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Since most of the current investigations at SLAC are relevant in one way or 

another with the Vector Meson Dominance’ m.odel, in my talk I shall try to 

summarize the results of several SLAC experiments and discuss their implica- 

tions. Being the last speaker in this interesting Seminar, perhaps such a sum- 

mary of several topics can serve the purpose of showing us where current VMD 

concepts need to be modified and where a better dynamical understanding is 

required prior to VMD applications. 

The discussed experimental results can be divided in the following VMD 

related topics: (a) otot(“p) and the forward vector meson photoproduction cross 

sections; (b) vector meson photoproduction by linearly polarized photons; 

(c) single pion photoproduction in the t-and u-channels and n-p--On; (d) t- 

channel A-photoproduction and n+p -p ‘A*; (e) A-dependence of atot and 

a( rA - nA) ; and (f) ep inelastic scattering processes. 

I. ztot( yp) and Forward Vector Meson Photoproduction 

During the course of this year, three different methods were used at SLAC 

to obtain measurements of the total hadronic “p cross section from threshold to 

16 GeV photon energies. Since the experimental methods used in obtaining these 

measurements were quite different, a short discussion on these methods would 

be of general interest before we examine the new data. 

A. Laser induced photon beam 

An almost monochromatic and polarized photon beam is prepared based on 

an investigation done concurrently at Yerevan (F. R. Arutyunian et al. and -- 3 

Tufts University (R. Milburn’). A high energy electron beam (up to 16 GeV) is 

intercepted over a distance of 5 meters and at an angle of N 3 mrad by ruby laser 

light (6943 i, 1.786 eV, 2 joule maximum output, 50 nsec pulse lengths). The 

backscattered Compton radiation is collimated to an angular definition of 10m5rad. 
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When the laser light is polarized, a few hundred almost monochromatic and 

N 95% polarized, high energy photons are obtained by 10 11 electrons in a 1 psec 

pulse. However, due to the laser cooling requirement, this beam is available 

only for 2 pulses/set. This rate matches well with the detector cycle time in 

our experiment4 - a a-meter hydrogen bubble chamber. Figure 1 shows the 

experimental beam layout and the photon energy spectra, obtained from kine- 

matical .fits to e+e- pair-production events and those from the reaction w--pn+n- 

(shaded histograms). Using the e+e- pairs as a reliable photon flux monitor, 

the count of hadronic events yields the following total cross sections, at three 

separate photon energy exposures: 

at k = 1.44 2.34 4.66 GeV 
Y 

ctot(‘yp) = 145.1 f 5.7 131.3 f 4.3 124.2 Et 3.9 pb 

B. Tagged photon beam 

A tagged photon beam was developed at SLAC from a low intensity positron 

beam of energies up to 19.5 GeV. Utilizing the bremsstrahlung process on a 

very thin radiator, the scattered positron is momentum analyzed and recorded by 

counter telescopes with known momentum-to-space correlation. The emitted 

photon energy is found by k 
Y 

= EL - Ezut. The photon tagging system measures 

the incident photon flux and at the same time provides an effective trigger to 

indicate the presence of a known energy photon at the experimental target. Un- 

fortunately, very few photons can be recorded during the short pulse length of 

this accelerator, thus limiting the experimenters to use only about 1000 photons/set. 

Once the presence of a known energy photon is indicated at the experimental 

target, a good hadronic event is detected by small pulse-height signals from lead- 

scintillator sandwich counters together with the absence of y or electron-induced 

showers in a forward shower counter. Figure 2 gives the experimental 
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arrangements of this system and the results of rtot(w) measurements5 are dis- 

played in Fig. 3. From this experiment it is seen that the total hadronic w 

cross section drops with energy in a very slow manner to a value of 113 f 2.5 pb 

at 16.5 GeV. 

c. q2 -0 extrapolation from inelastic ep scattering 

A third and a newer method of measuring rtot(w) consists in extrapolating 

the inelastic ep scattermg differential cross sections to correspond to zero mass 

for the exchanged virtual photons. Under the single-photon-exchange assumption, 

the inelastic ep scattering cross section is related to the total hadronic cross 

sections by virtual photons in the following representation’: 

& (eP--We’) =T(E,E’,$oT(q2,W) + ecrL(q2,W)] (1) 

where the virtual photon spectrum is measured by 

J’(E,E’, 0) = 5 
4n 

(2) 

Here, the virtual photon polarization parameter is given by 

e(E, Et,8 ) = 1 

where q2 = 4EE’ sin’( e/2), .is the virtual photon mass squared, with energy 

v = E-E’ and 8 is the electron scattering angle in the laboratory system. The 

effective mass of the final hadrons produced in this process is W = (M2+2Mv -q 2 l/2 
) 

and the corresponding real photon energy to produce such a final state is 

K = (W2-M2)/2M. In Eq. (l), 2 oT(q , W) is the total p hadronic cross section 

by virtual photons polarized transversely to their momenta? and in the limit 

of q2 ---0, this cross section becomes r tot(w) with center-of-mass energy W. 
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Accordingly, oL(q2, W) , the cross section by longitudinally polarized virtual 

photons, vanishes in the same q2 limit due to the gauge invariance condition, 

Using the 8 and 20 GeV/c spectrometer systems, a group of MIT and SLAC 

experimenters have measured the inelastic ep scattering cross sections at small 

q2 values. Some of these measurements are represented in Fig. 4, together with 

functional fits to the data and the q2--0 extrapolated points. From several such 

measurements and fits, the above relations are used to obtain values of cr tot@) ’ 

as a function of W. Figure 5 displays the results of this experiment. 7 At lower 

center-of-mass rp energies a rich structure is seen due to isobar formations, 

very much like the np total cross sections. 

Now we discuss recent SLAC measurements of the forward vector meson 

photoproduction cross sections; of particular interest to VMD applications are 

the zero.momentum transfer extrapolated values which are equivalent to Compton 

scattering: g (p-V’p) at t = 0. In an experiment which covers 5.5 to 17.8 

GeV photon energies, the 1.6 GeV/c spectrometer is used with a bremsstrahlung 

beam and the recoil protons are momentum analyzed to give missing mass yield 

curves at fixed recoil angles. In Fig. 6, the subtracted proton yield from adja- 

cent bremsstrahlung tip energy runs is shown for a fixed momentum transfer 

value. After corrections for several factors, such spectra are fit to solve for 

several resonance parameters and smooth background levels and the amount of 

each particle’s production is determined. Corrections are made also to account 

for the w” contribution under the p” step size. In this experiment* measure- 

ments at t values of less than 0.1 or 0.2 (GeV/g2 are not possible. For this 

reason, the authors have searched for a reasonable functional representation 

to fit to the t-dist.ribution data with a minimum’number of parameters and thus 

to obtain the t=O cross sections. Such a representation may be obtained by 
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relating under VMD the process $+-V”p with that of V’p-V”p and further, by 

connecting the V”p elastic scattering cross sections with quark model relations’ 

which relate to np and Kp elastic scattering measurements. Therefore, in such 

a functional representation, in principle there should not be any free parameters 

once the y-V0 coupling constant is known in the relation: 

2 -1 
g (-)p--VOp) =$ 4n 0 57 $f (VOp-?VOp) l 

Figure ‘7 shows the measured cross-sectional momentum transfer dependence 

in p” photoproduction, at the indicated energies. The curves shown are not fits 

to the data. These are absolute evaluations obtained from measured ‘alp elastic 

cross sections inserted in the VMD/quark-model relationship given in this figure. 

The constant Cp is determined at one energy t-spectrum and thereafter held 

fixed. The excellent agreement between the curves and the data points indicate 

the validity of both model dependent assumptions. Figure 8 exhibits the results 

of (PO photoproduction data, where similarly, the curves are obtained by the in- 

serted VMD/quark-model representation, I have summarized the results of 

several experiments for p” photoproduction in Fig. 9 and those for w” and 4’ 

photoproduction in Fig. 10. The latest DESY-MIT results are not included in 

these figures. These have been discussed earlier by S. C . C. Ting at this 

Seminar, where it was shown that the forward p” photoproduction cross sections 

behave very much like the 7~p elastic cross sections in their energy dependence. 

3 

The results which we have discussed so far are connected by a VMD relation- 

ship which is free of interference terms among the vector meson photoproduction 

amplitudes. The assumptions which enter into this relationship are summarized 

in one of our recent studies. ‘10 Thus, the total hadronic w cross section is 
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related to forward vector meson photoproduction by: _ .-.- 
2 -1 1 

B 
u&&P) = G 

TV 
c [( > 

1 
4n 

.P 
1+ P; 

l g (yp-v;P) 

11 
Bc (3) 

t=o 

V 

where pv is the ratio of real over imaginary parts of the scattering amplitude 

AM -V’p) at the forward direction and Vy is the part of transversely polarized 

vector meson. However, experimental observation shows that, in the forward 

direction, the transversality requirement in VF is already satisfied and need not 

be imposed by a transversality projection as in other cases. That is, in the 

forward direction, the vector mesons maintain the physical photon polarization 

of A = f 1. Further, the $’ amplitude relative phase is uncertain. This phase 

should be negative if the photon in SU(3) symmetry is a singlet U-spin zero particle 

and if the electromagnetic interactions conserve U-spin. In his talk at this Sem- 

inar, S. B. Gerasimov investigated modifications to the above VMD relation, 

due to spin dependent effects in the photoproduction of vector mesons. The re- 

quired modification in Eq. (3) is a term 1 -t ( 2) multiplying the factor (l+ fit) 

in the denominator. Here cL (c,, ) is the forward photoproduction cross section 

for vector mesons which are transversely polarized and which have their polari- 

zation aligned perpendicular (parallel) to the photon electric polarization vector. 

As we shall see in the following section, preliminary results indicate that the 

effect of such a term in Eq. (3) would be small. 

In Fig. 11, the validity of this VMD relationship is examined. All of the 

known atot measurements are shown, except for the new DESY results which 

now agree with the trend of others. The shaded area is the right-hand side 

evaluations in Eq. (3), with all experimental errors taken into consideration 

(open circle points). In this calculation the w” and 9’ coupling constants are 



held fixed to the values of ~:/47r = 3.70 * 0.70 and y2/47r= 2.75 f 0.40 an.d 
e 

yp is varied to seek an agreement. The result is a value of ~;/4a = 0.40 i.f the 

4’ phase is additive and 0.35 if otherwise. In this Seminar, J. E. Augustin 

presented the recently updated Orsay results for these coupling constants, where 

the photon is on the vector meson’s mass shell. The changes are in the p” and 

e” values; the colliding beam experiment improved values are 

y2/4a = 2.88 rt 0.23 and from p” leptonic decays, ~:/47r = 0.46 f 0.04. 
G 

II. Vector Meson Photoproduction by Linearly Polarized Photons 

The laser induced photon beam discussed earlier, is utilized also to obtain 

linearly polarized photons. The amount of such polarization is very high, - 95% 

at 2.8 GeV and - 93% at 4.7 GeV photons. Rere, we discuss some of the inter- 

esting preliminary results 11 which are part of an 800,000 picture exposure in 

the SLAC/LRL 2-meter hydrogen bubble chamber. 

Vector meson photoproduction by linearly polarized photons can best be used 

to investigate the various exchange mechanisms in these processes. Specifically, 

we are able to isolate the large diffractive amplitudes in these processes by 

examining the vector meson decay correlations with respect to the beam photon 

electric polarization direction. 

The vector meson photoproduction reactions are isolated among the topologi- 

cal 3-prong events. After track geometrical reconstruction and kinematical fits 

the following final states are categorized 

(al yp-p7T+71 

w yp---+ p7S?T-?P 

(c) w - pK+K- 

(4) 
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Figure 12% b shows the ~+n- effective mass spectra from reaction (4a) events 

at 2.8 and 4.7 GeV photon energies, respectively. p” production is the dominant 

channel in this final state. The superimposed curves are from a maximum likeli- 

hood fit to the data assuming p-wave Breit-Wibmer resonance shapes for A+ and 

p” photoproduction in addition to phase space. Also, a factor l2 of (mp/mrJ4 ,* 

modifies the p” shape to account for the unsymmetrical resonance form. To 

explain such a form, an interference model has been suggested 13 where in addi- 

tion to p” formation, photons couple directly to pion pairs and where one of the 

pions rescatters off the target proton. This model gives an unsymmetrical 

resonance shape and predicts that the exponential slope of do-/dt decreases with 

increasing dipion mass, around the p” region. As shown in Fig. 13, supporting 

evidence for such an interference model is found in a streamer chamber experi- 

ment IL4 using a high energy bremsstrahlung beam. The effect of such a model 

on p” region decay distributions is negligible and better data are required to 

establish uniquely the existence of interfering diagrams, as seen on Fig. 13. 

The analysis of vector meson decay correlations with linearly polarized 

photons can be viewed in a coordinate system given in Fig. 14. Here, the pro- 

duction plane of w -V”p contains the x-z axes, and the decay polar and azi- 

muthal angles, with respect to the quantization axis, are 0 and $. The angles 

Q, and @define the relative orientations of the production and decay planes, 

with respect to the electric polarization vector of the beam photon, in this system. 

Vector meson decay intensity distributions are analyzed in terms of nine param- 

eters, utilizing a most general 15 normalized functional form, specifically, for f 



linearly polarized photons: 

I(~,+,@) =& l 2 ([+ (1-p:) + f (3pa -I) cos20 -p\o)l sin20 cos 2$ 

- 2 $z Rep(lOd sin 8 cos 6 cos $ 1 
- P cos 24) 

[ 
p$ cos20 + pg. sin26 - ~(11_)~ sin20 cos 24 

(1) - 2 & ReplO sin 8 cos 6 cos + 
I 

+ P sin 2@ 
[ 

(2) ImplW1 sin20 sin 24 + 2 J2 Imp16 sin 8 cos 8 sin 4 (2) 11 
0) In this representation, p.. 
11 

are the vector meson spin density matrix elements 

and P refers to the percentage of beam linear polarization. Utilizing the meas- 

urement of these density matrix elements, several combinations can be constructed 

which give an understanding of dynamical mechanisms. Among the most relevant 

measurements are the vector meson photoproduction polarization asymmetry 

C, and the parity exchange asymmetry Pa : 

(1) (1) 
c = ull =-ai = %; + PI& 

uil + 01 
Pll + 4-l 

and 

Per= 
u+ -u- (1) (1) 
o-+ +u = 2Pl-1 - PO0 

where a+(~_) is the cross section for s - V”p due to natural (unnatural) parity 

4 exchange mechanisms. 

‘; ,! 
The expected strong decay correlations are examined in Fig. 15, where it 

is seen that the p” decay plane is mostly oriented along the beam photon electric 

polarization direction, as expected from a predominant diffraction mechanism. 

Fi&,rurc 16 shows the existing measurements 11,16 of C, in rp --pop, where a 
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value of c= 1 corresponds to pure diffractive amplitudes. The cross-sectional 

asymmetry in reaction (4a), between natural and unnatural parity exch‘ange 

processes, is given in Fig. 17, where contributions from unnatural parity ex- 

changes are found to be small for this reaction. Various model dependent predic- 

tions can be tested readily. For example, a quark model for this interaction 

requires 17 that the statistical tensor 18 ImTi vanish, when the photon polarization 

vector is perpendicular to the scattering plane and when the quantization axis is 

normal to the w - pop production plane. Figure 18 shows that such a prediction 

is well satisfied. This statistical tensor is measured by the expectation value 

of: -5/4 <sin2 0 sin 2 @> e 

The w” photoproduction properties are studied by the analysis of reaction (4b) 

events. Figure 19 displays the 7r’ir-no mass spectra, where a special selection 

on the reconstructed photon energy values is used to purify the w” sample. A 

similar decay correlation analysis is performed, where we find drastic differences 

in comparison to p” photoproduction. For example, the distribution in the angle 

I& is found to be flat and the deduced parity exchange asymmetry l?o z 0, as 

shown in Fig. 20. This indicates that natural and unnatural parity exchanges 

contribute about equally in rp - w”p dynamics. In constrast to p” photoproduction, 

at these energies w” photoproduction has large non-diffractive contributions, 

presumably from the one-pion-exchange mechanism. In the following table, the 

vector meson photoproduction properties from this experiment are summarized; 

the cross sections are given in pb or pb/(GeV/c)‘. 
n: 

‘3 
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k =4.7GeV 
Y 

CT 20.1& 1.2 15.2* Q.7 

dcr/dt att=O 151 f 15 115 &lo 

u 4.2zt 0.5 2.4a 0.4 

%iff 

(du/dt)diff at t=O 

l.l* 0.5 

11.0*4.0 

0.45rt 0.16 

CT '1.7 f 0.7 

Fp, Y( MeV) OPE deduced: 
. 

0.7* 0.3 

0.14a 0.06 

r&$MeV) world average: 1.18 

III. Single Pion Photoproduction and n-p--pan 

Single pion photoproduction and p” pion production are processes which can 

be related directly by Vector Meson Dominance. Assuming isospin conservation, 

the reaction 

T’-p -+P”n (6) 

in the time-reversed mode, compares with the isovector photon part of single pion 

photoproduction. Here, it is assumed that a direct rto-p” transition can take 

place, with a definite coupling constant ~:/47r, on the transverse polarization 
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components of the p*. In such a transition, q2 dependent effects, to account for 

the massless photon on one side and massive vector mesons on the other side, 

can play an important role especially at moderate energies. This issue is as 

yet unresolved and requires further theoretical understanding. We shall take 

the point of view that a geometrical solution may be obtained to account for this 

effect. Such a solution would be helpful to arrive sit a more complete theoretical 

understanding where q2 extrapolation effects, possibly in correlation with W , 

._.-- 

the t@al center-of-mass energy, are explained. 

A. t-channel 

The isovector photon contribution can be isolated by taking the cross- 

sectional average of or+ and r- photoproduction from the reactions: 

YP -L ?r+n 

and 
m 

ynb 7r -P / (S 

In one-pion-exchange, the photon isovector and isoscalar amplitudes, AV and AS, 

in reaction (7) are in the AV + AsI combination and in reaction (8) in the 
I 

I AV - ASI combination. Therefore, the average of both cross sections, removes 

the unknown interference term and measures the predominant IAvi2. Earlier, in 

Fig. 11 we observed the relative level of IAS12 and (AV12 contributions in y-V0 

transitions and found that experimentally IAs /AVI 2 CY 2%. 

There has been extensive measurements of reactions (7’)) (8) and 

w-n OP (9) 

differential cross sections. Figure 21 sho’ws the relative cross-sectional behavior 

in the t-and u-channels for reactions (7) and (9). Reaction (7) is characterized by 

a sharp forward peak and as seen in Fig. 22, at higher energies there are three 

different exponential slopes in the momentum transfer distribution. ls, 2o The 
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curves drawn on this figure are merely to guide the eye. Several Regge pole 

parametrizations have been attempted and as yet, there does not seem to be a 

satisfactory theoretical interpretation which explains the data of single-pion 

photoproduction both by unpolarized and linearly polarized photons. Figure 23 

gives the measurements of ?r- -to-r+ photoproduction ratio on deuterium, 19) 21,22 

R; this ratio is used in extracting the reaction (8) differential cross sections by 
+ u-=Ru . 

As a measure of the isovector photon amplitude, the available data is 

utilized to form the r++-n--averaged differential cross section, 

l/2 [u(w- *+n) + a(yn- n-p)], at a given center-of-mass energy. This distri- 

bution can be compared directly with the VMD prediction, given by the following 

expression and the data of reaction (6) : 

Here, E(s) is the cross-sectional energy dependence of reaction (6)) and P is 
PO 

the p” transverse polarization projection. The spin density matrix element of the 

p”, p,(t), are deduced from an analysis of the p” decay distributions. As such, 

the transverse polarization projection P o is equal to the element pl1 when the 
P 

correspondence is with pion photoproduction by unpolarized photons. Also, the 

combination of spin density matrix elem >~ts of pl1 + plvl describes a vector 

particle’s transverse polarization state . erpendicular to the production plane 

and similarly, pl1 - plBl describes the state with transverse polamzation parallel 

to the production plane. Therefore, another Vh4.D relationship can be constructed 

which relates the measurement of pion photoproduction polarization asymmetry, 

c = (Q-1 - c,,)/(v~ -to,,), from reactions (7) ancl (8) with the apin density matrix 
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elements of pots from reaction (6) : 

A@+,R-) = C(e -+ r+n) + R(n-/n+) C(y n--n -P) - ‘1-l 
1+ R(n-/?r+) %l 

(11) 

The prevailing question in all of this is: in which reference system these 

p” spin density matrix elements pik must be evaluated, so that only the physical 

photon-like properties are abstracted. Earlier, the helicity reference 24 system 

was considered to be a natural frame for such an application. However, in view 

of the spin rotational properties of massive particles under Lorentz transfor- 

mations, theoretical considerations 25 have shown, that the unique choice of the 

helicity frame for pots, a priori, is not well justified. That is, for VMD appli- 

cations a criterion of choice on the quantization axis does not exist free of addi- 

tional assumptions, where this axis lies in the production plane of reaction (6). 

In one of our recent studies 26 we have shown that the density matrix element 

evaluation in the p” helicity frame does not reproduce the polarization asymmetry 

measurements of photoproduction as required from Eq. (11). This result is 

found on Fig. 24. To find an agreement, it was necessary to evaluate the p” 

spin density matrix elements in a system where the element plo is suppressed 

by a unitary transformation. This is equivalent to a dynamical rotation of the 

quantization axis within the production plane. The element plo describes the 

quantum-mechanical admixture of transverse and longitudinal polarizations. 

Further, such a unitary transformation was generalized 26 to account for the large 

s-wave interference contributions in the p” region, so that these could be handled 

directly in the PO-region decay angular distribution analyses. Figure 24b shows 

the resultant agreement 26 in this transversality system, with the available data 27,28 

and a theoretical calculation. 29 Equivalently good agreement is found in this 

system, in the VMD predictions of Eq., (IO) when compared 26 with linearly 
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polarized and unpolarized photoproduction data of reactions (7) and (8)) as shown 

on Fig. 25. This agreement is reached with a yp coupling constant value of 

~;/4n = 0.40; a result similar to that found in Fig. 11. 

We may expect that a proper dynamical q2 extrapolation in correlation with 

W = & shou.ld reproduce the above geometrical results. It has been shown, by 

a model dependent investigation which is good in the forward direction 30 and by 

studying the behavior of invariant amplitudes, 31 that the helicity frame is the 

correct frame to use only at very high energies; that is at energies where the 

q2=mi effect is negligible. For example, in the helicity frame of reaction (6) 

the model dependent study required a 40% correction at 4 GeV which reduces to 

a few percent at 16 GeV pion energies. Thus, if this dynamical coordinate ro- 

tation is equ.ivalent to the proper q2 extrapolation, then we may predict that at 

very high energies ( 2 16 GeV) the measurement of the element plo in the helicity 

frame of reaction (6) would be negligibly small. 

B. u-channel 

Single pion photoproduction data in the u-channel, recently has been avail- 

able from SLAC . In one of the experiments, these small cross sections were 

measured, 32 using the 1.6 GeV/c spectrometer to detect the X’ backward scat- 

tering from reaction (7) ; and in another, 33 the 20 GeV/c spectrometer is used, 

to detect the proton forward scattering from reaction (9). In these experiments 

the covered u range extended out to values of 1.5 (GeV/c)2. The momentum 

transfer distributions show such a smooth variation that it is not possible to 

guess at the dominant exchange mechanism which characterize the reaction 

dynamics. Several Regge trajectories may be exchanged and further, the absence 

of reaction (S) measurements make it difficult to constrain the various possi- 

bilitics. Rowever, we propose to use VMD predictions from the above expression 
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(10) and u-channel data34 of reaction (6)) as a reasonable representation for the 

isovector part of single-pion photoproduction and thus, introduce an additional 

constraint on the various dynamical model parametrizations. That is, in the 

absence of u-channel measurements for reaction (8), this VMD constraint may 

be used to discriminate between various phenomenological fits to the data of 

reactions (‘7) and (9). In turn, the present VMD results may be checked with 

such fits to the data of all single-pion photoproduction channels, when the iso- 

vector part is isolated. Therefore, we shall use VMD in the u-channel of 

reaction (6) to abstract the isovector amplitude entering in the processes of single- 

pion u-channel photoproduction and specifically, make a direct test on a phenom- 

enological description 35 where Regge poles for the A, Na! and Ny trajectory 

exchanges are used. 

Figure 26 shows the SLAC! data of reaction (7) in the u-channel along with a 

specific theoretical fit to ,the data assuming the above three Regge trajectories 

are exchanged. The reaction (9) data is illustrated on Fig. 27 and the fits are 

from the same Regge pole parameterizations. In all cases, adequate descriptions 

are obtained, out to values of lu 1 < 1.0 (GeV/c)2. We now present our analysis 

for the u-channel properties of reaction (6) which are relevant to this investigation.34 

Figure 28a displays the u-channel differential cross section, where the backward 

peak has a value of 64.5 rt 12.9 pb/(GeV/c)2, The p” spin density matrix elements 

are determined again in a complete transversality system. Figure 28d gives the 

ratio P~-~/P~~ which in VMD represents the behavior of the isovector part in the 

cross-sectional polarization asymmetry c v, for y,p- n+n. 

Using isospin decomposition, the u-channel photoproduction scattering 

amplitudes can be separated in terms of isovector and isoscalar photon parts. 

Further, the isovector photon part can be decomposed in terms of I = 3/2 and 
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I = l/2 u-ch annel baryon exchange contributions. Thus, 

*tYP - ?r+n) = m AV( s,u, 3/2) - &i AV(s,u, l/2) - & As(s,u, l/2) 

A(yn- n-p) = m Av( S,U, 3/2) - l/s AV(w, l/2) -I- 4% AS(s,u, l/2) (12) 

*ty~-- TOP) = &i3 AV( s,u,3/2) + m3 * (s,u, l/2) - J1/3 AS(s,u, l/2) 
<’ v 

35,36 In any phenomenological parameterization to fit the available data of 

reactions (7) and (9)) the fractional contributions to the u-channel cross section 

can be isolated in terms of the I = 3/2, I = l/2 exchanges and their interference. 

The normalized contributions are designated in an obvious notation by: IA(s ,u) , 

IN{% u) and 1ANts’ u), where the sum of these is unity. A free parameter in such 

fits is 3, the isoscalar over the isovector parts in the I = l/2 u-channel exchanges. 

This represents the isoscalar-isovector photon admixture in the phptonucleon 

system. Hence, using these fitted parameter values, the isovector photon con- 

tributions in reaction (7) can be isolated and this can be compared directly with 

VMD results of Eq. (lo), by the following relation: 

-7r+n) 
‘Nt”) 

IA(u) + - + ‘AN@) - 
(1+Q2 l+ * 1 (13) 

From the isospin decomposition in (12)) the phenomenologically parameterized 

value of 6 is e.xpected to be a negative fraction. 

In Fig. 29a the u-channel differential cross section of reaction (7) from 

4.16 - 5.23 GeV photon energies 32 is shown, where WC have made an energy 

extrapolation to 4.0 GeV using the experimentally determined 32 energy dependence 
-3 ofk . In the absence of any isoscalar photon contribution, that is with A-exchange 

dominance, the VMD prediction from Eq. (10) should ngrce with the results in this 

figure. The presence of large N-exchange contributions enter subtractivcly in the 
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I = l/2 parts of the scattering amplitude and cause,a relative depression in the 

u-channel cross section of reaction (7) with respect to the isovector VMJJ pre- 

dictions of Eq. (10). Figure 29b shows the normalized fractional contributions 

in the u-channel cross section of reaction (7j due to A-exchange, N-exchange 

(Nol and NY) and their interference, from a specific Regge pole phenomenological 

parameterization 35 to this reaction. A value of 6 = -0.376 is used .at 4.0 GeV. 

In this fit, it is also found that a satisfactory solution is obtained, only when the 

Ny(1512) trajectory contribution is included, with a relatively large value for its 

residue function. 

The points on Fig. 30b represent the VMD measure on the isovector part 

w - n+n u-channel cross section, at 4.0 GeV. The curve drawn in this figure 

is from Eq. (13), the parameterization shown in Fig. 29b and the cross sections 

in Fig. 29a. Accordingly, the abstracted isovector part of w-cr’n agrees well 

with VMD predicted isovector cross sections, in the u range of lul < 1.0 (GeV/c)2, 

Again, the agreement is obtained 34 with a value of ~:/47r = 0.40. 

A direct comparison, between the VMD points in Fig. 30b and the w - n+n 

cross-sectional measurements in Fig. 29a, indicate the presence of large con- 

tributions from I = l/2 u-channel exchanges. Since a large value is required for 

the Nr trajectory residue function, 35 over that for the Nty trajectory, our com- 

parison in Fig, 30b together with this, implies a strong coupling of NY(1512) with 

the isovector y-nucleon channel. In VMD, this is equivalent to a strong coupling 

of Ny(1512) with the virtual-PO-nucleon system. All of these implications become 

significantly interesting when the measured u tot(p) cross-sectional energy 

dependence is examined, in comparison with measured 7r’p and n-p total cross 

sections. Combining VMD and quark model predictions 37 a relationship is ob- 

tained that is shown on Fig. 31. The curve drawn on this figure comes from the 
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indicated relation; the measurements of 7r+p and 7r’-p total cross sections and the y-p 

coupling constant with a value of $i /4n = 0.40. The agreement between this 

curve and the measured o- tot(s) values is excellent, except for the Ny(1512) 

region. The atot energy spectrum has a large over enhancement at the 

Ny(1512) region., in support of the predominant Ny(1512) coupling to the y-nucleon 

channel. The indicated predominance of Ny(1512) coupling to the isovector-y- 

nucleon (or virtual-p”-nucleon) channel is an interesting phenomenon and requires 

further detailed investigations, both theoretically and experimentally, 

IV. A-Photoproduction and ?r+p --‘A* 

In Fig. 32 the momentum transfer distribution of several two-body photo- 

production reactions is shown, for a relative comparison. In relation to all of 

the measured channels, it is seen that the reaction: 

--I-+ “P--T A (14) 

has the largest forward cross section. This cross section and its energy depend- 

ence are measured, using the SLAC 20 GeV/c spectrometer to analyze the pions 

at a fixed scattering angle. The missing mass distributions, obtained from 

several end point energy bremsstrahlung beams, are fitted with a few competing 

channel assumptions. Figure 33 displays the resul.ts of an earlier measurement 38 

of reaction (14) cross sections, in comparison with those of reaction (7) (dashed 

lines). It is seen that both reactions have the same cross-sectional behavior 

beyond the momentum transfer value of 0.2 (GeV/c)2. However at smaller t, 

these A-photoproduction cross sections rise sharply as e 12t , where a maximum 

value is attained at 1 t I - m2 ?r with a dip at the forward direction. These differences, 

between both reactions at small t values, indicate that different types of exchanges 

take place among both channels. Figure 34 displays the preliminary results of 
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recent SLAC measurements for the differential cross sections of reactions 
39 

(14) and: 

w 
-+ pm-n A (15) 

m 
+ - 

yn-- A 

at 16 GeV. The curves drawn on this figure are merely to guide the eye. The 

cross sections for reaction (15b) and (15~) are obtained from deuterium to 

hydrogen target subtractions. Figure 35 gives the deuterium-to-hydrogen ratio 

for A-photoproduction with the same charged pions. If an isospin-one single par- 

ticle exchange is the dominant mechanism in these reactions, then the ratio of 

(15~) to (15a) should be 3:1, or equivalently, the deuterium-to-hydrogen ratio for 

A-photoproduction with z’~ s should be 4:l. Similarly, the same ratio with R-‘s 

should be 4:3. The results given in this figure indicate that the measured ratios 

for the 7r+ls are not well satisfied by this reaction hypothesis, whereas those for 

the T-~S are in agreement. 

The photon isoscalar and isovector amplitudes enter in opposite phases in 

reaction (15b), as compared with the additive phases in reaction (14). The pres- 

ence of a photon isoscalar-isovector interference term is seen readily in Fig. 36. 

Here, for comparison, the single-pion photoproduction 7r- to ?r+ ratio (smooth 

curve) is also given at 16 GeV. I In VMD applications, the effect of these photon 

isoscalar-isovector (or p” -w”, interference terms are removed, in a manner 

discussed previously, by taking the cross-sectional average of reactions (14) and 

(15b). 

Clearly, with such a rich variety entering in the reaction dynamics of 

A-photoproduction, Vlv?D comparisons cannot be made prior to an adequate dy- 

namical description. This is due to the additional requirerncnt, that we must have 
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a,knowledge on the behavior of amplitudes when crossing in the reaction’s de- 

scription, from the s-to the u-channel. That is, for VMD applications, in addi- 

tion to time-reversal invariance and isospin conservation assumptions, the 

analytical behavior of amplitudes must be known when crossing, for example, 

from 7;tp- ?A* (in the s-channel) to w - n-A* (in the u-channel). In this 

case, it is the s-channel amplitudes that relate by VMD to the cross sections of: 

(4 ‘/ T.+P 
O-ti- 

-PA 

and (16) 

(b) 
+ 0-H np--oA 

whereas, the A-photoproduction process is carried in the reaction description’s 

u-channel. When several Regge trajectories are exchanged in reactions (16) and 

A-photoproduction processes, under s-to-u crossing, amplitudes with even sig- 

nature trajectories do not change sign but the amplitudes with odd signature 

trajectories reverse their sign. For these reasons, it is not possible to obtain 

VMD predictions from reactions (16)) without a proper dynamical description. 

Such a model dependent description is obtained from a recent study. 40 Regge 

parameterizations are made, on the measurements 41 of reaction (16) cross 

sections and vector meson density matrix elements, assuming that 1~, p, Al, A2 

and B trajectories could be exchanged. 

In Fig. 37, the average of Ah- and Aft photoproduction cross sections is 

shown. The crossed points are from a VMD prediction using the data of reaction 

(169, while the s-to-u channels crossing effects are neglected. A large and 

systematic disagreement is obtained, when such dynamical effects <are not con- 

sidered O The smooth curve is obtained, 40 by applying VMD, only after a proper 

dynamical description of reactions (16) is at hand. Primarily, the difference 
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comes from the interference term as a result of the unnatural parity exchanges 

(n,A1), entering in reaction (16a). Such a term changes sign, when the ampli- 

tudes are crossed from the s- to the u-channel. This curve agrees well with the 

A-photoproduction data, except at the very forward direction. Although, suffi- 

cient uncertainties exist in the analysis of both the pion and photon initiated 

reactions, that firm statements c‘annot be made, this example, reiterates the 

necessity of having an adequate dynamical description prior to the VhEI appli- 

cation. 

v. A-Dependence of cr(yA-nA*) and utot(& 

The studies of photon transmission through nuclear matter and high energy 

photonuclear processes have paused as a challenge to both theoretical and experi- 

mental investigations. The measurements of photon initiated processes on com- 

plex nuclei have shown that our initial understanding are only within an order of 

magnitude in so far as the cross-sectional dependence on nucleon number A and 

further, the dependence of these on photon energy, is concerned. The level of the 

total hadronic rp cross-sectional values, implies a nuclear mean free path of ‘i’OO- 

800 fermies for photons. Such a large mean free path value, allows the photons to 

penetrate at all parts of the nuclear volume. So that, on a nucleus, a volume de- 

pendent photon interaction rate is obtained, which is proportional to the number of 

nucleons, A. On the other hand, if the hadronic interactions of photons are mediated 

by vector mesons which have a mean free path of a few fermies, then only the surface 

of the nucleus participate in the interaction processes and the rest of the nucleus is 

overshadowed by the surface nucleons. In this case, a surface dependent photon in- 

2/3 teraction rate is obtained which is proportional to A . Ilowever, the mediating 

virtual vector mesons are recreated continually by the photons; and the photons 

have access to all depths in the nuclear medium. Therefore, in this case also, 
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there should be some volume dependent effects as well. The energy dependence 

of both surface and volume effects may well be different, since these virtual 

hadrons can be reabsorbed readily, inside the nuclear medium. In this picture, 

the understanding of photonuclear absorption processes extends 
42 itself naturally 

to neutrino induced processes, when these are mediated by pions; compare 

r-V0 with v- I m*pr*>. 

The photonuclear absorption problem is complicated further by the presence 

of (a) two-step interaction processes, 43 where delicate cancellations occur as a 

function of energy; (b) q2 extrapolation effects44 * m such two-step processes 

(cf. Fig. 44) ; (c) exclusion principle and nucleon-nucleon interaction correlation 

effects;45 (d) and a proper multiple scattering treatment on outgoing hadrons. III 

this Seminar, K. Gottfried presented in detail some of these issues. 

Recently, SLAC cross-sectional measurements 46 of single pion photopro- 

duction processes on complex nuclei: 

yA - n&A* (17) 

where made, at 8 and 16 GeV photon energies. The outcoming charged pions, 

from a bremsstrahlung beam, are momentum analyzed at a fixed angle,. using 

the 20 GeV/c spectrometer system. The single meson photoproduction cross 

sections are obtained by fitting the pion yield spectra near the bremsstrahlung 

end-point energies and applying energy conservation. However, in this experi- 

ment the resolution is coarse enough that nuclear excitations up to 100 MeV are 

accepted. Recoiling nuclear products are not detected and the experimental 

uncertainties are due primarily to folding the momentum distribution of target 

nucleons in the above fitting procedure, assuming a condensed Fermi gas model. 

This model is used assuming a maximum nucleon momentum of 260 MeV/c, 

where a change of f 40 MeV/c in this value results to a systematic change in the 

cross-sectional values of f 16% at t = -0.45 and f 1% at t = -0.01 (GeV/cj2. 
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Figure 38 shows the momentum transfer dependence of Zeff, which is the 

differential cross sections ratio, of single pion photoproduction from complex 

nuclei to that from hydrogen. The value of Z eff obtained from each element are 

normalized by the value obtained at t = -0.16 (GeV/c)2 for that element. The 

curves drawn on this figure are from the Fermi gas model., with a 260 MeV/c 

nucleon momentum cutoff value. The measurem.ents of Z eff do not agree with 

this model, at both small and large momentum transfers. This indicates the 

presence of several effects, which we discussed above, in these incoherent 

(charge-exchange) processes. 

A definite energy dependence of Zeff is predicted43 from theoretical con- 

siderations of the two-step interaction process with VMD. Figure 39 displays 

the theoretical behavior of such a dependence, both on photon energy and target 

nucleon number A. In comparison with such a formalism, the measurements of 

Z eff from this experiment, for r’ photoproduction at 8 and 16 GeV, indicate that 

such a predicted energy dependence is not present. This comparison is shown 

on Fig. 40, where the curves are normalized to the carbon Z eff measurem,ents, 

at each momentum transfer value. The 7rr- photoproduction cross sections are 

measured also at 16 GeV. On Fig. 41, the n-/r’ photoproduction ratios on 

complex nuclei are given, where no statistically significant A-dependence is seen. 

These ratios have the same level as observed earlier from deuterium data. 

The A-dependence of the total hadronic photoabsorption cross sections, 

utot( yA) , are measured in a counter arrangement experiment5 which we dis- 

cussed in Section I. The A-dependence in these cross sections is also predicted 43c 

using the optical model, to describe the nucleus and assuming p-dominance, 

to describe the hadronic part i.n photoabsorption. In such a description, aside 

from nuclc~ density parameters, the A-dcpcndcnce is gi.ven in terms of the 
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p-nucleon interaction total cross section, crt&N). The A-dependence is dis- 

played on Fig. 42, in the form of the measured cross-sectional ratios, 

qO&vw~~~,tt~) l 
In this form, the A.-dependence is insensitive to the value 

of the coupling constant ~;/47r ‘and primarily, it is a function of utot(pN). The 

curves drawn on this figure are from the optical model formulation, 43c with the 

indicated values for ctot(pN). Here, the best fit value is obtained to be: 

atot = 20.4 f 2.7 mb. Th e authors5 have investigated the effect of a -0.20 

fractional real part amplitude contribution and find, that this influences the above 

otot(pN) value, to within the quoted errors. Assuming p-dominance, and reducing 

the measurements of crtot(@) to compensate for the 0’ and (PO contributions, 10 

the relation: 
, 

rtot(YN)(reduced) = atot(P~ (18) 

yields a value of ~:/47r = 0.38 f 0.05; in agreement with the results that we 

discussed previously. 

The amount of surface nucleon overshadowing, by the hadronic part in the 

photoabsorption process on nuclei, is clearly manifested on ,Fig. 43. The cross- 

sectional ratios, (7 t0&4~~t0t(lP) , measured at an average photon energy of 

N 13 GeV, fall below the drawn line of o=tot(~A)/crtot(~) = A. A fit to these 

measured ratios, results to an A-dependence of <r tot(yA), to be: A’* go at 

- 13 GeV k . 
of Ao. 95zto. r2 

A similar experiment from DESY, 47 results to an A-dependence 

s at an average photon energy of w 5.5 GeV. Thus, in effect, there 

appears to be an energy dependence to the A-dependence. Such a phenomenon 

follows readily from a recent theoretical investigation 48 on the propagation of 

photons, by V. N. Gribov. Here, in the electromagnetic interactions of hadrons, 

the dependence on characteristic longitudinal distances or interaction duration 
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times are examined and specifically, for the hadronic total photoabsorption on 

nuclei, useful conclusions are obtained, irrespective of vector meson dominance 

assumptions . In this picture, photon propagation proceeds through fluctuations 

between the state of the quantum and its virtual decays into hadrons, having some 

characteristic mass h. If at some lower limiting photon energies, this fluctua- 

tion time is S - l/p, then at higher photon energies k, the duration in fluctuations 

of ydhadrons - r, increases with photon energies and occurs in a time interval 

of S-k/p2. In terms of the charge renormalization constant due to hadrons, 

Z3, the quantity l-Zg’ represents part of the time that the photon spends in the 
I 

hadronic states. This quantity has a Green’s function integral representation, 

to describe the hadronic contributions to photon propagation, Thus, the conver- 

gence properties of this integral representation are examined under several 

limiting conditions. 

In this picture, the photons interact with the nucleons of a nucleus only during 

a fluctuation that lasts for a time interval F; . The photon virtually decays into 

hadrons and these hadrons interact with nucleons inside nuclear matter, with an 

interaction mean free path P. Let us consider first, a photon energy region such 

that 6 5 P. Here, crtot(rA) is determined by: (a) the probability that a photon 

hits a nucleus having a radius R (- rR2), (b) the probability that a hadronic fluc- 

tuation takes place (- C 
Yh 

, cf. a/4 (~:/4q-l) and that, (c) this fluctuation occurs 

inside the nucleus (- C 
Yh 

l R/6 ) , finally, (d) the probability that the created 

virtual hadrons have sufficient amount of time, to complete an interaction with 

any nucleons of the nucleus (a.6 /m) . 

Thus, crtot(yA) - rR2 l C 
$1 

’ R/6 l s/Q-C 
Yh 

nR3/1 - A l atot( in this 

photon energy region, the hadronic total photoabsorption process takes place 

throughout the nuclear volume. However, if the photon energy is n&v increased, 

so that L < 6 C R, then in the above, condition (d) is always satisfied and 
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utottyA) - ‘$ l lm3/S ; which signifies that these volume effect cross sections 

decrease as the photon energy increases. A further increase in the photon energy, 

increases 6 proportionally, to bring in a regime where 6 ,> R and here, the 

probability that these hadronic fluctuations may develop outside the nucleus 

emerges. In this case, all the hadrons which are formed with a probability 

-C 
yh’ 

will collide with the nucleus, with a cross section - nR2, Hence 

q&A) - Cp l nR2, and as a function of photon energies, nuclear volume 

effects diminish and surface effects dominate. There exists a further condition 

of applicability, due to the convergence requirement in the photon propagation’s 

integral representation; it is required that S2 >>Rp. For example, in this case, 

if the characteristic hadronic mass h, in photon fluctuations, is taken to be 

- “p and B - l/m,, then surface effects in u tot(“/A) begin to develop, only after 

I ii GeV photon energies. 

Gribov’s arguments 48 are in agreement with the discussed experimental 

observations. And a current proposal, 4g to carry measurements of atot at 

Scrpukhov energies, would help to enhance several theoretical implications along 

this picture, in connection with photoproduction and electroproduction processes, 

VI. ep Inelastic Scattering Processes 

Measurements of the total ep inelastic differential cross sections introduce 

a new understanding on the nature of photons and the structure of nucleons, as 

probed by massive quanta. In this Seminar, some of the theoretical implications 

from these measurements were presented by J. D. Bjorken and others. Here, 

we discuss recent results from a SLAC-MIT collaboration experiment, 50,51 

where at a fixed angle scattered electrons are detected and momentum analyzed 

using t.he 8 and 30 GeV/c SLAC spectrometer systems and, comment on VMD 

related52’ !j3 comparisons. 
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Several correction factors enter in the final experimental determination of 

the double differential cross sections, d20(E, E’, B)/dE’dfl in ep inelastic scat- 

tering. Electronic dead-time effects are removed by limiting the data rate to 

at most one event in a 1.6 psec beam pulse. The incident electron beam cur- 

rent is measured by induction toroid and secondary emission monitors (- 0.5% 

uncertainties). Scattered electrons are separated from pions by shower and 

total-absorption counters (- 88% detection efficiency). A 7 cm liquid hydrogen 

target is used and, by a separate detection system, the target density reduction 

due to beam localized heating is determined (a correction factor that varied from 

- 4to -13%). An empty target subtraction is required (- 7% correction). The 

effect of electrons produced from no decays and subsequent pair productions is 

/ determined by observing ef yields (s 15% correction). Finally, the data requires 

a complete understanding of radiative corrections 54 due to (a) internal and ex- 

ternal bremsstrahlung, single and multiple photon emission (- 2% corrections) 

and (b) the contributions in the inelastic scattering region from the radiative tail 

of elastic ep scattering (21 to 26% corrections). 

In contrast with the deep inelastic ep scattering regions of large q2 and v , 

the cross-sectional q2 dependence, at the first four isobar formation regions, 

behaves in a manner similar to that in ep elastic scattering. This dependence 

is observed on Fig. 45, where the isobar electroproduction cross sections are 

normalized, at the same q2, by the values of ep elastic scattering cross sections. 

Beyond the threshold behavior, which is initiated by the equivalent photoproduction 

cross sections, the q2 dependencies scale with elastic scattering; the form factor 

behavior in the isobar mass regions is similar to that of the nucleon. The curves 

drawn on this figure are from a coupled-channel relativistic N/D model calcu- 

55 lation, with specific form factors. 
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To stress the importance of radiative corrections, Fig. 46 displays: 

1. 

(a) the uncorrected data in the isobar regions, the elastic peak (reduced by a 

factor of 6) and the calculated radiative tail due to elastic scattering (dashed 

line); (b) the radiatively corrected ep inelastic cross sections and (c) the ratio 

of radiatively corrected to uncorrected cross sections. It is seen that large 

cross-sectional corrections are required at high hadron masses, W. The cross- 

sectional behavior as a function of W and q2 is given on Fig. 47, for the q2 

regionsof: (a) 0.2<q2_<0.5, (b) 0.7s q21 2.6and(c) 1.65q2S 7.3(GeV/c)2. 

These results clearly show that the isobar formation cross sections rapidly 

diminish as q2 increases, whereas the inelastic continuum region of large W 

has a much weaker form factor dependence on q2. 

Deep inelastic ep scattering cross sections are discussed 56 in terms of the 

structure functions W,(s2, v) and W2(q2, v), given in the relation: 

28 
;z 1 w 

. 
assuming a one-photon-exchange mechanism in these processes. The term out- 

side the brackets is the Mott cross section which describes the scattering off an 

infinite mass target. A comparison between Eq. (1) and (19) relates the structure 

functions with the virtual photon total hadronic rp cross sections by transversely 

and longitudinally polarized massive photons : 

(20) 

’ 2 
(crT(q , v) + aL(q2, v)) 
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where K = v - q2/2M, is the equivalent physical photon energy, required to photo- 

produce a final hadronic state with center-of-mass energy W. Thus, for fixed 

q2 and large v values, asymptotically, the structure functions behave as: 

w1tq 
2 

,v)--v uTtq2,v) 

Experimentally, using Eq. (19), the structure functions W1 and W2 are separable 

at the crossing points of two fixed 8 lines, on the (v , q 2, kinematical plane. The 

method of separation is the same as for the nucleon form factors in elastic 

scattering. 

The functional behavior of v W2 can be investigated by: 

v W2(q2, v) = v 
’ d2a/dE’dfl 
WdWMo, 

(22) 

where, the sensitivity on R = oL(q 2 , v)/oT(q2, v) is small, if the term in the 

curly brackets is much less than unity. In the absence of large angle measure- 

ments, Eq. (22) can be used to obtain limiting values on the behavior of v W2(q2, v) , 

by the extreme assumptions of R=O and R= ~0. Bjorken originally suggested, 54 

that in the deep inelastic region (q2 - 00 but q2/v finite), the function v W2(q2, v) , 

should exhibit the property of scale invariance, by a dependence on only a single 

demensionless variable w = 2Mv/q2, instead of the two independent variables q2 

and v . Also, based on different arguments, 52,58 the universal function v W2, 

at large w limits, is expected to approach a constant value. 

Specific VMD predictions are given by Sakurai 52 on the q2, v dependences 

of cross sections. We list these and discuss the comparisons with experiment. 



The virtual photon cross sections entering in Eq. (1) are given as: 

(23) 

where p = mp and u i!Lj(K) are the vector-meson-nucleon total cross sections 

with vector meson polarizations T and L; T for polarization vectors perpendicular 

to the vector meson line-of-flight (helicities rt 1) and L for polarization vectors 

parallel to the line-of-flight (helicity 0~; t(K) = o~(K)/o~(KJ. Thus, asymptot- 

ically, crL(q2, v) N &3, fl T(q2,v) w (l/q”, and their ratio R, varies as q2 for 

fixed w: 

R= 
uT(s2,v) 

= &x) p (1 - t)” 
CL 

Further, scale invariance is obtained with a definite asymptotic value in the 

functional behavior of v W2: 

Figure 48 presents the 0 = 6’ and E = 13.5 GeV data (0.7 _< q2 5 2.6 (GeV/c)2), 

in comparison with the VMD prediction, where a value of 4 (K) = 1.5 is used. The 
\ 

cross sections at a higher q2 range (1.6 I q2 5 7.3 (GeV/c)2) are shown on 

Fig. 49, where a better comparison with VMD is achieved. The curves drawn 

on these figures adequately reproduce the deep inelast.ic ep cross sections. 

Utilizing Eq. (22) and the cross-sectional measurements, the functional 

behavior of v W2 is estimated, as shown on Fig. 50 for the 6’ data and Fig. 51 
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for the 10’ data. In Fig. 50a the uW2 points, from a q2 range of q2 > 0.5 (GeV/cj2 

are given, assuming R=O in Eq. (22), whereas in Fig. 5Oc the same data are shown, 

assuming R=m . Figure 5Oe displays the v W2 values, where q2 < 0.5 (GeV/cj2, 

under both R assumptions . Similarly, Fig. 5lb exhibits the v W2 behavior for 

R=O, Fig. 51d for R=w , at q2 values of q2 > 0.5,(GeV/cj2. Among these, the 

best universal curve behavior for v W2 is shown in Fig. Sib. 

In the R=m assumption (CL>> uT}, the v W2 measurements do not follow a 

universal curve. But, in the R-O assumption (uT >>oL), beyond a threshold be- . 

havior as a function of w, the v W2 estimates appear to reach at the same value 

(- 0.3), when 0 2 4. However, here the results indicate a downward slope in 

VW29 when w 2 5 in the 6’ data (Fig. 50)) which is not apparent in the 10’ data 

(Fig. 51). This indicates that in the functional dependence of v W2, in addition 

to the scale invariance variable o, there exists a weaker q2 dependence, to be 

taken into consideration specifically at high o values. A more stringent remark 

applies with the expected asymptotic q2 behavior of rT(q2, v). If on Fig. 51b, 

already a scale invariant universal curve behavior is arrived, then c >> o- T L’ 
v W,(w) = const. and from Eq. (21) we obtain that uT(q2, v) - (l/q2); which is in 

disagreement with the VMD predictions of Eq. (23). Using the 6’ and 10’ data 

alone, a preliminary attempt at separation of the structure functions is shown on 

Fig. 52. This is given in terms of the vector-meson-nucleon cross-sectional 

polarization ratio t(K), as a function of q2. The values of t(K) increase 51by 

- 50%, in the range of q2, from 1 to 4 (GeV/c)2; whereas, it was expected 52 that 
2 e would not have a q dependence. 

Finally, Fig. 53 exhibits the cross-sectional overall q2 dependence, in the 

deep inelastic ep scattering region, from the 6’ and 10’ data. The differential 

cross sections are divided by the Mott cross section and displayed for fixed values 

of W, the final hadronic effective mass in ep scattering. Division by the Mott 
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cross section, removes part of the known q2 dependence, due to photon propa- 

gation. The curves drawn over the data points are merely to guide the eye. For 

a relative comparison, the equivalent elastic scattering cross-sectional ratio is 

also given. Thus, beyond q2 2 1 (GeV/c)2, the ep scattering process is entirely 

dominated by the deep inelastic continuum where a much weaker q2 dependence 

applies on the inelastic form factors. Moreover, this q2 dependence weakens 

further with increasing final state hadronic masses, W. 

In the deep inelastic continuum, the rise of cross sections with increasing 

values of W is consistent with a limiting condition 59 which implies that the form 

factors are bounded by the point charge scattering cross section: 

du(e@ ~ dcr(enj 

dq2 dq2 1 1 f % (point charge) 
dq 

Also, on general considerations, Markov 60 has remarked that at asymptotic 

energies, the total cross sections from neutrino, electron or photon beams, 

should have as lower bounds their corresponding point particle scattering cross 

sections. All of these reiterate that in these processes, as the asymptotic regions 

are approached, effects due to characteristic interaction lengths are relatively 

suppressed. Hence, the cross sections are a function of only the involved dynam- 

ical variables, in dimensionless combinations. In this sense, Matinian ” finds 

that in ep inelastic scattering processes, among the dynamical variable depen- 

dences of s/p2, t/p2 and s/t, only the latter survive (cos Ot - v / P q ) , in an equiva- 

lent Regge approach to this problem. 

As we approach asymptotic regions (cf. Fig. 53) there does not appear to 

be a unique q2 dependence in ep deep inelastic scattering; the higher is the 

hadronic effective mass value, the weaker is the q2 dcpcndence. Thus, the problem 
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seems to be concentrated on understanding the manner in which these asymptotic 

regions are approached, with the presence of effects due to interaction longitu- 

dinal distances, 48,62 discussed earlier. These would enter in the description of 

the hadronic part of photon propagation and give .an energy dependence to the q2 

dependence. 
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FIGURE CAPTIONS 

1. 

2. 

3. 

4. 

5, 

6. 

(a) Schematic layout of laser induced photon beam. (b)-(d) Photon energy 

spectra at 1.4, 2.8, and 4.7 GeV beam settings, as determined from e’e- 

pair-energy measurements and from events fitting the reaction -pnsn- 

(solid histograms), (Ref. 4). 
c 

Schematic representation of tagged photon beam and detectors for the meas- 

urement of wtot<rA). The counters A0 define incoming photon beam .angles, 

52 detect presence of outgoing hadrons and Sl determines absence of Y or 

e+e- pairs, in a given event (Ref. 5). 

Measurements of crtot,(rp), crtot($) and the deduced ~tot(~n) using the experi- 

mental arrangement in the previous figure (Ref. 5). 

w&w) obtained from an extrapolation procedure (dark points) using 8 = 1.5’ 

ep inelastic scattering cross-sectional measurements, as a function of q2 

and the final state hadronic mass W. K is the equivalent photon energy for 

aW c.m. (Ref. 7). 

Measurements of utot(yp) from q2 = 0 extrapolation (dark points)of small 

angle ep inelastic scattering cross sections, as a function of K or W. Dashed 

lines, beyond W 2 2.3 GeV, indicate the region of possible cross-sectional 

variation due to systematic- errors (Ref. 7). 

Subtracted proton yield curve in rp --X0, between photon end-point energy 

14.5 and 13.0 GeV, The yield is measured by the 1.6 GeV/c spectrometer’ 

and given as counts/hodoscope element/lO’l equivalent quanta. The solid 

curve is from a least square fit to the data, assuming no, p”, 9’ and Ro I 
(resonant shape) production over a smooth background (Ref. 8). 
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7. Momentum transfer distribution of dcr(w --p’p)/dt at incident photon energies, 

E6. The solid curves drawn through the data points are from the quark-V&U) 

relation, given on this figure, using z’p and n-p measured differential cross 

sections and setting the parameter C 
P 

= 2.98x 10 -.3 (Ref. 8). 

8. Momentum transfer distribution of dc(rp-+‘p)/dt at the indicated incident 

photon energies. The solid curves drawn through the data points are from 

an equivalent quark-VMD relation, shown on this figure, using K+p, K-p 

and n-p measured differential cross sections with the adjustable parameter 

set at C 
cp 

= 1.86 X 10W4 (Ref. 8). 

9. Compilation of forward p” photoproduction cross-sectional measurements 

at the indicated laboratories and given detection systems. 

10. Compilation of forward 0’ and $’ photoproduction cross sections, measured 

at the indicated laboratories. 

11. Comparison of the Vector Meson Dominance relation (Eq. (3)), using the 

forward vector meson photoproduction cross sections from Figs. 9 and 10. 

The shaded area covers the extend of measurement errors. Agreement is 

found with the shown measurements of o tot(w) using the indicated value of 

~:/47r. The level of p’, o” and 9’ contributions is shown separately at 

N 6 GeV. 

12. The n+n- mass spectrum’from rp -p n+?rL by the laser induced linearly 

polarized photon beam at (a) 2.8 GeV and (b) 4.7 GeV. The superimposed 

curves are from a maximum likelihood fit to the Dalitz plot distribution 

including p” , A* and phase space indicated contributions (Ref. 11). 

13. The n+n- mass spectrum, from a bremsstrahlung photon beam with a streamer 

chamber experiment (Ref. 14); (a) the r+n- mass distribution fit to p” produc- 

tion and an interfering TT background, (b) the variation in the slope parameter 

B as a function of dipion mass. The curve is from an interference model 

(Ref. 13). 
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14. 

15. 

16. 

17. Parity exchange asymmetry distribution as a function of t, in p” photo- 

production at (a) 2.8 GeV and (b) 4.7 GeV (Ref. 11). 

18. Behavior of the statistical tensor in w-+‘p as compared with a quark 

19. 

,I 

20. 

21. 

22. 

23. 

Vector meson decay analysis coordinate system in linearly polarized photo- 

production. 

Correlation between p” decay plane and photon polarization - the +!I distri- 

bution and, distributions in the polar and azimuthal p” helicity frame angles; 

data from the laser induced linearly polarized photon beam (Ref. 11). 

p” photoproduction polarization asymmetry measurements (a) at 2.8 GeV 

(Ref. 11) in comparison with the data of (Ref. 16) at 2.25 GeV and (b) at 

4.7 GeV, photon energies. 

model prediction of Ref. 17, in the helicity, Jackson and Adair reference 

systems (Ref. 11). 

The n+n”?r’ mass spectra from w -p7r’n-lr” (a) at 2.8 GeV average energy 

and (b) with a restricted selection on the reconstructed photon energy, 

(c) at 4.7 GeV average energy with a, similar selection in (d) (Ref. 11). 

Measurement of the parity exchange asymmetry in w” photoproduction 

(Ref. 11). 

Compilation of differential angular distribution measurements at 5 GeV, 

in single pion photoproduction channels. 

Measurement of w - n+n differential cross sections at photon energies 

3.4, 5, 8, 11 and 16 GeV, the curves drawn are merely to guide the eye 

(Refs. 19 and 20). 

The ratio of n- to n+, single pion photoproduction on deuterium at the 

indicated photon energies (Refs. 19, 21 and 22) ; the curves are from a 

theoretical calculation (Ref. 29). 
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24. (a) p” spin density matrix element ratio pl-l/pll, evaluated in the helicity 

reference system (Ref. 26). (b) VMD prediction of the lr+, 7rS averaged photo- 

production’s polarization asymmetry. pl,l/~ll ratios from 4.0 GeV 

T-P -) p’n, evaluated in the proposed transversality system (Ref. 26)) for 

VMD comparison with current experiments (Refs. 27 and 28) and theoretical 

calculation (Ref. 29). 

25. VMD predictions from Eq. (10) and p” spin density matrix element evaluation 

in the transversality system, in comparison with 7r’, 7r- averaged photoproduc- 

tion cross sections (Refs. 19 - 22). (a) at 3.4 GeV, by photons linearly 

polarized perpendicular to the production plane, (b) at 3.4 GeV and (c) at 

5 GeV both by unpolarized photons (Ref. 26). 

26. Measurement of u-channel w -7r’n differential cross sections at the 

indicated photon energies, E (Ref. 32); the curves are from a phenomenological 

description where Regge poles for A, Na and Ny trajectory exchanges are 

fitted (Ref, 35). 

27. Measurement of u-channel w -no p cross sections (Ref. 33) and fits to the 

data in a Regge trajectories exchange calculation (Ref. 35). 

28. (a) u-channel cross section of 4.0 GeV dp-P’n, obtained by maximum 

likelihood fits to processes in the n-p --n+n’n data. (b) Evaluations of the 

transversality condition’sdynamical rotation angle $, to suppress the p” 

polarizations admixture due to the spin density element plo, in n-p -P’n. 

(c) Measurement of the p” spin density matrix eigenvalue pl1 + plml. E is 

the eigenvalue ratio as evaluated in the transversality over the helicity systems. 

(d) Vector Dominance Model representations of the polarization asymmetry 

in the isovcctor part of u-channel w- n+n, as determined by 4.0 GeV 

T-P --p’n data. The ratio pl-l/pll is measured in the transversality 

system of pots (Ref. 34). 
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29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

(a) u-channel differential cross section of 4.16 - 5.23 GeV w - r’n 

(Ref. 32) data, energy extrapolated to 4.0 GeV. (b) Percentage contributions 

in the cross section of u-channel s - r+n at 4.0 GeV of amounts due to 

A-exchange, N-exchange (NQr and N 
4 

and their interference, as parameterized 

in Regge pole fit from Ref. 35. 

(a) VMD prediction, on the isovector part of u-channel “/p - n+n by photons 

linearly polarized perpendicular to the production plane, at 4.0 GeV. 

(b) Behavior in the isovector part of u-channel 313 -7r’n by unpolarized 

photons at 4.0 GeV from VMD application to transversely polarized pots 

in r-p--pan (Ref. 34). The solid curve is abstracted from the isovector 

part of A, No! and NY Regge pole fits(Ref. 35) to w-r’n and ~-7r’p 

data, using Eq. (13). 

Compilation of crtot(w) measurements (Refs. 4, 5, 7) in comparison with a 

VMD-quark model relation, shown on the figure, using measurements of 

7r+p and n-p total cross sections. 

Relative comparison of two-body photoproduction channels’ differential , 

cross sections. 

Measurements of w-- n-A* differential cross sections at the indicated 

photon energies (Ref. 38)) in comparison with the behavior in rp - Ir+n 

(dashed lines). 

A-photoproduction differential cross sections at 16 GeV. The 9 values 

are obtained from deuterium and hydrogen target subtractions (Ref. 39). 

The deuterium to hydrogen ratio in A-photoproduction at 16 GeV (Ref. 39). 

The lines indicate expected behavior in isospin 1 exchange for these processes. 

Behavior of the II- to nf ratio in A-photoproduction at 16 GeV (Ref. 39). 

The solid line, shows for comparison, the 7~~ to n’ ratio in single pion 

photoproduction. 
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37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

The average of A- and A* photoproduction differential cross sections 

(Ref. 39). Cross points are VMD predictions from r+p---p’A* data 

(Ref. 41), neglecting s-to-u channel crossing effects. The smooth curve 

is the VMD prediction from the same data, taking into consideration inter- 

ference effects in such channel crossings (Ref., 40). 

The momentum transfer dependence of Zeff = cr(yA- r’A*)/cr(+).p--Ir+n) 

at 3 and 16 GeV, in comparison with the Fermi gas model with a 260 MeV/c 

cutoff (Ref. 46). 

Predicted energy dependence of Zeff as a function of target elements 

according to a two-step absorption process (Ref. 43a). 

Measurement of the Z-dependence of Zeff at 8 and 16 GeV and the indicated 

momentum transfer values (Ref. 46). The curves are calculated according 

to Ref. 43a and normalized at each t-value to the carbon data. 

Behavior of the A-dependence of [a(yA --nA*)/N]/ [u(yA - n+A*)/Z] 

where N and Z’ are the neutron and proton numbers in a nucleus (Ref. 46). 

Measurements of the ratio (r ,&yA)/A otot(w) (Ref. 5), in comparison with 

an optical model calculation (Ref. 43~) for the given values of ctot(~‘p). 

Measurements of the ratio (+ tot(~A)‘utot tw) (Ref. 5) l 
The solid line is 

the expected behavior if photoabsorption proceeds entirely by nuclear 

volume effects. 

Single and two-step amplitudes, Ml and M2 , representing several nuclear 

photoabsorption processes. Mi (VMD) are the V&ID amplitudes neglecting 

q2 dependences; these effects are considered by the.factors Cik, discussed 

in Ref. 44. 

Isobar electroproduction cross sections normalized by ep elastic scattering 

cross sections at the same q2 values (Ref. 51). Tho curves are from a 

relativistic gauge-invariant model (Ref. 55). 
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46. Inelastic ep scattering cross sections as a function of the final state hadronic 

mass W, at 8 = 6’ and E = 10 GeV; (a) before and (b) after radiative correc- 

tions . In (a) the elastic ep scattering peak is shown, reduced by a factor of 

6 and the dashed curve represents the radiative tail due to elastic scattering; 
,. 

(c) the cross-sectional ratio radiatively corrected to that uncorrected 

(Refs. 50 and 54). 

47. Radiatively corrected, inelastic ep scattering cross sections as a function 

of W, at the indicated laboratory scattering angles and incident electron 

energies, covering the q2 range of (a) 0.2 S q2 I 0.5, (b) 0.7 I q2 2 2.6 

and (c) 1.6 I q2 5 7.3 (GeV/c)2 (Ref. 50). 

48. Inelastic ep scattering cross sections at E = 13.51 GeV and 8 = 6’ 

(0.7 < q2 C 2.6 (GeV/c#) (Ref. 50)) in comparison with VMD predictions 

of Ref. 52. 

49. Inelastic ep scattering cross sections at E = 17.65 GeV and 8 =lO 

(1.6 < q2 5 7.3 (GeV/c)2) (Ref. 50). The curve drawn is the VMQ prediction 

from Ref. 52. 

50. The functional behavior of v W2 vs. the scaling variable o = 2Mv /q2 at 

6 = 6’ (Ref. 51). (a) For q2 > 0.5 (GeV/c)2 and assuming R = CL/aT = 0; 

(c) assuming R = = ; (e) for q2 S 0.5 (GeV/Q2. 

51. The behavior of v W2 as a function of w at 6 = 10’ and q2 > 0.5 (GeV/c)2 

(Ref. 51); (b) assuming R = 0 and (d) for R = 0~ . 

52. Examination of q2 dependence in the VMD parameter t(K), the vector-meson- 

nucleon cross-sectional polarization ratio at ep deep inelastic scattering 

regions (Ref. 51). 

53. (d2c/dE’dQ/(do/aQMott q2 dependence for fixed. W values. The curves 

drawn through the ep inelastic scattering data are merely to guide the eye. 
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