we have a relationship between the forward elastic cross sec- 

tion and the total cross section 
0 

(4.5) 

If do do -=- 
i dt dt o exp At, them we may integrate to find the elastic cross 

section, C el’ and rewrite eqn. (4.5) as 

1 2 CT el =iGX’oT 

or 

(4.6) 

(4.7) 
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This relation (4.6) applies both to *N scattering, and, through VDM, 

&e 9 photoproduction, and for either process we have 

0. 
- N 10-2 el 

OT 

This means that most of the +N scattering cross section is inelastic. 

Furthermore, for a 5 nb cross section for reaction (4.4), the total cross 

section for the ‘+-like’ part of the photon must be of order 0.5 pb, or 

about half a percent of the total “up cross section. However, we know 

from the measurements discussed above that inelastic processes 

involving the *-meson itself are only -(20 - 30)% of the elastic cross 

section and so negligible in this context. What then, are these inelastic 

‘*-like’ photoprocesses which must account for 1/20/o of all the yp inter- 

actions? Within the context of the charmed quark model, this inelastic 

cross section represents the production of charmed mesons, and one 

may look at the steep rise of the $-production cross section seen in 

fig. 56, as an indication of the threshold of such a process. 

These are intriguing thoughts, and it will be very interesting to watch 

the results of the photoproduction experiments over the next few years 

for further insight into the nature of the 9 and Q1 mesons and the possi- 

bility of a charmed world. 
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5 VECTOR DOMINANCE AND THE PHOTON COUPLINGS 

5:l V.D. M. 

The origin of the vector dominance model dates back to the early 

I 1960’s when the isovector nucleon form factor was described in terms 

of a strong ?rr resonance (later identified as the p meson) [Frazer and 

Fulco, 1960; Nambu, 19571 and when Sakurai suggested that just as the 

electromagnetic current had a photon associated, so the isospin current 

. 
and baryon current and hypercharge current had associated vector 

mesons, and that there would be strong coupling between the “current- 

associated” particles [Sakurai, 19601. 

Basically, the electromagnetic interaction of hadrons is described 

by the coupling of the electromagnetic field to the hadronic electromag- 

netic current 

j;m(x) = j:(x) + + j:(x) (5 * 1) 

where j:(x) and j:(x) are the zero component of the isospin and the 

hypercharge currents respectively. The smallness of the coupling 

constant, cz = e2/4n, allows the photoproduction process to be treated 

in lowest order of the electromagnetic interaction. 

The vector dominance model then connects the hadronic electro- 
0 magnetic current with the fields of the vector mesons p , W, + which 

have the same quantum numbers as the electromagnetic current, namely 

J=l, P=-1, C=-1, Y=O. This connection can be made via the current 

field identity [Joos, 19671, 
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where yp, Y,, Y 
$ 

are the coupling constants of the electromagnetic cur- 

r”ent to the vector meson fields p,(x), W,(X), e,(x) respectively and mP, 

m m 
w’ (4 

are the masses of the vector mesons. 

Initially, the model implied that the three vector mesons p, W, C$ 

completely saturated the above identity. The model has since been 

generalized to include contributions from other higher mass vector 

mesons in the summation of eqn. (5.2) and also to reflect the coupling 

of the photon to the continuum “background” seen in e+e- annihilations 

[Sakurai and Schildknecht, 19721. 

The above relationship between the electromagnetic current and 

the vector meson fields implies that any amplitude involving real or 

virtual photons may be expressed as a linear combination of vector 

meson amplitudes each multiplied by a vector meson propagator. The 

assumption is usually made that the invariant vector meson amplitudes 

are slowly varying functions of the vector mass, m v, and that the energy 

dependence comes from the propagator, not the coupling constants. 

More specifically, these arguments allow one to relate vector 

meson photoproduction to the elastic scattering of transversely polarized 

vector mesons on nucleons. The relationship is written 

(5 - 3) 

where ~:/47r represents the strength of the photon-vector meson, V, 

coupling. This is represented diagrammatically in fig. 58a. Such a 

description assumes that off-diagonal terms like V’ -+ V, where V, VI 

are different vector mesons, do not exist (i. e., one may neglect 

processes like those in fig. 58b). 
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We may extend eqn. (5.3) by using the optical theorem to relate the 

f&ward elastic vector meson nucleon scattering to the total cross sec- 

tion, aT(VN), and write: 

where nv is the ratio of the real to imaginary forward scattering ampli- 

tude, and a,(VN), the total cross section, for the vector meson-nucleon 

interaction. 

The photon-vector meson coupling can be measured directly in e+e- 

annihilations, where the vector meson is formed via one-photon-exchange 

(see fig. 58~). From a measurement of the excitation spectrum in the 

storage ring experiments one may determine yt through the relation; 

0 
y: 2 
4n= 12mv.‘Fv - e+e- (5.5) 

where m v is the mass of the vector meson, V, and I’ e+e- is the 

partial width for its decay into lepton pairs. 

Clearly the photoproduction experiments determine yz with the 

photon on the mass shell (q2=O), while the e+e- experiments measure 

the coupling strength with the vector meson on the mass shell (q2=mz). 

It is the assumption of the VDM that these couplings strengths should be 

the same. As wei shall see below, in section 5.3, the experiments 
0 indicate reasonable agreement with this hypothesis for the p , W, and @, 

but are unable to exclude the possibility of some q2 dependence. We 

will discuss this further later. 



- 55 - 

We may directly test the vector dominance model through a com- 

@risen of the Compton scattering process, yN -) yN and vector meson 

photoproduction. The relationship may be written as 

2 . 

~(yN--y~=f (5.6) 

where 6, relates the phases of the various vector meson amplitudes. 

Again, using the optical theorem, we can rewrite eqn. (5.6) as 

aT(yN) = c - $1 (3/N - VN) (5 * 7) 
v 0 

The equalities indicated in eqns. (5.6) and (5.7) should be attained when 

all of the vector couplings of the photon are identified and included in the 

summations. Such tests are described in section 5.4 below. 

Finally, we have various predictions for the ratios of the coupling 

strengths at the y - V vertex. Application of SU(6) predicts that 

1 1 1 -.-.- = 3: 
Yp ‘Yw’ Y$ 

1: -& 

which implies that the coupling strengths for y - o, W, Cp are in the ratio 

9: 1:2 (5.3) 

There are several calculations of symmetry breaking schemes 

[Oakes and Sakurai, 1967; Das, Mathur and Okubo, 19671 which alter 

these predicted ratios to 

9: 0.65 : 1.33 

and 

9:1.2 :l 



I 

- 56 - 

Further, if one includes the possibility of additional quarks as in 

thg charm scheme, then it has been shown that for charmed quarks with 

charge 2/3, the predicted ratio of the couplings, including the (cE) 

state, Q [Gaillard, Lee and Rosner, 19’741, would be 
. 

p:w:$:XP=9:1:2:8 (5 * 9) 

In the following sections we will consider these various relationships 

in the light of the available experimental data, extract the photon-vector 

meson coupling strength and see how well the vector dominance model 

holds up. 

5.2 Experiments on Complex Nucleii 

We have discussed the yN - VN reaction in sections 3 and 4 above 

and have shown that it has the characteristics of a diffractive process; 

In this section we review experiments studying the coherent photopro- 

duction of vector mesons on complex nuclear targets. These experi- 

ments are of interest since they provide information on the vector meson- 

nucleon interaction from studies of the absorption in nuclear matter and 

they also allow an independent measurement of the photon-vector meson 

coupling strength. We first discuss the analysis of the experiments 

and then review the data. 

Since for energies above a few GeV almost all the photoproduced 

vector mesons live long enough to traverse the nucleus and decay in 

vacuum, it was suggested that by observing the relative yield of vector 

mesons transmitted through varying path lengths of nuclear matter, the 

total interaction cross section for the vector mesons on nucleons could 

be determined [Drell and Trefil, 1966; Ross and Stodolsky, 19661. Such 
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a scheme is shown schematically in fig. 59, where the variation in 

nUclear path length is achieved by studying the A-dependence of the 

forward cross section for the reaction: 

-YA *VA 

More quantitatively, we may write, after applying Glauber multiple 

scattering theory [France and Glauber, 19661; 

fobA -VA) = f0(3/N -VN) /d% Idz p$, z) exp(iq ,, z + iqLL) 

( 1 
’ exp -5 %N (1 - irv) T) (5.10) 

where p(b, z) is the nuclear density distribution, q,, is the longitudinal 

momentum transfer necessary to put the vector meson, V, on its mass 

shell, GI is the transverse momentum transfer, with t=- qf+qi , ( ) and 

J 

00 
T= dz’ - p@,z’) 

z 

This describes the process in which a photon converts into a vector 

meson at 6, z) where b’ is the impact parameter and z is the distance 

along the incident photon direction. The probability of the conversion is 

given in terms of the average of the forward photoproduction amplitude 

for protons and neutrons, g 
I (YN - VN) = lf012. The vector meson 
0 

amplitude is then subject to absorption and refraction in passing through 

the remaining nuclear matter. 

Assuming p&,z) is known, the relative A-dependence allows a 

determination of the total vector meson-nucleon cross section, uVN, 

and therefore the forward scattering amplitude through the relation 

fO(VN 
ik T -+VN) =4n g (VW (1 - WV) (5. 11) 
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where 17, is the ratio of real to imaginary forward scattering amplitudes. 

TEis determination of f,(VN - VN) is obtained from the measured A 

dependence only, and is independent of the vector dominance model. The 

absolute nomalization of the cross section for the reaction determines 

fo(YN -. VN) through vector dominance, and allows a determination of 

the photon-vector meson coupling strength, (yG/4s). 

It is interesting to note that the amplitude in eqn. (5.10) differs 

from an elastic scattering amplitude by the phase factor involving the 

interference between the longitudinal momentum transfer and the real 

part of the scattering amplitude. This is an important factor in deter- 

mining the forward cross section, especially at low photon energies 

[Swartz and Talman, 19691. 

The nuclear density distributions most commonly used in the 

analysis of these experiments are: 

a) the harmonic oscillator, for low A nuclei 

(5.12) 

where cr=4/3 for carbon, and 5/6 for beryllium and a0 is 

a parameter of the fit; and 

b) the Wood-Saxon distribution, for heavy nuclei 

‘p(r) = p. b + exp {(r-R)/efl-’ (5.13) 

where R is the nuclear radius and E = 0.545 fermi. 

Modifications to these distributions to make allowance for two-body 

correlations have generally been applied in the data analysis 

[von Bockrnan, 1969; Bauer, 19711. 
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There remains the question of what nuclear radius to use in a 

particular density distribution. The DESY-MIT group [Alvensleben 

et al., 19701 determined the nuclear radius as a function of A from 

their measurements pf the t-distribution in the reaction yA - p”A. 

They found R(A) = (1.12 &O. 02) A l/3 fermi. Other choices of radius 

are derived from electron scattering data or from fits to neutron- 

nucleus, and proton-nucleus total cross section data. The results of 

the analyses do not strongly depend on which nuclear radii are used. 

A summary of the experiments studying the coherent vector meson 

production on complex nuclei is given in table 9. The most extensive 

measurements are those of the DESY-MIT and CORNELL groups for 

p” photoproduction, and CORNELL on $ production, while the Rochester- 

Cornell and DESY groups provide the only heavy nuclei data on w pro- 

duction. An example of the DESY-MIT measurements on 

+- yA-TnA 

at 6 GeV, is given in fig. 60 where the ?n- mass spectrum is shown 

as a function of momentum transfer for thirteen different targets. The 

CORNELL measurement of the differential cross section for $ photo- 

production in the reaction 

YA - K+K-A 

at 6 GeV, is shown in fig. 61. The sharp forward peak characteristic 

of a coherent process is clearly observed. Finally fig. 62 shows the 

differential cross section for w photoproduction from beryllium and 

copper targets from the Rochester-Cornell experiment. 

The analysis of these experiments has proven to be nonunique, in 

that due to the very strong correlation between the size of the total 
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vector meson-nucleon cross section and the ratio of the real to imaginary 

Fts of the forward scattering amplitude, they have been unable to 

separately determine all three unknowns c(VN), rj v, (~947d. In gen- 

eral, if one is known, then the other two quantities are well determined. 

The analyses of the heavy nuclei experiments are usually expressed 

as the correlated determination of 77, and (r(VN), and subsequently a 

choice of (r(VN) fixes the value of the coupling strength, (yz/47r). An 

example of such an analysis for the p” data is shown in fig. 63. The x2 

contours indicate the strong correlation between q 
P 

and o@N) by the 

narrow valley running across the plot. Roughly speaking it indicates 

thatg(PN)=(32+qp/.05) mb. Also indicated on fig. 63 are the limits on 

qp from the interference experiments (qp = -. 2 + . 1) [Alvensleben et al. , 

19701, and from the Compton scattering analysis (qP = -0.24 f 0.03) (see 

section 2.2). 

The p ’ data has been analyzed by the DESY-MIT [Alvensleben et al., 

1970a] and CORNELL [McClellan et al. , 197la] groups, and recently 

both experiments and analyses were very beautiful reviewed and inde- 

pendently evaluated [Spittal and Yennie, 19751. Good agreement is 

obtained among the different analyses and if qp is taken to be -0.2 for 

energies around 7 GeV, then 

oT(pN) = 28-+1.5 mb 

and 

y,2/4, = 0.61zk.03 . (5. 14) 

Fortunately, in the case of the p” data another experiment allows 

the determination of oT(pN) independent of the question on the size of 

the real part, n . These measurements comes from a study of coherent 
P 



- 61 - 

p” production from deuterium at 6, 12 and 18 GeV, and for large mo- 

Qentum transfers (t I, .6 GeV2) [Anderson et al., 19711. The require- 

ment that the deuteron remain bound causes the reaction to be dominated 

by a two-step process in which the p” is produced on one nucleon and 

scatters on the other, giving approximately equal recoils to both 

nucleons . Therefore, at large t values this double scattering amplitude 

is roughly given by the product of the rho production and scattering 

amplitudes (f y +p’fp e,), and is proportional to 02(pN)/yp and inde- 

pendent of n o, while at small t it is proportional to a(pN)/yp. They find 

that their data is well described at all t-values, and at all three energies 

with pT(pN) = (28.6 * .5) mb, and y,2/47r= (0.69 f .04). 

The Rochester-Cornell experiments [Behrend et al. , 1970 ; 

Abramson et al. , 19751 provide the best data on w photoproduction in 

heavy nuclei. The analysis leans heavily on the knowledge of pN scat- 

tering, and on the one-pion-exchange model description of the nondif- 

fractive contribution to the w production process. They obtain 

cr(wN) = 25.4&t. 7 mb 

and 

Y2 
e = 7.5rt1.3 (5.15) 

The analysis of the + data exhibits the same strong correlation 

between cr($N), (~2411) and n+, discussed above for the p”, only in this 

case we have no good independent information on either n 0 or @(eNI. 

A measurement of the ratio of real to imaginary forward $I-N amplitudes, 

%, 
was obtained by observing the interference between $I - e+e- decays 

and the Bethe-Heitler pair production process [Alvensleben et al. , 19711. 



- 62 - 

Unfortunately this is a very difficult experiment and the result- 

-I-. 33 
77$=0.48- .45 -does not allow a strong constraint on these analyses. 

The results of the CORNELL analysis [McClellan et al., 19711 are 

shown in fig. -64, where both (y2 /47r) and ~J($N) are plotted against 
-e 

possible values of 77 
@’ 

If one assumes that the total cross section is 

equal to the quark model value of 13 mb, then 7 
Q, 

- -0.22 and y2 /47r- 6.5, 
4 

twice the value found in e+e- annihilation experiments. If, on the other 

hand, yi/4~ is taken consistent with the storage ring value then 

% 
w-0.5 and o(4N)- 8 mb. 

The results from these experiments on coherent photoproduction 

of PO, W, and G-mesons are discussed with the other determinations of 

the photon coupling strength in section 5.3 below. 

5.3 Photon-Vector Meson Coupling Strength ($/47r) 

5.3.1 General 

In this section we summarize the various measurements of the 

photon-vector meson couplings and evaluate how well the vector domi- 

nance model works. 

5.3.2 Storage ring experiments 

The vector mesons are strongly produced e’e- annihilations via 

the one-photon-exchange process. In fig. 65 the ratio of the total 

hadronic cross section to the point cross section for the production of 

muon pairs is shown for data from Orsay [Benaksas et al., 19721, 

Frascati [Salvini, 19741 and SLAC [Augustin et al., 19751. The p, W, + 

mesons are clearly seen, as are the new narrow states, the @ and Q1 

mesons. In table 10 the leptonic widths obtained from this data, are 

given together with the coupling strength, as calculated via eqn. (5.5). 
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The couplings of the first four entries in table 10 are expected to be 

- in the ratio 9:1:2:8, as discussed in relation (5.9) above. The experi- 

mental results indicate 

,9:(1.25*0.1) : (2.04hO.2): (2.22hl.l) . (5.16) 

The *fold” mesons seem to work fairly well, but the Q meson misses by 

about a factor of four. This may be an indication of some problems with 

VDM, or that the charmed quark does not have charge 2/3, or perhaps, 

there is after all, some q2 dependence of the coupling constant, and the 

values at q2=0, and for q2=mi are indeed different. For the case of the 

il? meson, q2 is large and of order 10 GeV2 and so would be sensitive to 

such a variation. Another possibility is that there are other contribu- 

tions to the yN - @EN process, such as the off-diagonal terms (‘VT - V, 

V? # V), which have been neglected in the vector dominance model 

calculations. See, for example fig. 66. (This possibility will be further 

discussed below in connection with C#I photoproduction in section 5.3.3. ) 

An interesting observation on the relative vector meson coupling 

[Yennie, 19751 points out that the predicted SU(6) relationship for the 

p:~:$:@ couplings (eqn. (5.9)) is rather well obeyed by the leptonic widths 

if not by the coupling strengths themselves. He showed that 

I? + r p--ee’ + - a-e e r$ - e+e’ .% +- -e e 
9 : 1 :2 ‘8 

since 

= (0.72?~.1) : (0.76k.08): (0.671.07): (0.6*.09) (5.17) 

m 
re+e’ cc -+ 3 

G 
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an indication of some q2 dependence in the coupling strength, and would 

-indicate corrections to our treatment of the p, w and $ mesons. 

The values of ($/47r) obtained from the storage ring measurements 

are listed on the first line of table 11. 

5.3.3 Photoproduction experiments 

The experiments on coherent production, discussed above in section 

5.2 provide a measurement of the total cross section, (r(VN), from the 

observed A-dependence (given additional information of a,) while the 

absolute normalization of the cross sections allows the extraction of the 

photon coupling strengths &t/471). 

In table 12, a summary of the various attempts to extract o(VN) are 

presented. The quark model relates the vector meson cross section to 

the measured r*p data through 

a(pOp) = qdp) = + CQ(l;tP) +%-P)l 

(5.18) 
= 27 mb. 

(I = o(K+p) t- cr(K-n) - o(r+P) 

= 13 mb. 

The double scattering experiment on deuterium [Anderson et al. , 19711, 

discussed above, provides a good measurement of cr(p’p) , independent 

of assumptions on 7 . 
P 

The analysis of the A-dependence of the p” and 

w data, together with an assumed 7 =v 
P w 

w-0.2 yields values of a(VN) in 

good agreement with the quark model cross sections. The + cross 

section is given for two values of the ratio of real to imaginary ampli- 

tudes, 77 
+ 

=-.25 and -.5. Also shown are estimates of the total cross 

section obtained using the VDM relation (5.4) and the storage ring value 
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of (~z/4~) together with the measured forward cross section on protons, 

do 
To (YP - VP)’ The data for p” and w are in good agreement with each 

other and with the quark model, while for the Cp the cross section is 

(8-9) mb and substantially smaller than the quark model value. 

Having determined (r(W), the experiments on coherent production 

then provide measurement of the couplings (Yf/47r). These are listed on 

lines two and three in table 11. The other entries in table 11 are obtained 

from photoproduction experiments on hydrogen and deuterium targets. 

In line 4 the measured forward cross section for vector meson produc- 

tion is used together with the VDM relation (5.4)) the quark model values 

of the vector meson-nucleon total cross sections and an estimate of 

VP= rl, = -0.2 to yield a value of (Yt/47r). In line 5 these calculations are 

repeated for the @ data, but using oT(c$N) = 9 mb, rather than the quark 

model value of 13 mb. Finally, since o(VN) and 7 v are the same for the 

rho and omega mesons, the ratio of the forward p” and w production 

cross section directly measures (Y2 /47r) given that (y2/4~) is known. In 
w P 

line 6 the values for (YL/47r) obtained from studies of p” and w production 

in hydrogen and deuterium are listed. 

Table 11 also includes a column for the coupling of the ~~‘(1600). 

The photoproduction value is obtained from the ratio of the coherent p" 

and p" production in the 7.5 GeV bubble chamber experiment [Alexander 

et al. , 19751, in vvhich they find 

-PD) = 6.0*1+2 

- p"D) 
(5.19) 
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If one assumes that the p”N scattering has the same phase and total 

CKQSS section as pN scattering, and y2/4n= 0.64 then one obtains 
P 

y;,,/4?r=3.8*0.8. This has to be compared with the value from the 

storage rings -of (2.8 * 0.5) [Grilli et al. , 19731. 

The agreement among the different methods on the value of (;:/47r) 

(-0.65) is very good-perhaps surprisingly good when one considers the 

number of steps and approximations that go into the evaluation. For 

yz/47r (-5.0)) there is also good agreement (at the 15% level), between 

the various estimates if one excludes those derived from the Rochester- 

Cornell experiment. t The values of the coupling constants derived from 

the forward cross section in hydrogen and deuterium using all other 

experiments, agree well with the storage ring values. 

For the $ meson the uncertainty in the value of 7 makes it difficult 
+ . 

to draw a conclusion. Two clear possibilities emerge: 

a) from the A-dependence studies summarized in fig. 64, we 

see that the coupling constant would be consistent with the 

storage ring determination if 77 
+ 

were --0.5. This implies 

that cr($N) -9 mb (line 2, table 11 and line 5, table 12). 

The data on hydrogen and deuterium, using eqn. (5.4)) are 

also consistent with the storage ring (y2 /4n), if 
Q 

u($N)- 9 mb (line 5, table 11). 

jThe values of y2,/47r on line 4 based on that experiment were not 

averaged with all of the other w data since their measured cross section 

were so much lower than the other experiments. (See back to section 

3.3.3 and table 7. ) The values of y2 /4n from this experiment are con- 
w 

sequently much higher than the others; they are shown in parenthesis in 

line 4 of table 11. 
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b) if one assumes that the quark model cross section 

* cr(#N) = 13 mb is correct, then the heavy nuclei experiments 

imply that n 
+ 

must be N-. 2 and y2/4r-6, i.e., 
$ 

about twice 

the value fr,om the e+e- experiments (line 2, table 11). -In 

this case the forward cross sections from hydrogen and 

deuterium, also yield yi/4n-6 (line 4, table 11). 

Thus a consistent picture is possible and good agreement with the 

vector dominance model, if a($N) -9 mb. This solution implies a large 

real part for forward ($N) scattering, consistent with the measurements 

on n ~ discussed above. Otherwise, a more conventional picture of 

nearly imaginary ($N) scattering and the canonical quark model cross 

section, implies that (r’: /47~) is about twice the expected VDM value of 
@ 

2.83zt .2. 

There are other possible explanations of the $ problems. It has 

been suggested [Bauer and Yennie, 19751 that off-diagonal terms have 

been neglected in the vector dominance relation discussed in eqn. (5.3) 

and eqn. (5.4) above, and that processes like that shown in fig. 58b with 

Vl=$, and V=W, may contribute. Such processes would mean that the Cp 

meson is not a pure strange quark state, but involves a small admixture 

of the nonstrange quark state. The physical $, w states were allowed to 

mix through the relations: 

I$ > = cos p Is> + sin /I Ins > 
(5. 20) 

- Iw > = -sin p Is> + cos p Ins> 

where Is> denotes a state of strange quarks and Ins> a state of non- 

strange quarks, If 0 is the mixing angle from the pure SU(3) octet and 

singlet states ( l$O>, Iwo>), and eq is the magic mixing angle 
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(tan Oq = l/& or Bq = 35.26’) whereby the physical I$>, Iw> states 

consist of only strange and nonstrange quarks, respectively, then 

p=(e-e,). s 1 i verman extending Bauer and Yennie’s original calculation, 

claims that good agreement can be obtained for a value of p- 8’ . 

[Silverman, 19751. However, it is important to remember that ,8 is not 

a free parameter in such a model, but that there are strong constraints 

on the value of 8 (=p+ eq) from conventional meson spectroscopy 

[Barash-Schmidt et al., 1974; Samios et al., 19741. From these con- 

siderations, it would seem unlikely that 8 could be more than a few 

degrees different from B 
q’ 

and therefore one would expect ,L?Z 5’. 

Yet another possibility is that the basic vector dominance assump- 

tion of q2 independence of the couplings may not be valid, i. e. , 

Y~(S2= 0) # yf (9” =mf) . . 

The discussion on the * meson couplings in section 5.3.2 above, may be 

an indication that such a q2 dependence of the vector meson-photon 

couplings has to be taken into account. For the purpose of this review, 

we merely leave this as an interesting remark. 

5.4 Compton Sum Rule Test 

In this section we consider yet another check of the vector dominance 

model introduced above in section 5.1, namely testing the Compton sum 

rule through eqns. ,(5.6) and (5.7). 

First we consider the ratio, R, developed from the eqn. (5.7) 
I 

R=‘s (yN---yN)/ 
J I 

(5.21) 
0 
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(5.22) 

where N refers to production from a proton, or coherent production from 

a-$euteron. The forward cross section measurements used to calculate 

R are listed in table 13. For the 9.3 GeV hydrogen data the p" accounts 

for 71% of the summation in the denominator, the w for 9%, the $ for 6% 

and the p*‘(1600) for 14%. The value of the ratio R, for the three energies 

was found to be 

at 4.3 GeV, on deuterium, R = 1.20& 0.09 

at 7.5 GeV, on deuterium, R = 1.26 &O. 09 

at 9.3 GeV, on hydrogen, R = 1.19f 0.07 

These values of R imply that -20% of the vector meson contribution to 

the Compton amplitude are still missing. 

A similar story emerges in considering the test as a function of 

momentum transfer, as indicated in eqn. (5.6). In fig. 67, the ratio of 

the predicted Compton cross section from the right hand side of eqn. (5.6) 

is divided by the actual measured cross section as a function of t for 

energies of 3.5 and 16 GeV. The assumption is made that the ratios of 

real to imaginary parts of the forward vector meson scattering ampli- 

tudes are the same, which should be a good assumption for the p” and W, 

and the error introduced in the case of the $ is negligible. The storage 

ring values for (yt/47r) are used. The t-dependence of both the Compton 

scattering and the vector meson production are similar, but there must 

be missing contributions from other vector mesons if the sum rule is to 

be satisfied. ( Note this t-dependent comparison did not include the con- 

tributions from the p”(1600). ) 

Both tests imply that -20% additional contribution is required beyond 

p", 0, @ and p" to satisfy the sum rule, and verify the VDM relation. (The 

contributions of Q and +k’ are negligible. ) 
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There are many claims on this missing 20%. Yennie estimates that 

there should be a contribution from nonresonant 2~ final states included 

in the summation on the denominator of eqn. (5.21) which would add 

another 10% [Yennie, 1975a1. .There are also the contributions from the 

higher mass vector continuum, which have been estimated at -20% 

[Sakurai and Schildknecht, 19721. So the naive vector dominance picture 

in which the p”, W, @ mesons completely saturate the photon’s vector 

field couplings is clearly wrong, but the generalized picture which includes 

the higher mass states, may work reasonably well. 

5.5 Summarv 

Vector dominance has worked well as a guide to the qualitative 

features of vector meson photoprocesses, and has been especially useful 

in its naive form of p” dominance. More quantitatively, we have seen 

that it works well for the p” meson, and perhaps the w meson, but that 

signs of trouble emerge with the $ and the q mesons. It appears that to 

obtain a good quantitative description of photoreactions the vector 

dominance model will have to take into account the possibility of the mixing 

of the vector meson states and of off-diagonal contributions to the scat- 

tering process (VT - V, where V1 f V). It is also likely that the VDM 

will have to incorporate some q2 dependence of the couplings. 
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6 CONCLUSION 

* We have reviewed the exclusive diffractive reactions of the photon, 

and found that they behave very much like other hadronic processes: 

-the total cross section shows the same behavior with energy 

as other meson-nucleon interactions, namely, a rapid fall- 

off with energy as meson exchange processes die out, a flat- 

tening out as the diffractive amplitude dominates and finally 

we expect to see the total photon-nucleon cross section rising 

around energies of (200 - 300) GeV. 

-the elastic scattering, and the quasi-elastic reaction (vector 

meson photoproduction), behave very much like other meson- 

nucleon scattering reactions; 

0 little energy dependence in the cross section, . 

0 sharply peaked scattering distribution, with an 

indication of steepening in the very forward 

direction, 

0 mainly imaginary forward scattering amplitude, 

. mainly natural parity exchange, 

. mainly I=0 exchange, 

0 mainly s-channel helicity conservation. 

The vector dominance model gives a good guide to the systematics 

of the photon-nucleon interaction and for the lower mass states, allows 

calculations to 10 - 20% precision. However, it appears that additional 

effects such as mixing of states and/or a q2 dependence of the coupling 

will have to be included to allow a good description of the high mass vector 

mesonprocesses. 
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Table 2 

Summary of Vector Meson Photoproduction Experiments 

Expment Vector Mesons 
Studied Technique Beam Photon Energy 

WV) 

[CEA Collab., 19661 

[DESY Collab. , 19683 

[Alexander et al. , 19721 

[Ballam et al. , 19731 

[Davier et al., 19701 

[DBSY/ABBM Collab., 19711 

[Blechschmidt et al., 19671 

[McClellan et al., 1971; 1971a] 

[Alvensleben et al., 1970a; 19721 

[Bulos et al., 19i’O] 

[Giese, 19741 

[Anderson et al. , 19701 

[Barish et al., 19741 

[Gladding et al. , 19731 

[Behrend et al., 19’711 

[Behrend et al., 19751 

[Berger et al., 19721 

[DESY/.~BHHM coihb., 19711 
[Eisenberg et al., 1972; 19751 

[Alexander et al. , 1973; 19751 

[McClellan et al. , 1971a] 

[Bulos et al., 19701 

[Giese, 19741 

[Abramson et al., 19761 

[Behrend et al. , 19711 

P 

P 

P 

P,W 

w 

e 

P,@ 

PYW,@ 

PIW 

P,W 

P?@ 

P 

P 

W 

w 

yp - vp 

bubble chamber 

bubble chamber 

bubble chamber 

bubble chamber 

streamer chamber 

streamer chamber 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

countey_setup 

yn -Vn 

bubble chamber 

bubble chamber 

bubble chamber 

counter setup 

counter setup 

counter setup 

counter setup 

counter setup 

bremsstrahlung 

bremsstrahlung 

annihilation 
(quasi-monochromatic) 

backscattered laser 
(monochromatic) 

bremsstrahlung 

tagged beam 

tagged beam 

bremsstrahlung 

bremsstrahlung 

annihilation 
(quasi-monochromatic) 

bremsstrahlung 

bremsstrahlung 

bremsstrahlung 

tagged beam 

bremsstrahlung 

tagged beam 

bremsstrahlung 

bremsstrahlung 

backscattered laser 
(monochromatic) 

backscattered laser 
(monochromatic) 

bremsstrahlung 

annihilation 
(quasi-monochromatic) 

bremsstrahlung 

tagged beam 

bremsstrahlung 

6 

.6 

4.3,5.3,7.5 

2.8,4.7,9.3 

16 

3-6 

3-5 

8.5 

7 

9 

16 

18 

12 

3,4.2 

9 

3-7 

8.5 

6 

4.3 

7.5 

a 

9 

16 

8 

9 
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Table 3 

Summary of Forward Cross Section Analysis for w - pop 

ExpeTiment 

Photon Energy 

WV) 

Momentum Transfer 
Range 

(GeVe2) 

Forward 
Cross Section, go 

@b/GeV2) 

[Ballam et al. , 19731 

[Alexander et al. , 19721 

[Gladding et al., 19731 3.3 

4.2 

[McClellan et al., 1971a] 3.9 

4.1 

4.6 

5.6 

5.9 

6.5 

6.9 

7.4 

8.5 

[Berger et al., 19721 8.5 

[Alvensleben et al. , 197Oa] 6.4 

[Eulos et al., 19701 9 

[Giese, 19741 LI5 

13 

11 

12 

10 

a 

2.8 

4.7 

9.3 

2.2 

2.7 

3.4 

4.2 

5.2 

7.5 

( .02- .4) 

( .02- .4) 

( .02- .5) 

( .06- .4) 

( .06- .4) 

( .06- .4) 

( .06- .4) 

( .06- .4) 

( .06- .4) 

( .15 - .7) 

( .15 - .7) 

0 

0 

0 

0 

0 

0 

0 

0 

(0.0 -0.5) 

( .07- .52) 

0 

(0.0 -0.15) 

(0 - .3) 

(0 - .3) 

(0 - .3) 

(0 - .3) 

(0 - .3) 

(0 - .3) 

1041 6 5.4* .3 

94zt 6 5.9i .3 

861 4 6.61 .3 

134 * 20 6.4-t .8 

177 it 26 8.8-tl.l 

124k20 7.5i1.2 

1Oli 12 6.5+ .5 

132a 17 7.7+ .6 

98 l 15 7.lr .6 

103 * 22 

102 * 18 

7.5+ .7 

7.4+ .6 

169 * 14 

150+ 14 

140 * 13 

134i 6 

126+ 9 

1osi 9 

113 f 10 

108& 5 

103, 6 8.1* .4 

98i 6 7.4*0.5 

1201 6 

113 f 10 9.3~tl.l 

104 f 10 8.7i .4 

103 * 10 8.2zt .3 

951 9 6.5+ .4 

99ztlO 7.5* .5 

104 + 10 7.8+ .5 

106 i 10 8.3+ .5 
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Table 6 

Isospin Contributions to the Reaction yN - o ON. See text for explanation of the methods. 

1. Comparison of 
yd - pod and 
YP -pop. 

2. Comparison of 
yd - p”d+popn 
and yd - pod. 

3. Comparison of 
yd - psnpo and 

yd - nsPpo. 

4. Comparison of 
7/n - pp- and 
7/p - PPO. 

T1 2- 
TO 

T1 - I I 0.07 
+o. 10 

Tg 
-0.07 

T1 

Tg 
<0.05 <0.12 <o. 12 <0.07 10.14 <0.03 

3 I 

cos A$. 0.02*0.04 

0*0.04 0’ 
F 
I 

0*.05 

T1 I I 
2 

Tg 
co.03 <0.05 -- 

The table is based on 1 standard deviation limit. Method 1 assumes the Regge phase for cos A@ (i. e., cos A4 = 0.84). I am indebted to E. Kogan for 
his help in preparing this table. 



Table 7 

Forward Cross Section, g , for the Reaction yN - WN 

3’ 

\ Experiment [Ballam 2.8 et-al., GeV 19731 1 Ballam 4.5 et al., Gev 19731 [Braccini 5.7 et GeV al., 19701 [Behrend 6.8 et GeV al., 19711 et GeV al. , 19751 [Ballam 9.3 et Gev al. , 19731 
Gladding et al., 19731 [Abramson et al., 19761 

[Alexander 7.5 

[Eisenberg et al., 19761 

ITO+Tl I2 

(from hydrogen) 

13*3 
14.545.1 -7.5 13.5i2.1 

12.6~2.4 

ITo I2 
(from deuterium) 

18.5i4.5 -6.2 11.152.3 

ITo I2 
(from complex 
nuclei) 

\ 

16*3 9.6ztl.2 

iTo I2 

(from eqn. (5.4) taking w(wN) from the quark 
model and &2,/4x) from e+e- experiments) 

15.3 pb/GeV2 

I 

0’ 
Kl 
I 
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Table 9 f 

Experiments on Coherent Vector Meson Production on Complex Nucleii 

Group 
Photon Beam 

Energy (GeV) TYPe 

Number of 
Targets 

Used 

Mesons 
Studied References 

CEA (z-5) bremsstrahlung 4 P [Lanzerotti et al., 19681 

DESY-MIT 

CORNELL 

(3 - 7) 

(4 - 9) 

bremsstrahlung 

bremsstrahlung 

14 

10 

[Alvensleben .et al. , 197Oal 
I 

G 
[McClellan et al. , 197 la] IA 

I 

SLAC 5,799 monochromatic 8 P 
[Bulos et al., 19691 
[Williams, 19731 

DE SY 5.7 bremsstrahlung 5 w [Braccini et al. , 19701 

ROCHESTER 9 8 bremsstrahlung 
7 

PY 
* 

[Behrend 
et al., 19701 

Nizzed 4 w [Abramson et al. , 19761 
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Table 10 

Vector Meson Couplings, as Obtained frdm the e+e- Storage Sings 

Meson Coupling Constant Leptonic Width 

WV) 

P 0.64* .l 6.48k.9 

w 4.6Ozk .5 .76&.08 

# 2.83+ .2 1.34zt.14 

* 2.6 ht.2 4.8 zt .6 

\E’ 7.4 2.2 -f .3 



Table 11 

Summary of the Determination of Photon Coupling Strengths 

Method 

1. Storage rings 

2. Coherent Photo- 
production on 
complex nucleii 

^. 

3. Coherent production 
on deuterium at 
large t 

VDM with measured 
da/dt)9 (-yN - VN) 

4. 
and aT(VN) from quark 
model-hydrogen data 

0.67h.06 

deuter ium data 0.7Oh.07 

As above, but taking 
uT(@N)=9mb 

5. (on hydrogen) 

(on deuterium) 

6. Ratio of o/o production 
on hydrogen ant deuterium 
and knowing (yo/4?r) 

0.64+.1 

0.61rt.03 
‘TIP= -. 2) 

4.60* .5 

7.50*1.3 
ha=--. 2) 

0.69zt.04 

5.3 f .9 (-10.2) 

5.0 zkl.1 (-11.3) 

4.3 -+ .a 

2.83* .2 

10.7 i4.1 
5.5 zk2.4 
4.3 *2.1 

5.8 i .7 
6.9 * .8 

5.94*1.0 
7.14* 1.1 

2.8 i .4 
3.4 l .5 

2.85-+ .5 
3.42* .5 

2.8& .5 

(%$=O) 
(a+=-. 25) - 
@ii@=-. 5) 

(a$=-. 25) _ 
(a, g)=-. 5) 

(a+=-. 25) 
(a(#)=-. 5) 

(a+=-. 25) 
(a+=-.5) - 

(a+=-. 25) 
(a!+=-.5) - 

3.8*0.8 

I 

0’ 
Q, 
I 



Table 12 

Vector Meson-Nucleon Total Cross Section 

Method 
fl(PN) 

(mb) 

O(mN) 
(mb) 

(Jim 
(mb) 

Quark model 27 27 13 

Coherent production 
on deuterium 28.6~1.4 

A-dependence of 
coherent production 28 ztl.5 25.4&2.7 

12.1+3.0 (a=-.25) 
9.2xk2.8 (a=-.5 ) 

VDM -I- s (yN e VN) 28.31t3.5 27.8+5 
9.Oztl.2 (a=-.25) 
8.3rt1.2 (a=-.5 ) 

I 

0’ 
-4 
I 
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Table 13 

Input Data for Compton Sum Rule 

Vector 
Meson 

g) W- VN) (ub/GeV2) - 
0 

9.3 GeV(H) 4.3 GeV(D) 7.5 GeV(D) 

w 

0.64zt .05 1oozt 10”) 

4.8 zL.5 13.5 f 2 4 

437 + 27 c, 

69&17’) 42+ gd) 

327* lid) 

2.8 +.2 I 2.49* .15 a) 11.2 f 1.3 6 11.2f 1.3e) 

2.8 z11.5 15* 5b) 50 f 10 d, 50*10d) 

Forward Compton 
cross section @b/GeV2) ” 7g * .03a) 3.48* .zf) 3.0* .14g) 

4 Average of the data presented in sections 2 and 3 of this review. 

“)[WOlf) 19721. 

‘)[Eisenberg et al. , 19761. 

d, [Al exander et al. , 19751. 

e)[McClellan et al., 19711. 
f ) Derived from the total cross section measurements of [Caldwell et al., 

19731 using the optical theorem. 

g)[Boyarski et al., 19711. 
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FIGURE CAPTIONS 

1 .a A comparison of the yp total cross section with (l/200) of the average 

of the 7;t.p and n-p total cross sections. 

2. The total yp cross section from threshold up to 30 GeV. 

3. The total yd cross section from threshold up to 30 GeV. 

4. The yn total cross section derived from the measured yd and yp 

cross sections. Also shown is the difference between the neutron 

and proton cross sections. 

5. The differential cross section for Compton scattering for energies 

in the range (2 - 18) GeV. 

6. The calculated ratio of the real to imaginary parts of the forward 

amplitude for the Compton scattering reaction, yp - yp. 

7. The energy dependence of the forward differential cross section, 

da 
dt 0’ I 

for the Compton scattering process. The curves as calculated 

from the optical theorem assuming a purely imaginary amplitude 

(dashed line), and using the calculated real part (solid line). 

8. The measured differential cross section for Compton scattering on 

a deuterium target, at 8 and 16 GeV. 

9. The dipion mass spectrum for several regions of momentum transfer 

for two experiments: (a) a 9.3 GeV study of the reaction yp - *‘r-p, 

and (b) a 4.3 GeV experiment measuring yd -. pn7?7r-. 

10. Diagrams deskibing the Soding model for photoproduction of dipion 

pairs. For details see text. 

11. The various contributions to the ~‘71.~ mass spectrum for the reaction 

yp - 7;‘~~p at 2.8 and 4.7 GeV, within the framework of the Skiing 

model. 
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12. The total cross section for yp - pop as a function of photon energy. 

-See text for a description of curve. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

The differential cross section for yp -L pop at 9 and 16 GeV. 

The energy dependence of the forward differential cross section, 

do 
iz o’ I 

See text for a description of curve. 

The slope of the yp - pop differential cross section as a function 

of energy. The solid curve is the average slope for 7r’p and r-p 

elastic scattering determined over the momentum transfer interval 

(o.l<t<0.4 GeV2). 

The logarithmic slope of the elastic differential cross section as a 

function of momentum transfer for r*p, K*p and p*p scattering. 

The measured ratio of rho photoproduction from deuterium and 

hydrogen targets as a function of momentum transfer, for several 

photon energies. The solid line is a fit to the data to determine the 

amount of I=1 t-channel exchange amplitude (see text). 

The differential cross section for the photoproduction of rho mesons 

from deuterium, showing both the total production and the coherent 

cross section. 

The cross section as a function of energy for the charge exchange 

reaction yn - p-p. 

Dual Absorption Model fits to the differential cross section for rho 

photoproduction and Compton scattering over the energy range 

(4 - 18) GeV. 

The energy dependence of the slope of the diffractive contribution to 

the differential cross section for yp -pop, yp - $p and yp - yp, 

as determined from the Dual Absorption Model fits. 
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22. Definition of the angles used to describe the production and decay of 

a the rho meson in the polarized photoproduction studies. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Decay correlations of the rho in studies of yp - pr’r- at 4.7 GeV 

with linearly polarized photons. The curves are calculated for an 

s-channel helicity-conserving y - p” transition and an incident photon 

polarization of 92%. 

The parity asymmetry as a function of momentum transfer, for the 

reaction yp - pop at 2.8, 4.7 and 9.3 GeV. 

The rho spin density matrix elements as a function of momentum 

transfer, for the reaction yp - pop at 4.7 GeV. The decay correla- 

tions are presented for three coordinate systems: Gottfried-Jackson, 

Helicity, and Adair. See text for definitions . 

Rho spin density matrix elements in the helicity system, and the 

parity asymmetry as a function of momentum transfer, for the reac- 

tion yp -. pop at 9.3 GeV. 

Rho decay angular correlations in the helicity system, for the 

reactions yd - dp”, yd - nsppo and yd - psnpo at 4.3 GeV. The 

curves are calculated for an s-channel helicity-conserving y - p” 

transition and an incident photon polarization of 92%. 

The p” spin density matrix elements in the helicity system for natural 

and unnatural parity exchange contributions to the reaction yp - pop 

at 9.3 GeV andyd -pnp” at 4.3 GeV. 

The reaction yp - pn’+n- at 9.3 GeV. (a), (b) unnormalized moments 

respectively, evaluated for (0.2~ t 5 
mr 

0.8 GeV2). The curves were calculated from the sijding model. 

(c), (d) are the deviations of the measured moments of (a) and (b) 
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respectively, from the sliding model predictions. The curves are 

4, p-wave Breit-Wigner p” shapes, normalized to the area under the 

experimental points. 

30. The ratio of helicity flip to nonflip amplitudes in rho photoproduction 

and TN elastic scattering. N (a), (b) 2Re oIo for up - pop at 4.7 and 

9.3 GeV and IF!- I IFK I for -rN --. TN at 6 and 16 GeV/c. (c) IF:- I 

N at 6 GeV/c and an average of Im T10 from the photoproduction experi- 

ments normalized by the VDM ‘(p coupling strength. 

31. Omega photoproduction as measured in two experiments: (a) a bubble 

chamber study at 9.3 GeV identifying the reaction yp - pr’,-*’ and 

displaying the (7r+7r-7r”) effective mass, and (b) the missing mass 

recoiling from the proton in a counter experiment using a tagged 

photon beam of 4 GeV. 

32. The energy dependence of the cross section for the reaction up -. pw. 

33. The differential cross section for the reaction 3/p -. pw at 4 and 

9 GeV. 

34. The w decay angular distributions in the helicity system, and the 

parity asymmetry for ?/p -. wp at 2.8, 4.7 and 9.3 GeV, evaluated 

for the momentum transfer interval (0.02~ tL 0.3 GeV2). 

35. The effective mass distribution of K’K- pairs in the reaction 

YP- K’K-p at 9.3 GeV. 

36. The energy dependence of the cross section for yp - $p. 

37. The differential cross section for the reaction up + @p: (a) a 

compilation of data prior to April 1975; (b) the new high statistics 

results of [Behrend et al., 19751 plotted for t < 0.4 GeV2, with 

all.other measurements shown for t > 0.4 GeV2. 
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- 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 
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The differential cross section for yp --, @p measured at momentum 

transfer t = 0.6 GeV2, as a function of photon energy. 

Slope of the differential cross section for the reaction yp -. $p, as 

a function.of photon energy., See text for description.of curve. 

The reaction yp - $p at 2.8, 4.7 and 9.3 GeV. The decay angular 

distribution of the K’K- pairs in the helicity system, for the mo- 

mentum transfer interval (0.02~ t5 0.8 GeV2). The curves are 

calculated for an s-channel helicity conserving @ production ampli- 

tude and for photon polarization of 92% and 77% at the two energies. 

The differential cross section for elastic K+p and pp scattering for 

fixed momentum transfer t = 0.6 GeV2, as a function of energy. 

Total cross section for r*p, K*p and p*p as a function of energy. 

K+p and pp elastic scattering. (a), (b) examples of the differential 

cross section measurements showing an upward curvature of the 

cross section at small t. (c), (d) the energy dependence of the slope 

of the elastic differential cross section for K+p and pp evaluated for 

two regions of momentum transfer. 

The reaction yp - p,‘, + neutrals at 2.8, 4.7 and 9.3 GeV. The 

effective mass of the (7r+7r- -I- neutrals) system for two regions of 

momentum transfer; (a) t < 0.5 GeV2 and (b) 0.5 5 t 5 1.0 GeV2. 

The shaded region corresponds to events in which the ?QT- mass lies 

in the range (0.32 5 Mar- < 0.6 GeV). 

The energy dependence of the cross section for the reaction 

YP - ~‘(1250)~. 

The differential cross section for the reaction yp --L ~‘(1250)~ at 

9.3 GeV. 
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47. The dipion mass distribution for the reaction yC - n+7r-C at 7 GeV 

- photon energy. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

The four pion mass distribution for the reaction yp - 1r+7r’n-n-p 

in the energy range (6 - 18). GeV. 

The differential cross section for the reaction yp - pf’(1600)p in the 

energy range (6 - 18) GeV. 

~~‘(1600) decay angular distributions in the helicity system, for the 

reaction yp - p”(16OO)p at 9.3 GeV. 

The cross section for ese- - 7r+~~-r’7r- as a function of energy. 

The dipion and four pion mass spectra from the reactions yBe - 7r’n-X 

and yBe - 7;‘$n-7r-X at photon energy in the range (80 - 100) GeV. 

Argand diagrams of the S, P, D and F wave amplitudes from the 

phase shift analysis of r-71 scattering data. 

The cross section for (a) e3-e- - hadrons, (b) e+e- - /J’/,L- and 

(c) e+e- - e+e- as a function of energy, in the neighborhood of 

the $(3100) resonance. 

The (cl’p-) mass distribution from the reaction (a) yp - p’p-p for 

photon energy of 19 GeV, and (b) yBe - p+p-X for photon energy 

in the range (80 - 100) GeV. 

The energy dependence of the forward cross section for the 

reaction yp - $(31OO)p. 

The differential cross section for the reaction yp - $(31OO)p at 

(a) 11 GeV and (b) 19 GeV. 

Schematic diagrams for the vector dominance model. 

Schematic diagram for coherent vector meson photoproduction in 

complex nuclear targets. 
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60. The dipion mass distribution as a function of momentum transfer 

- for thirteen different targets in the reaction yA + r”r-A. 

61. The differential cross section for the coherent production of + mesons 

on carbon at 8 GeV. 

62. The differential cross section for the coherent production of w 

mesons on beryllium and copper targets for photon energy about 

8 GeV. 

63. A map of the correlation between the ratio of the real to imaginary 

forward oN scattering amplitude, n 
P' 

and the total pN cross section, 

cr(pN), as determined from an analysis of coherent rho photoproduc- 

tion on 13 different nuclear targets. 

64. A two-dimensional plot showing the correlation between the ratio 

of the real to imaginary forward $N scattering amplitude, n 
0’ 

and 

the total $N cross section, o(+N) , and the photon-phi coupling 

(yi/47r). The data come from an analysis of coherent $I photoproduc- 

tion on complex nuclear targets. 

65. The ratio, R, of the total cross section for e+e-- hadrons to the 

point cross section for e’e- - P+P-, as a function of energy. 

66. A schematic diagram for an off-diagonal vector dominance process. 

67. The ratio of the predicted Compton scattering cross section (from 

the measured vector meson cross sections and using the vector 

dominance model), to the measured Compton (yp - yp) cross section 

as a function of momentum transfer for three regions of photon 

energy-3, 5 and 16 GeV. 
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