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Since most of the current investigations at SLAC are relevant in one way or
another with the Vector Meson Dominance1 model, 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 intéresting Seminar, perhaps such a sum-
mary of several topics can serve the purpose of showing us where current VMD
coﬁcepts 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) o tot('yp) and the forward vectox;“meson photoprodﬁction Cross
sections; (b) -vector meson photoproduction by linearly polarized photons;

(c) single pion photoproduction in the t-and u-channels and 77p— pon; @ t-
channel A-photoproduction and 7r+p — poA'H; (e) A-dependence of Tio t('YA) and

o(yA— mA); and (f) ep inelastic scattering processes.

I. —qtot( +p) 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 yp 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 béam

An almost monochromatic and polarized photon beam is prepared based on
an investigation done concurrently at Yerevan (F. R. Arutyunian et al 2) and
Tufts University (R. Milburn3). A high energy electron beam (up to 16 GeV) is
intercepted over a distance of 5 meters and at an angle of ~3 mrad by ruby laser
light (6943 ng, 1.786 eV, 2 joule maximum output, 50 nsec pulse lengths). The
backscattered Compton radiation is collimated to an angular definition of 10_5rad.
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When the laser light is polarized, a few hundred almost monochromatic and

~ 95% polarized, high energy photons are obtained by 1011 electrons in a 1 usec
pulse.. Howeve.r, due to the laser cooling requirement, this beam is available
only for 2 pulses/sec. This rate matches well with the detector cycle time in
our experiment4 — a 2-meter hydrogen bubble cham_be‘f. Figure 1 shows the
experimental beam layout and the photon energy specffa, obtained from kine-
matical fits to e+e' pair-production events and those from the reaction -yp-_—p1r+1r_
(shaded histograms). Using the e'e” pairs as a re‘liable photon flux monitor,

the count of hadronic events yields the following total cross sections, at three
separate photon energy exposures:

at k‘y= 1.44 2.84 4.66 GeV
O'tot(-yp) =145.1 £ 5.7 131.3+ 4.3 124,2 + 3.9 pub

B. Tagged photon beam

A tagged photon bear;l 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
countér telescopes with known momentﬁm-to-space correlation. The emitted

photon energy is found by k'y = Efn - Efm 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 cén be recorded during the short pulse length of

this accelerator, thus limiting the experimenters to use only about 1000 photons/sec.
Once the presence of aknown energy photon is indicafed 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 o-tot(yp) measurements5 are dis-
played in Fig. 3. From this experiment it is seen that the total hadronic yp
. cross section drops with energy in a very slow manner to a value of 113 * 2.5 pb

at 16.5 GeV.

c. q2~———0 extrapqlation from inelastic ep scattering

A third and a new;yer method of measuring ‘&tot(yp) consists in extrapolating
the inelastic ep scattering differential cross sections to correspond to zero mass
for the exchanged virtual photons. Under the single-photon-exchange as‘sumptiori,
the inelastic ep scattering cross section is related to the total hadronic cross

sections by virtual photons in the following representationG:

2 .
dgdg' (ep_’we') =F(E: E':e) [O'T(qz’w) + EO'L(quW)] (1)

where the virtual photon spectrum is measured by

F(E,E',o - 2 _.IS) E_' 2 ' (
)= 2 (qz (%) % 2

Here, the virtual photon polarization parameter is given by
1

2
v 2 2)
1+2(1+——2>tan (2

q

e(E,E'",0) =

where q2 = 4EE! sinz(e/ 2), is the virtual photon mass squared, with energy

v =E-E' and 6 is the electron scattering angle in the laboratory system. The
effective mass of the final hadrons produced in this process is W = (M2+2Mu -qz) 1/2
and the corresponding real photon energy to produce such a final state is

K= (Wz-Mz)/ 2M. In Eq. (1), O'T(qz, W) is the total P hadronic cross section

by virtual photons polarized transversely to their momentaq and in the limit

of qz--O, this cross section becomes ortot(yp) with center-of-mass energy W.
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Accordingly, O'L(qz,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 qz—-—O extrapola%ed- points. From several such
measurements and fits, the above relations are used to obtain values of T otl7P)s
as a function of W. Figure 5 displays the results of this experiment. 7 At lower
center-of-mass +p energies a rich structure is seen due to isobar formations,
very much like the mp total cross sections. |

Now we discuss recent SLAC measurements of the forward vector meson
photoprodﬁction cross sections; of particular interest to VMD applications are
the zero momentum transfer extrapolated values which are equivalent to Compton
scattering: %% (yp—-VOp) att = 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 smoothbackground levels and the amount of
each particle's production is determined. Corrections are made also to account
for the w° contribution under the po step size. In this experimen‘c8 measure-
ments at t values of less than 0.1 or 0.2 (GeV/ 0)2 are not possible. For this
reason, the authors have searched for a reasonable functional representation
to fit to the t-distribution data with a minimum number of parameters and thus

to obtain the t=0 cross sections. Such a representation may be obtained by
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Y
connecting the Vop elastic scattering cross sections with quark model relations9
. which relate to mp and Kp elastic scattering measurements. Therefore, in such

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

o .
once the 4~V coupling constant is known in the relation
72 -1
do 0 a ( V) do ,.,0 o
a& P=VP =7 \zz/ @Vp=VDR -

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 evaluatione obtained from measured mp elastic
cross sections inserted in the VMD/quark-model relationship given in this figure.
The constant C p 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 ¢° 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 p0 photoproduction in Fig. 9 and those for «° and ¢°
photoprodection 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 Wes shown that the forward po photoproduction cross sections
behave very much like the mp elastic cross sections in their energy dependence.

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

10

in one of our recent studies.” Thus, the total hadronic +p cross section is




related to forward vector meson photoproduction by:

- 9

-1
1 do o
o, () = \/41ra ¢ = (Pp—V_ D) e (3)
tot 2 dt t _
1+ t=0
'S »

where ﬂv is the ratio of real over imaginary parts of the scattering amplitude
A(yp —V°p) at the forward direction and Vg is the part of transversely polarized
vector meson. However, experimental observation shows that, in the forward
d1rect10n, the transversality requirement in v?is already satisfied and need not

be imposed by a transversality pr¢ 1 other cases. That is, in the

forward direction, the vector mesons maintain the physical photon polarization
of A=« 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 ir}vestigated 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 + -g—lll-) multiplying the factor (1+ 3‘2’)
in the denominator. Here 4 (oj,) 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 o .(y0) 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. (8), with all experimental errors taken into consideration

(open circle points). In this calculation the w® and qbo coupling constants are
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held fixed to the values of 'yczo/47r =3.70 = 0,70 and -Yj)/am = 2.75 + 0,40 and

Y is varied to seek an agreement. The result is a value of 'yfz) /4T = 0.40 if the
¢° phase is additive and 0.35 if otherwise. In this Seminar, J. E. Augustin
presented the recently updated Orsay résults for these coupling constants, where
the photon is on the vector meson's mass shell. The changes are in the p0 and
¢° values; the colliding beam experiment improved values are

72/417 = 2,88 + 0.23 and from p° leptonic decays, -yi/41r = 0.46 + 0.04.

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, ~v95%
at 2.8 GeV and ~ 93% at 4,7 GeV photons. Here, we discuss some of the inter-
esting preliminary results11 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 polariéation direction.

The vector meson photoproduction reactions are isolated among the topologi-
cal 3-prong events. After frack geometrical reconstruction and kinematical fits

the following final states are categorized

(2) vo — p7r+7r_
(b) ~vp— prT (4
(©) -~ ywp—pK'K”




Figure 12a, hew w sctive mass spectra from reaction
at 2.8 and 4.7 GeV photon energies, respectively. po 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~Wigner resonance shapes for A and
tor™ of (m /m o
[ o’

modifies the po shape to account for the unsymmetrical resonance form. To

explain such a form, an interference model has been suggested13 where in addi-

t

s AN
11e
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irectly to pion pairs and where one of t

o

tion to po formation, photons couple
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 po region. As shown in Fig. 13, supporting
evidence for such an 'interference model is found in a streamer chamber experi-
men’c14 using a high energy bremsstrahlung beam. The effect of such a model

on po region decay distributions is negligible and better data are required to
eétabli_sh uniquely the existence of interfering diégrams, 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 'yp—'Vop contains the x-z axes, and the decay polar and azi-
muthal angles, with respect to the quantization axis, are § and ¢. The angles
¢ and Y 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 generallo normalized functional-form, specifically, for




linearly polarized photons:
1 3 0 1 0 2
10,¢,9) =57 * 27 {[2 (1 80)) ty <3p§)0) —1) cos” 0 p( 9 sin%o cos 2¢

-2 \/é Rep(l%) sin 6 cos 6 cos ¢]

- P cos 29 [pgo) cos?g + p( ) sin%9 - p( )1 sin0 cos 2¢

-2 \/— Rep(l) sin 0 cos 6 cos ¢]

+ P sin 29 [Imp(lz__)1 sin?0 sin 2¢ + 2 V2 Imp(lzo) sin § cos 6 sin qb}}

In this representation, pg?) 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

Z » and the parity exchange asymmetry P

(1, (1)

5 %% _PutPia
’ o, +0, (0) (0)
P11 * P11
and ' (5)
g, ~o
P ¢ (1)
Py = o, +0o_ —2p1_1 Poo

where o +(ch) is the cross section for p — VO due to natural (unnatural) parity
exchange mechanisms.

The expected strong decay correlations are examined in Fig. 15, where it
is seen that the po decay plane is mostly oriented along the beam photon electric
polarization direction, as expected from a predominant diffraction mechanism.

Figure 16 shows the existing measurcmentsll’ 16 of Z , in 9p ———pop, where a
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asymmetry in reaction (4a), between natural and unnatural parity exchange
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
1T A , 18 2 , ‘e
requires™ that the statistical tensor ImT2 vanish, when the photon polarization

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

is well satisfied. This statistical tensor is measured by the expectation value
of: -5/4 {sinZ6 sin 2 ¢ . |

The w° photoproduction properties are studied by the analysis of reaction (4b)
events. F.igure 19 displays the T 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 p0 photoproduction. For example, the distribution in the angle
Y is found to be flat and the deduced parity exchange asymmetry P =0, as
shown in Fig. 20. This indicates that natural and unnatural parity exchanges
contribute about equally in 4p ———wop dynamics. In constrast fo po photoproduction,

at these energies «° 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 ub or ub/ (GeV/c)z.
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k =2.8GeV k =4.7GeV
v ¥
YW—p P
i ' o 20.1x 1.2 15.2+ 0.7
do/dt at t=0 151 15 115 10
(4]
w—wp
o 4.2 0.5 2.4 0.4
Gdiff 1.1+0.5
(d0/dt) 4; ¢ 8E =0 11.0 £ 4.0
[¢]
w—¢p
o 0.33+ 0.13 0.45% 0.16
-
w—p A
o 1.7+ 0.7 0.7+ 0.3
I,y (MeV) OPE deduced: 0.14 + 0.06
1.18

r c‘),,r'y(MeV) world average:

II, Single Pion Photoproduction and 7 p—p°n

Single pion photoproduction and po pion production arel processes which can

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

the reaction

7 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 vy—to—po transition can take

place, with a definite coupling constant y§/47r, on the transverse polarization
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components of the po. In such a transition, q2 dependent effeéts, 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 fake
the point of view that a geometrical solution may be obtained to account for this
effect. Such a solution would be helpful to arrive ét a more complete theoretical
understanding where q2 extrapolation effects, possibly in correlation with W ,
the to,tai center-of-mass energy, are explained.
A. t-channel
The isovector photbn contribution can be isolated by taking the cross-

sectional average of 7 and 1 photoproduction from the reactions:

p—11n | (0

and

-

yn— ‘n'—p (8)

i

In one-pion-exchange, the photon isovector and isoscalar amplitudes, AV and AS’
in reaction (7) are in the ‘AV + As!z combination and in reaction (8) in the

lAV - As|2 combination. Therefore,' the average of both cross sections, removes
the unknown interference term and measures the predominant lAVlz. Earlier, in
Fig. 11 we observed the relative level of IAS|2 and |AV|2 contributions in 'y—VO
transitions and found that experimentally |Ag /AV‘Z ~ 2%.

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

o —7p ®
differential cross sections. TFigure 21 shows 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 iﬁ Fig. 22, at higher energies there are three

19, 20

different exponential slopes in the momentum transfer distribution. 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
phofoproduction both by uhpolarized and linearly polarized photons. Figure 23
gives the measﬁrements of 1r_fto—1r+ photoproduction ratio on deuterium, 19,21, 22
R; this ratio is used in extracting the reaction (8) differential cross sections by
o =Ro .

As a measure of the isovector photon amplitude, the available dafa is
utilized to form the 7r+—1r——averaged differential cross section,
1/2 [0 (yp— 7r+n) +o(yn— 7 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):

-1 9

o 0% p,”.- E(s ) do, -~ 0 v
p c.m. P p

Here, E(s) is the cross-sectional energy dependence of reaction (6), and P o is
the p0 transverse polarization projection. The spin density matrix elemenf of the
p°, | pik(t)’ are deduced from an analysis of the po decay distributions. As such,
the transverse polarization projection Ppo is equal to the element P11 when the
correspondence is with pion photoproduction by unpolarized photons. Also, the
combination of spin density matrix elem -its of P11 Py describes a vector
particle's transverse polarization state ..erpendicular to the production plane
and similarly, P11~ P11 describes the state with transverse polarization parallel
to the production plane. Therefore, another VMD relationship can be constructed

which relates the measurement of pion photoproduction polarization asymmetry,

Z ={o, “‘Tn)/(ol +07), from reactions (7) and (8) with the spin density matrix
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elements of po's from reaction (6):

At ry = et + Rw‘{gr‘*) Ton—rp 11 gy
1+R(w /7)) P11

The prevailing question in all of this is: in which reference system these
po spin density matrix elements Pix must be evéluated, so that only the physical
photon-like properties are abstracted. Earlier, 1;he helicity reference24 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 considera.tionsz"r> have shown, that the unique choice of the
helicity frame for po’s, a priori, is not weil justified. That is, for VMlj appli-
cations a criterion of choice on the quantization axis does not exist free of addi- -
tional assﬁmptions, where this axis lies in the production plane of reaction (6).
In one of our recent studie526 we have shown that the density matrix element
evaluation in the p0 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 po
spin density matrix elements in a system where thé element P10 is suppressed
by a unitary transformation. This is equivalent to a dynamical rotation of the
quantization axis within the production plane. The element P10 describes the
quantum-mechanical admixture of transverse and longitudinal polarizations.
Further, such a unitary transformation was g:-ener{«lliz-.ecl2'6 to account for the large
s-wave interference contributions in the po region, so that these could be handled
directly in the po—region decay angular -distri:butii.oﬁ analyses. Figure 24b shows
the resultant a.g;reement26 in this transversali"cy system, with the available data27"’ 28
and a theoretical calculation. 29 Equivalently good agreement is found in this

system, in the VMD predictions of Eq. (10) when compar-ed26 with linearly
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on Fig. 25. This agreement is reached with a ¢~p coupling constant value of
y?)/‘lﬂ' = 0.40; a result similar to that found in Fig. 11.
We may expect that a proper dynamical q2 extrapolation in correlation with
Y7 /—: ol A 5 . TR v
= ¥y 5 Shoulu reprouuce i
a model dependent investigation which is good in the forward direction30 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 w
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 thisvdynamical coordinate ro-
tatioﬁ is equivalent to the proper q2 extrapolation, then we may predict that at
very high energies ( 2 16 GeV) the measurement of the element P10 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 7 backward scat-
tering from reaction (7); and in another, 33 the 20 GeV/c speotromefer 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)z. 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 (8) measurements make it difficult to constrain the various possi-

bilities. Ilowever, we propose to use VMD predictions from the above expression
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(10) and u-channel data3 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 reacﬁon (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 résults 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 specificélly, make a direct test on a phenom-
enological description35 where Regge poles for the A, Noz and N'y 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 slame Regge poleparameterizations. In all cases, adequate descriptions
are obtained, out to values of |u] < 1.0 (GeV/c)z. We now present our analysis
for the u~-channel properties of reaction (6) which are relevant to this investigation,
Figure 28a displays the u-channel differential cross Section, where the backward
peak has a value of 64.5 + 12.9 pb/ (GeV/c)z. The po spin density matrix elements
are determined again in a complete transversality system. Figure 28d gives the
ratio pl-l/pll which in VMD represents the behavior of the isovector part in the
cross-sectional polarization asymmetry Zv’ for yvp~w+11,

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 c¢an be decomposed in terms of I = 3/2 and
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I = 1/2 u-channel baryon exchange contributions. Thus,
A(yp— 7' n) = /1/3 Ayls,,3/2) - /2/3 Av(é,u,l/Z) - V/2/3 Ag(s,u,1/2)
A(yn—7"p) = /1/3 A(s,4,8/2) - /2/3 A (s,u,1/2) + J2/3 Ags,u,1/2)  (12)
A(')/p-—~7l'op) = \/27_3 AV(s,u, 3/2) +V1/3 AV(s,u, 1/2) - \/% As(s,u, 1/2)

In any phenomenological para1neterization35’ 3

6to 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, 1 =1/2 exchanges and their interference.
The normalized contributioﬁs are designated in an obvious notation by: I A(s,u) )
IN(s,u) and I AN(s,u), whgre the sum of these is unity. A free parameter in such
fits is 8, the isoscalar over the isovector parts in the I = 1/2 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. (10), by the following relation:

| L(w I,.(u
%—&’ (v,p— ') = g_g (yp—1'm) |1 A + (1:+8)2 + ff S (13)

From the isospin decomposition in (12), the phenomenologically parameterized
value of & is expected to be a negative fraction.

In Fig. 29a the u-channel differential cross section of reaction (7) from
4,16 - 5.23 GeV photon energies32 is shown, where we have made an energy
extrapolation to 4.0 GeV using the experimentally determined32 energy dependence
of k_3. In the absence of any isoscalar photon contribution, that is with A-exchange
dominance, the VMD prediction from Eq. (10) should agrce with the results in this

figure. The presence of large N-exchange contributions enter subtractively in the
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I = 1/2 parts of the scattering amplitude and cause a relative debression in the
u-channel cross section of reaction (7) with respect to the isovector VMD pre-
dictions of Eq. (10). Figure 29b shows the norrhalized fractional contributions
in the u-channel cross section of reaction (7) due to A-exchange, N-exchange

(N o and Ny) and their interference, from a specific Regge pole phenomenological
parameterization35 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
Y —7'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 yp—-»7r+n agrees well
with VMD predicted isovector cross sections, in the u range of lul < 1.0 (GeV/ c)2.
Again, the agreementis ob‘ca.inedg4 with a value of Yi/ 47 = 0.40.

A direct comparison,' between the VMD points in Fig. 30b and the ¢p — 7r+n
cross-sectional measurements in Fig. 29a, indicate the presence of large con-
tributions from I = 1/2 u~channel exchanges. Since a large value is required for
the N’Y trajectory resiglue function, 38 over that for the Noz trajectory, our com-
parison in Fig. 30b together with this, implies a strong coubling of N7(1512) with
the isovector y-nucleon channel. In VMD, this is equivalent to a strong coupling
of N'y(1512) with the Virtual—po—nucleon system. All of these implications become
significantly interesting when the measured O'tot(yp) cross-sectional energy
dependence is examined, in comparison with measured 7r+p and 7 p total cross
sections. Combining VMD and quark model predictions37 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 rheasurements of 7r+p and 7 p total cross sections and the v=p
coupling constant with a value of -yg /47 = 0.40. The agreement between this

curve and the measured TiotlyP) values is excellent, except for the Ny(1512)
region. The O'tot('yp) energy spectrum has a large over enhancément at the
N’y(l512) region, in support of the prgdominént N'y(1512) coupling to the y-nucleon
channel. The indicated predominance of N,y(1512) coupling to the isovector---
nucleon (or virtual—po-nucleon) channel is an interesting phenomenon and requires

further detailed investigations, both theoretically and experimentally.

IV. A-Photoproduction and 7 p—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:

p—r A | (14)
has thev largest forward cross section. This cross section and its energy depend-
ence are measured, using the SLAC 20 GeV/ ¢ 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 results of an earlier measurement38
of reaction (14) cross secfions, 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/ 0)2. However at smaller t,
these A-photoproductioh cross sections rise sharply as elzt, where a maximum
value is attained at It! ~m;2r 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 reactions39

(14) and:
(a) =7 A’
(b) m—7 A | (15)
(© y—r'A

at 16 -GeV. The curves drawn on this figure are merely to guide the eye. The
cross sections for reaction (15b) and (15c¢) are obtained from deuterium to
hydrogen target subtractions. Figure 35 gives the deuterium—to—hydrogén ratio
for A-photoproduction with the same charged pions. If an isospin—oné si‘ngie par-
ficle exchange is the dominant mechanism in these reactions, then the ratio of
(15c) to (15a) should be 3:1, or equivalently, the deuterium—to-hydrogen ratio for
A-photoproduction with 7 's should be 4:1. Similarly, the same ratio with 7 's
should be 4:3. The results given in this figure indicate that the measured ratios
for the 7r+’s are not well satisfied by this reaction hypothesis, whereas those for
the 7 '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—iso&ector interference term is seen readily in Fig. 36.
Here, for comparison, the single-pion photoproduction 7 to T ratio (smooth
curve) is also given at 16 GeV. In VMD applications, the effect of these photon
isoscalar-isovector (or po-wo) 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, VMD comparisons cannot be made prior to an adequate dy-

namical description. This is due to the additional requirement, 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 i.s, 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 1r+p—~yA++ (in the s-channel) to 4p — N (in the u-channel). In this
case, it is the s~channel amplitudes that relate by VMD to the cross sections of:
@  wp=p’AT
and ' ' | (16)
(b) rp—wfatt |
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"‘1 of reaction (16) cross
sections and vector meson‘denSity matrix elements, assuming that 7, p, A 1’ A 9
and B trajectories could be exchanged.

In Fig. 37, the average of A~ and At photoproduction crovss sections is
shown. The crossed points are from a VMD prediction using the data of reaction
(16a), 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. 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
(1r,A1) , entering in reaction (16;1); 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 thé pion and photon initiated
reactions, that firm s‘tatements cannot be made, this example, reiterates the
necessity of having an adequate dynamical description prior to the VMD appli-

cation.

V.  A-Dependence of a(yA—7A*) and o, .(vA)

The. sﬁxdies of photon transmission through nuclear matter and high energy
photonuclear processes have paused as a éhallenge to both theoretical and experi-
mental investigations. The measurements of photon initiated proéesses on com-
plex nuclei havé 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 ¢p cross-sectional values, implies a nuclear mean free path of 700-
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 iﬁ the interaction processes and the rest of the nucleus is
overshadowed by the surface nucleons. In this case, a surface dependent photon in-
teraction rate is obtained which is proportional to A2/ 3. However, 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"‘2 itself naturally

y—V° with = 2%(r").

The photonuclear absorption problem is complicated further by the presence

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

44

function of energy; (b) q2 extrapolation effects™" in such two-step processes

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

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

this Seminar, K. Gottfried presented in detail some of these issues.
Récently, SLAC cross~-sectional measurementsf"6 of single pion photopro-

duction processes on complex nuclei:

YA — TEA* . (17)
where rﬁade, ét 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 priniarily 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 + 40 MeV/c in this value results to a systematic change in the

cross-sectional values of +16% at t = -0.45 and +1% at t = -0. 01 (GeV/c)z.
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Figure 38 shows the momentumktransfer dependence of Z g g which is the
differential cross sections ratio, of single pion photoproduction from complex
nuclei to that from hydrogen. The value of Ze i 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, wilth a 260 MeV/c
nucleon momentum cutoff value. The measurements of Zeff 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
Zeff from this experiment, for 7r+ 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 Zeff measurements,
at each momentum transfer value. The 1~ photoproduction cross sections are
measured also at 16 GeV. On Fig. 41, the 7r'/7r+ photoproduction ratios on
complex nuclei are given, where no statistically significant A-dependence is seen.
These ratios have the same levél as observed earlier from deuterium data.

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

%o t( vA), are measured in a counter arrangement experiment5 which we dis-
cussed in Section I. The A-dependence in these cross sections is also predicted%c
using the optical model, to describe the nucleus and assuming p-dominance,

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

from nuclear density parameters, the A-dependence is given in terms of the
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p-nucleon interaction total cross section, o-tot(pN). The A-dependence is dis-
played on Fig. 42, in the form of the measured cross-sectional ratios,

TiotlTA) /Ao-tot(-yp) . In this form, the A-dependence is insensitive to the value
of the coupling constant yﬁ/ 47 and primarily, it is a'fpnction of a-tot(pN) . The

43c with the

curves drawn on this figure are from the optic;al model formulation,
indicated values for O'tot(pN). Here, the best fit value is obtained to be:

O'tot(pN) =20.4 £ 2.7mb. The author55 have investigated the effect of a ~-0.20
fractional real part amplitudé contribution and find, that this influences the above
C’tot(pN) value, to within the quoted erro‘rs. Assuming p-dominance, and reducing

the measurements of a'tot(-yN) to compensate for the w® and ¢° contribut:ions,10

the rellation:
‘ . 72 -1 .
O'tot(yN)(reduced) = (%) Z% a-tot(pN) (18)

yields a value of yz/4vr = 0,38+ 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, o-tot('yA) /o-tot(yp) , measured at an averagé photon energy of
~ 13 GeV, fall below the drawn line of o7, (vA) /o-tot(yp) = A. A fit to these
measured ratios, results to an A-dependence of o-tot(yA), to be: AO' 90 at
~ 13 GeV k . A similar experiment from DESY,47 results to an A-dependence

Y
. :*: . V
0.95+0 02, at an average photon energy of ~ 5.5 GeV. Thus, in effect, there

of A
appears to be an energy dependence to the A-dependence. Such a phenomenon
follows readily from a recent theoretical investigation48 on the propagation of
photons, by V N. Gribov. Here, in the electiromagnetic interactions of hadrons,

the dependence on characteristic longitudinal distances or interaction duration
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times are examined and specifically, for the hadronic tofal photoabsorption on
nuclei, useful conclusions afe obtained, irrespective of vector meson dominance
assumptions. In this picture, photoﬁ propagation proceeds through fluctuations
between the state of the quantum and its virtual decays into hadrons, having some
characteristic mass u. If at som‘e lower limiting phqion energies, this fluctua-
tion time is 8 ~ 1/u, then at higher photon energies k, the duration in fluctuations
of y—hadrons —+, increases with photon energies and occurs in a time interval
of §~ k/uz. In terms of the bharge renormalization constant due to hadrons,
Z3, the quantity 1-Z 3.1 represents part of the time that the photon spends in the
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 in‘ceriral 3. The photon virtually decays into
hadrons and these hadrons interact with nucleons inside nuclear matter, with an
interaction mean free path . Let us consider first, a photon energy region such
that 6 < £. Here, crtot('yA) is defermined by: (a) the probability that a photon
hits a nucleus having a radius R (~ 7rR2) » (b) the probability that a hadronic fluc-
tuation takes place (~ C,, cf. a/4 (7§/4m~1,) and that, (c) this fluctuation occurs
inside the nucleus (~ Cyh * R/8), finally, (d) the probability that the created
virtual hadrons have sufficient amount of time, to complete an interaction with
any nucleons of the nucleus (~ 8/4).

Thus, crtot('yA) ~ 7rR2 . Cyh *R/& « 8/0 ~ C-yh 7rR3/2 ~A- o-tot('yN); in this
photon cnergy region, the hadronic total photoabsorption process takes place
throughout the nuclear volume. However, if the photon energy is now increased,

so that £ < & < R, then in the above, condition (d) is always satisfied and
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o-tot('yA) ~ C'Yh . 1rR3/8 ; which signifies that these volume effect cross sections
decrease as the photon energy increases. A further increase in the photon energy,
- increases 8 proportionally, to bring in a regime where 8 2 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
~ "’ will collide with the nucleus, with a cross section ~ 7rR2. Hence
o-tot(-yA) ~ C »h . 7rR2, and as a function of photon energies, nuclear volume
effects diminish and' surface effects dominate. Thei'e exists a further condition
of applicability, due to the convergence requirement in the photon propagation's
integral representation; it is required that 82 > RE. For example, in this case, ‘
if the characteristic hadronic mass p, in photon fluctuations, is taken to be
~my and ¢ ~ l/mﬂ,, then surface effects in Tiot(7A) begin to develop, only after
10U GeV photon energies.
Gribov's asrguments"‘8 are in agreement with the discussed experimental
observations. And a current proposal, 49 to carry measurements of O'tot('yA) at
Serpukhov 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 the 8 and 20 GeV/¢ SLAC spectrometer systems and, comment on VMD

52,53

related comparisons.
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Several correction factors enter in the final experimental determination of

the double differential cross sections, dzo'(E, E',0)/dE'dQ 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 usec beam pulse. The incident electron beam cur-
rent is measured by induction toroid and secondary _enﬁssion monitors (~ 0.5%
uncertainti‘es) . Scattered electrons are separateéi from pions by shower and
total-absorption counters ('T' 88% detection efficiency). A 7 cm liquid hydrogen
target is _used and, by a separate detectionlsystem, the tafget density reduction
due to beam localized heating is determined (a correction factor that varied from
~ 4 to ~ 13%). An empty target subtraction is required (~ 7% correction). The
effect of eiectrons produced from ° decays and subsequent pair productions is
determined by observing et yields (< 15% corfecti_on) . Finally, the data requires
. a complete understanding of radiative corrections54 due to (a) internal and ex-
ternal bremsstrahlung, single and multiple photon emission (~ 2% corrections)
and (b) the contribufions 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 secﬁons, 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-

(9}
(1]

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

:
v .

ine); (b) the radiativel
of radiatively corrected to uncorrected cross sﬁectic.ms..’ 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

regions of: (a) 0.2 < q2 0.5, (b) 0.7< q2

< 2.62and (c) 1.6 < g2 < 7.3 (GeV/c)2.
These resultls cleaﬂy show that the isobér formation cross sections rapidly
diminish as q2 increases, whereas the inelastic continuum region of large W

has a much weaker form factor dependénce on qz.

Deep inelastic ep scattering cross sections are discusseds6 in terms of the
structure functions Wl(qz, v) and Wz(qz; v), given in »the relation:

dg,i"(') = 4"‘2:3'2 cos” 2 [Wz(qz,v) + 2w (a%,v) tan® —g] (19)

assurﬁing 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 yp cross sections by transversely

T e e
poi '

and longitudinally polarized massive photons:

2 K 2 ’
W.(q",v) =—5— o, (Q%,v)
1 H] 471.2& T )
(20)
K q2

2
Wald ) = 2
4" q" + v

3 <0-'Il‘(q2’ V) >+ O'L(qz, v))
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where K =» - 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:

Wl(qz’ v)y—v O.T(qz» v)
| (21
vwz(qz, vy—~q” (O’T(qz, v) + UL(QZ, v))

Experimentally, using Eq. (19), the structure functions W1 and W2 are separable
at the crossing points of two fixed @ lines, on the (v ,qz)' kinematical plane. The
method of separation is the same as for the nucleon form factors in elastic
scattering. ‘

The fuxictional behavior of ¥ W, can be investigated by:

2

a2 2 -1
2 . _  d%/dE'dQ 1 v 2 9 )
sz(q V)=V @o/a0. . d‘Q)Mott 1+ TR {2 (1+ ———qz) tan 2} (22

where, the sensitivity on R = O'L(qz, u)/o*T(qz, 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 VW2(q2, V),
by the extreme assumptions of R=0 and R=%. Bjorken originally suggested, 54

that in the deep inelastic region (q2—>°° but q2/ v finite), the fuﬁction sz(qz, V),
‘shéuld exhibit the property of scale invariance, by é dependence on only a single
demensionless variable w = 2My /qz, instead of the two independent variables q\2

and v. Also, based on different arguments, 52,58

the universal function VW2;
at large w'limits, is expected to approach a constant value.
Specific VMD predictions are given by Sakuraisz on the q2, v dependences

of cross sections. We list these and discuss the comparisons with experiment.
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The virtual photon cross sections entering in Eq. (1) are given as:

2 e\? gz ’ PP
Tpld,v) =(F) 2 2) 71 ®
o) \a“+u @
R e/ 2 V2 xe ]
oL@ ’”)=(r) (‘E’L‘z> 2 (8) sw0ofPu
\'p/ \a“+u®/ u

Pp
T(L)

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

where u = mp and o (K) are the vector-meson-nucleon total cross sections

to the vector meson vline-of-ﬂight (helicities+1) and L for polarization vectors
parallel to the line-of~flight (helicity 0); ¢(K) = trip(K) /o-%p (K). Thus, asymptot~
ically, O’L(qz, v) ~ (l/qz), a'T(qz,V) ~ (1/q4) and their ratio R, varies as q2 for

fixed w:

2
op@”w) 2 1\2
R= ———= @45 (1- 2 (24)
O'T(qz,v) “2 ( w)

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

functional behavior of VW2:

Wy gt o oo (1 5)

(25)
41°¢x .

Figure 48 presents thé 9 =6° and E = 13.5 GeV data (0.7 < qz < 2.6 (GeV/c)z),
in comparison with the VMD prediction, where a value of & (K) = 1.5 is used. The
cross sections at a higher qz range (1.6 < q2 < 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 inelastic ep cross sections.

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

behavior of vW, 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 sz points, from a q2 range of q2 >0,5 (GeV/c)2
are given, assuming R=0 in Eq. (22), whereas in Fig. 50c the same data are shown,

assuming R= . Figure 50e displays the v W, values, where q2 £ 0.5 (GeV/c)z,

2
under both R assumptions. Similarly, Fig. 51b exhibits the VVV2 behavior for
R=0, Fig. 51d for R=w«, at q2 values of q2 > 0.5 (GeV/c)z. Among thesé, the
best universal curve behavior for sz is shown in Fig. 51b.

In the R=r assumption (0L>> o-T), the v W_ measurements do not follow a

2
universal-cu;’ve. But, in the R=0 assumption (o-T > a-L), beyond a threshold be-
havior as a function of w, the VWZ estimates appear fo reach at the same value
(~ 0.3), when w 2 4. However, here the results indicate a downward slope in
VWZ, when w > 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 qu, in addition
to the scale invariance variable w, there exists a weaker q2 dependence, to be
taken into consideration specifically at high w values. A more stringent remark
applies with the expected asymptotic qz behavior of d'-T(qz, v). If on Fig. 51b,
already a scale invariant universal curve behavior is arrived, then TP,
VWZ(w) = const, and from Eq. (21) we obtain that O'-T(qz, v) ~ (l/qz); which is in
disagfeement 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 £(K), as a function of q2. The values of é(K)‘ increase51 hy
~ 50%, in the range of qz, from 1 to 4 (GeV/ c)z; whereas, it was expected52 that
¢ would not have a q2 dependence.

Finally, Fig. 53 exhibits the cross-sectional ovefall q2 dependence, in the
deep inclastic 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 21 (GeV/c)z, the ep scattering process ié entirely
dominated by the deep inelastic continuum where a much weaker q2 dependence
applies on the inelastic form factors. Moreover, this q2 dependehce 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 condition59 which implies that the form

factors are bounded by the point charge sc.attering cross section:

> —é— 51_(% (point charge)

E——c 2 2 dq

lim |do(ep) + dO'(en)J
dq dq

Also, on general considerations, Markov60 has remarked that at asymptotic
energies, the total cross sections from neutriné, electron or photon beams,
should have as lower bounds théir 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, MatiniaJ161 finds
that in ep inelastic scattering processes, among the dynamical variable depen-
dences of s/uz, t/IJ,Z and s/t, only the latter survive (cos Gt ~ 1:/\/—61—2_), 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 qz dependence in ep deep inelastic scattering; the higher is the

hadronic effective mass value, the weaker is the q2 dependence. 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 hadronié part of photon propagation and give .an energy dependence to the q2

dependence.
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5.

6.

FIGURE CAPTIONS

(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 ete”
pair-energy measurements and from events fitting the reaction yp-——pvr+1r'

~-

(solid histograms) (Ref. 4).

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

urément of a-tot('yA’). The counters AO d-éﬁne incoming photon beam angles,
82 detect presence of outgoing hadrons and S1 determines absence of vy or
e’e” pairs, in a given event (Ref. 5).

Measurements of oy ot(w), oy ot('yd) and the deducec.l 'o'tot("’n) using the experi-

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

oy ot('yp) obtained from an extrapolation procedure (dark points) using 6 =1. 5°

. . . ' . 2
ep inelastic scattering cross-sectional measurements, as a function of q°

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

a Wec,m, (Ref. 7).

Measurements of otot(yb) frofn 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 ei-rors (Ref. 7).

Subtracted proton yield curve in yp——px°, 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 counfs/hodoscope element/ 1011 equivalent quanta. The solid
curve is from a least square fit t9 the data; assuming 1r°, po, ¢° and B°

(resonant shape) production over a smooth background (Ref. 8).
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10.

11.

12.

13.

Momentum transfer distribution of do(yp —-pop) /dt at incident photon energies,
E 0° The solid curves drawn through the data points.are from the quark—VMD

relation, given on this figure, using 7r+p and 7 p measured differential cross
sections and setting the parameter Cp = 2.98x 10__3’ (Ref, 8).

Momentum transfer distribution of ~d0'('yp—,»¢°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 T p measured differential cross sections with the adjustable paiameter
setat C ;= 1.86 x 107% (Ref. 8).

Compilation of forward p0 photoproduction cross-sectional measurements

at the indicated laboratories and given detection syétems.

Compilation of forward «® and cpo photoproduction cross sections, measured
at the indicated laboratories.

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 0, ,t(¥P) using the indicated value of
yﬁ/ﬁkﬂ. The level of p°®, w° and ¢° contributions is shown separately at

~ 6 GeV.

The 7 7~ mass spectrum from +p —p T by the laser induced linearly
polarized photon béam at (a) 2.8 GeV and (b) 4.7 GeV. The superimposed
curves are from a maximum likelihood fit to the Dalitz plo;c distribution
including p°, A-H' and phase space indicated contributions (Ref. 11).

The 7 1 mass spectrum, from a bremsstrahlung photon beam with a streamer
chamber experiment (Ref . 14); (a) the nfvr- mass distribution fit to p0 produc-
tion and an interfering w7 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,

18.

19.

20.
21.

22.

23.

Vector meson decay analysis coordinate system in linearly polarized photo-
production.

Correlation between po» decay plane and photon poiarization — the i distri-
bution and, distributions in the polar and azimuthal p° helicity frame angles;
data from the laser induced linearly polarizc;d phbton beam (Ref 11).

p° photoproductioﬁ 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. |

Parity exchange asymmetry distributjén as a function of t, in p0 photo-
production at (a) 2.8 GeV and (b) 4.7 GeV (Ref. 11).

Behavior of the statistical tensor in yp——pop as compared with a quark
model prediction of Ref. 17, in the helicity, Jackson and Adair reference
systems (Ref. 11).

The 1r+7r"'7ro mass spectra from p — p7r+1r-1r° (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 yp——*vr"'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 ™ to 1r+, 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.

25.

26.

27.

28,

(2) p° spin density matrix element ratio pl-l/pll’ evaluated in the helicity
reference system (Ref. 26). (b) VMD prediction of the 7r+, 7 averaged photo-
production's polarization asymmetry. pl_l/p11 ratios from 4.0 GeV

T p— pon, evaluated in the proposed transversality system (Ref. 26), for

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

calculation (Ref. 29).

VMD predictions from Eq. (10) and po spin density matrix element evaluation
in the transversality system, in comparison with 1r+, T averaged pﬁotOproduc—
tion cross sections (Refs. 19-22). (a) at 3.4 G.eV, 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).

Measurement of u-channel W — 7' 1 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 N'Y trajectory exchanges are
fitted (Ref. 35).

Meésurement of u-channel op — 7r°p cross sections (Ref. 33) and fits to the
data in a Regge trajectories éxchange calculation (Ref. 35).

(a) u-channel cross section of 4.0 GeV 7r—p—-p°n, obtained by maximum
likelihood fits to processes in the 7 p— 7 n data. (b) Evaluations of the
transversality condition's dynamical rotation angle ¥, to suppress the p°
polarizations admixture due to the spin density element P10° in 7 p --pon.

(c) Measurement of the po spin dehsity matrix eig}envalue P11 + Pt € is

the eigenvalue ratio as evaluated in the transversality over the helicity systems.
(d) Vector Dominance Model representations of the polarization asymmetry

in the isovector part of u-channel 4p— 7r+n, as determined by 4.0 GeV

7 p—p°n data. The ratio pl—l/pll is measured in the transvei'sality

system of po's (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 p — T'n o
(Ref. 32) data, energy. extrapolated to 4.0 GeV. (b) Percentage contributions
in the cross section of u-channel p— 70 at 4.0 GeV of amounts due to
A-exchange, N-exchange (Na and N,)) ahd their in_terference, as parameterized

in Regge pole fit from Ref. 35.

(a) VMD prediction, on the isovector part of u-channel yp — 7'n by photons

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

(b) Behavior in the isovector part of u-channel 4p —~7'n by unpolai'ized
photons at 4.0 GeV fi'om VMD application to transversely polarized po's
in 7 p—p°n (Ref. 34). The solid curve is abstfacted from the isovector
part qf A, Na and N’Y Regge pole fits (Ref. 35) to yp—_»vr"'n and +p ——7r°p
data, using Eq. (13).

Compilation of O'tot(yp) measurements (Refs. 4, 5, 7) in comparison with a
VMD-quark model relation, shown on the figure, using measurements of .
1r+p and 7 p total cross sections.

Relative comparison of two-body photoproduction channels' differential
cross sections.

Measurements of p— nA"" differential cross sections at the indicated
photon energies (Ref. 38), in comparison with the behavior in w — 1r+n
(dashed lines).

A-photoproduction differential cross sections at 16 GeV. The yn values
are obtained from deuterium and hydrogen target subtractions (Ref. 39).
The deuterium to hydrogen ratio in A—photdproduction at 16 GeV (Ref. 39).
The lines indicate expected behavior in isospin 1 exchange for these processes.
Behavior of the 7 to 7 ratio in Ae-photoproductibn at 16 GeV (Ref. 39).
The solid line, shows for comparison, the 7 to r ratio in single pion
photoproduction.
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37. The average of A™ and AH photoproductién differential cr,oss‘ sections
(Ref. 39). Cross poinfs are VMD predictions from 1r+p———p°A++ data
(Ref. 41), neglecting s-to-u channel crossing effects. The smooth curve

is the VM.D prediction from the same data, taking.into consideration inter-
ference effects in such channel crossings (Ref. 46).
38. The momentum transfer dependence of Zogs = o(yA— 1r+A*)/o-(yp—-—1r+n)
at 8 and 16 GeV, in comparison with the Fermi gas model with a 260 MeV/c
cutoff (Ref. 46). '

39. Prédicted energy dependence of Zeff’ as a functibn of target elements
according to a two-step absorption process (Ref. 43a).

40. Measurement of the Z—dependence of Z off 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.

41. Behavior of the A-dependence of [o(yA —7" A% /N}/ [o(yA — 7 A%)/7]
where N and Z are the neutron and proton nﬁmbers in a nucleus (Ref. 46).

42. Measurements of the ratio q'tot(yA)/A o, ot(yp) (Ref. 5), in comparison with
an optical model calculation (Ref. 43c) for the given values of O'tot(bop) .

43. Measurements of the ratio oot (7A) / 0yo(70) (Ref. 5). The solid line is

\ the expected behavior if photdabsorption proceeds entirely by nuclear
volume effects.

44. Single and two-step amplitudes, M1 and M2’ representing several nuclear
photoabsorption processes. Mi (VMD) are the VMD amplitudes neglecting
q2 dependences; these effects are considered by the factors Cik’ discussed
in Ref. 44.

45, Isobar electroproduction cross sections normalized by ep elastic scaﬁering
cross sections at the same q2 values (Réf. 51). The curves are from a

relativistic gauge-invariant model (Ref. 55).
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46.

47,

A8,

49.

50.

51.

52.

53.

Inelastic ep scattering cross sections as a function of the final state hadronic
mass W, at 0 =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 corxiec,ted to that uncorrected

(Refs. 50 and 54).

Radiatively corrected, inelastic ep scattering cross sections as a function

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

2 2

energies, covering the q2 range of (a) 0.2<q  £0.5, (b 0.7<q" < 2.6

2

and (c) 1.6 < q° < 7.3 (GeV/c)? (Ref. 50).

Inelastic ep scattering cross sections at E = 13.51 GeV and 6 =6°

2<2.6 (GeV/c)z) (Ref, 50), in comparison with VMD predictions

(0.7<q
of Ref. 52.

Inelastic ep scattering cross sections at E = 17.65 GeV and 6 =10

(1.6 < q2 <17.3 (GeV/c)z) (Ref. 50). The curve drawn is the VMD prediction
from Ref. 52.

The functional behavior of sz vs. the scaling variable w = 2My /qz at

6 =6° (Ref. 51). (a) For q2 > 0.5 (GreV/c)2 and assuming R = 0'L/a-T = 0;

2

(c) assuming R = = ; (e) for g“ < 0.5 (GeV/c)Z.

2 > 0.5 (GeV/c)

The behavior of VW2 as a function of w aj: 9 =10° and q
(Ref. 51); (b) assuming R = 0 and (d) for R = « ,
Examination of q2 dependence in the VMD parameter £(K), the vector-meson-
nucleon cross-sectional polarization ratio at ep deep inelastic scattering
regions (Ref. 51).

(dZO"/dE'dQ) /(dO'/d.Q)M ott 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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