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I. Introduction

The subject of this talk are the recent experimental results on photoproduction

of nucleons. The following topics will be covered:

Total yN Cross Sections

Compton Scattering

Vector Meson Production

Evidence for Other Resonance Channels,

e, g, yN=» AQN, Ap 5 ete,

The field of pseudoscalar meson - baryon reactions has been discussed in the

talk of Dr. Wiik at this conference.

Comparing the experimental results which are now available to what was known
at the time of the last Flectron-Photon Conference one finds that considerable

progress has been made in several areas. To give a few examples:

Two years ago there were no data yet on high energy Compton scattering; now

the measurements cover the region from 2 all the way up to 17 GeV.

Extensive studies have been made on vector meson production, yN + VN. The
experiments with polarized photons have allowed to separate the contributions
from natural (P = (- 1)J) and unnatural parity (P = - (- 1)J) exchange in the
t-channel to a high degree of accuracy. They tell us, e. g., that po—production
is completely dominated by natural parity exchange which gives corroborating
evidence that the po—mesons are produced by a diffraction mechanism., The mea-
surements of the rho spin density matrix showed that for moderate momentum
transfers po production conserves s-channel helicity at the photon-rho vertex.

The rho photoproduction data and in parallel, results on elastic 7N scattering

then led to the hypothesis that diffraction scattering in general conserves

s-channel helicity a conjecture which subsequently stimulated new theoretical



and experimental work on diffractive like processes. Another result which comes
out of the new data on vector meson production is that the vector dominance
model in its present form is not exact. The values of the photon-rho coupling
constant determined from photoproduction data and in ete” annihilation differ
by a factor of two. However, the obvious way out of the difficulty is not
supported by experiment: no conclusive evidence has so far been found for the

existence of further vector mesons which couple to the photon.

The written version presents more data than the talk, but of course, not all.
Apart from the original papers, the reader is referred to recent review articles?

and a compilation of photoproduction datag.

II. Total Cross Section

1. On Protons
Direct measurements of the total hadronic yp cross section, oip, are now
available from 0.275 GeV up to 18 GeV (Fig. la, b). The data were obtained using
either a counter setup and a tagged photon beam (DESYS, Santa Barbara~SLACu,
NINAS) or a bubble chamber with a monochromatic photon beam (SLACG, SLAC-Ber-~
keley-Tufts7). One observes good agreement between the various sets of measure-
ments in the overlap regions. Total cross section values obtained from extrapo-
lations of inelastic ep and up data gave results consistent with the direct

8,9

measurements to within 10 - 20 % . The total cross section in the low energy

region (Fig. 1a) shows the expected bumps in the region of the A(1236) and

around 1520 MeV and 1690 MeV cms energy. Above 2 GeV oip becomes rather

constant and is of the order of 120 - 130 ub.

2. On Neutrons
Three experiments have been published measuring the total cross section on

deuterons, oid (NINA: O.% - 4.3 GeV 5, DESY: 1.4 - 6.5 GeV q’ Santa Barbara-

T .
SLAC 4 - 18 GeV 5). The data are shown in Figs. 1b, c. From the ch data, using



the values on 0$P as measured in the same experiments, the total neutron cross
secticn, Gin’ was determined by the DESY and the UCSB-SLAC groups according to
the relation

T
o

cT = —yd ol (1)

yn 1-x Yy

where x is the Glauber correctionio to account for the shadow-effect. The
correction term X as estimated by both groups is small, ranging from 0.01

to 0.02 for energies between 2 and 20 GeV. The resulting °$n values are given

T .

yn} the total cross

in Fig. 2. Also shown in Fig. 2 is the difference ozp -0

section for protons appears to be slightly larger than for neutrons.

At high energies the forward Compton scattering amplitude, TYN, and via the
optical theorem, G$N are expected to be dominated by Pomeron (P), P' and A,

exchange leading to an energy dependence of the form

ol =c +c, B2
p T p

-1/2
N +C, E

: LS (2)

The isospin O and 1 t-channel exchanges contribute with different relative signs

to proton and neutron Compton scattering:

Top T, + Ty
(3)

T_Yn To - Ti'

Because of this property the T =0 and T =1 contributions can be separated:

T Ty _ _ T Ty .
1/2(0Yp + Gyn) = Im T 3 1/2(0Yp GYD) = Im T, (1)
leading to
T T ~-1/2 T T -1/2
= C_+ E ;s 1/2 - = ¢, E



The data shown in Fig. 2 were fitted to Eq. (5) and gave the following results,
using only cross section points above 2 GeV (fits with cut off energies ranging

between 1.4 and 3.5 GeV yielded, within errors, the same results)ub:

C. = 97.% 1.9 b
o p
Cor = 55.0 5.1 ub : (6)
c, = 12.3 *2.3 yb
2

(EY is measured in units of GeV.)

Two conclusions can be drawn from these numbers:

+

(1) The cross section decreases slowly with energy, e. g. cip changing

by ~i2 % between 5 and 20 GeV.

(ii) The total cross section on protons is larger than on neutrons implying

a nonzero contribution from T = 1 exchange to Compton scattering.

From (6} one finds

Im T1 {(u.5 10.8) % 5 GeV

Im T ,
o (2.3 t0.5) % 20 GeV

The errors do not include an additional 0.5 -1 % part caused by the uncertainty

in the Clauber correction term,

III..Compton Scattering

A measurement of Compton scattering in the GeV region has long been thought to
be extremely difficult because of the 1° background. In the last two years
several experiments on Compton scattering have been done yielding data over a

wide energy and momentum transfer band: CEA (4 Gev)ii, DESY (2 - 7 Gev)12 and



SLAC (5 - 17 GeV 13, 8 and 16 GeV 19). Except for one experiment the n° problem

was solved by detecting the scattered y in coincidence with the recoiling proton.
Counting y's in the production plane (defined by the proton) and outside allowed

a clear discrimination against background photons.

1. g}fferential Cross Section

A compilation of the differential cross section measurements for protons is
given in Pig. 3. Wherever several experiments have been done at the same energy
there is good agreement between the data sets. One observes an exponential fall
off with increasing momentum transfer, |t|, and approximately energy indepen-
dence for EY > 3 GeV in close similarity to elastic hadron nucleon scattering.
Table I summarizes the fits of the differential cross section to the forms

do®/dat exp(At)

do/dt = o ) (7)

do /dt exp(At + Bt<)
As is evident from Table I for EY 2 3 GeV the variation of the magnitude and
shape of fhe differential cross section with energy is small. If fitted over a
wide t region (e. g., |t} < 0.6 Gev?) the data definitely require a gquadratic
term in the exponential similar to, e. g., elastic wp scattering (for comparison:
at 9 GeV the slope parameters for elastic 7p scattering for lt] <1 GeV? weve

found to bel® A = 9.0 0.2 Gev“z, B = 2.5 £0,3 GeV 1),

2. Forward Scattering Amplitude

The forward Compton scattering amplitude is conventionally expressed in terms of

the amplitudes f, and f, for parallel and perpendicular polarization vectors

‘ 6
£ respectively of the initial and final photons1 ’17:

F(E) = £(E) 'Ef DT, o+ if (E.) s« (2. % €:) (8)



+
where ¢ is the spin matrix of the nucleon. The optical theorem connects the

imaginary part of f; to the total YN cross section:

_ 47 T '
Im fi(EY) = BY N : (9)

The forward differential cross section for Compton scattering is then given by

1 T,? 2 2
do®/dt wr o+ Eff Re £,1% + Eff £, (10)

The real part of fi(EY) can be determined from UT with the help of a dis-

persion relation,

E 2 » dE' o (E')
Re £,(E) = - Ty . pf ; - (11)
o7 E, E' - E_

Here M is the nucleon mass and E is the threshold for single pion production.
Several evaluations of Eq. (11) have been done leading to consistent results for

Re fl(By) above 2 GeV. A recent analysis for Refilef1 is shown in Fig. y, ¥

Knowing dooldt, OT and Re fl’ and neglecting the f2 term, a comparison of

the right and left hand sides of Eq. (10) is possible. The result is shown in
Fig. 5. Within errors agreement is found between both sides over the whole energy
range (2,5 < EY <17 GeV) which implies that f, is small. The data give an

upper limit of 10 % (2 s.d) for the f, contribution to dc°/dt 1”.

3. Spin Dependence

Compton scattering with linearly polarized photons has been measured at DESYiS.

The experiment determined at 3.5 GeV the t dependence of the asymmetry L de-

* It is interesting to note that the ratio of real to imaginary part deduced

from the analysis of °$N in terms of P, P' and A2 and using the
appropriate signature factors is approximately the same as the result from the
dispersion theory calculation; the presence of?small fixed-pole contribu-

tion17 cannot be ruled out, however.



fined as19

0 - oy

I = —— (12)
U_L + G“

with on(cl) being the cross section for incoming photons polarized parallel
(perpendicular) to the production plane. The result is shown in Fig. 6. Within

errors I 1is found to be zero for lt| < .6 GeV?, The measurements do not

allow to decide between the following three models (see Fig. 6):

+
0  exchange: Gy = cl/cosze*
Spin independence in the CMS: oy =0, ° cos20®
s-channel helicity conservation: o, = o0

(B* = CMS scattering angle)

4, Isospin Dependence

Compton scattering on deuterons has been measured at SLAC for 8 and 16 GeV 1“.

Combining the data with their results on protons the authors obtain for the
isoscalar and isovector t-channel exchange amplitudes off nucleons To, T1

the following relations:

+
Re (T_ T,)
——--———> = 0.030 0,015
T, + 7]
and 2
I, |
———— = -0.09 t0.11
|, + 7]

averaged over the |t| interval 0.014% - 0.17 GeV2,

From the comparison of g$ and gin we saw that the ratio Im T1/Im T, is
small in the forward direction. The above data show that also the real part of

Ty is small for small values of |t]|.



Summary of the data on Compton scattering:

-~ do/dt falls off exponentially, with the shape and magnitude above

~ 3 GeV being approximately energy independent,

- In the forward direction the amplitude £, for perpendicular

polarization vectors of the initial and final photons is small.
- The isovector t-channel exchange amplitude is small near |t| = o.

- The asymmetry I measured with linearly polarized photons is

small; the average over 0.1 < |t| < 0,7 GeV2 is I = - 0.02 $0.,086.

IV. Topological and Channel Cross Sections

20-25 data on the size and

Recent bubble chamber experiments have accumulated
energy dependence of the cross sections of various topologies and channels

of yp and yn interactions.

Fig. 7 shows the cross sections for the production of 1-, 3-, 5-, 7- and
9 charged particles in yp interactions together with the total cross section
cT. The lion's share of o7 comes from the production of 3 charged particles.

The energy behavior of the various topologies looks similar to that observed

for corresponding N or kN interactions.

Fig. 8 summarizes the results for three body channels. The pn+n_ final state
is dominated at low energies by n At production and at high energies by 0°p

production. Approximately one third of the pk+k- cross section comes from ¢

production, yp * ¢p.
In Fig. 9 cross sections for various other yp channels are given.

A compilation of yd cross sections is shown in Fig. 10.



V. Vector Meson Production

There are three major items we hope to learn from the study of vector meson
production,
YW o+ VN, Vv = p, w, ¢ (13)

(i) Diffraction Mechanism: We know from experiment that p® and ¢
production look very much like diffractive scattering (approximately energy
independent cross section, exponential fall off of the momentum transfer
distribution), If we accept this hypothesis and produce the vector mesons
with polarized photons the decay angular distribution of the vector mesons
will tell us about the spin dependence of diffraction scattering. In this

respect we are better off than with a study of, say elastic np scattering.

(ii) Pomeron Properties: As Freund2® pointed out photoproduction of
mesons is best suited to study the properties of what is called the Pomeron
since here all other exchange contributions (P', Ayy T etc,) should be
negligible,

(iii) VDM: The vector meson dominance model (VDM) can be directly tested

T

by comparing vector meson production in the forward direction with %N and

Compton scattering and with vector meson production through e'e” annihilation.

1. Rhoproduction, yp » 0 p

The analysis of p° photoproduction has both experimental and theoretical pro-
blems. Table II lists the various rho experiments and indicates the technique
and the number of events observed. Track chamber experiments allow a clear
isolation of the pﬂ+ﬂ_—final state and measure the full p decay angular
distribution but have problems with very forward po production due to scanning

losses. Some of the high statistics counter experiments (Cornellso, DESY-
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MITBi) use a bremsstrahlung beam and detect only n* and 7. This way inelastic
po production {(yp * p°N ..) cannot be excluded and will contaminate the datass.
The size of the contamination will depend on the cross section for inelastic

p® production and on the running conditions (peak energy of the bremsstrahlung
beam, momentum acceptance for wta” pairs, etc.). The Cornell group has mea-
sured the inelastic contributions at 8.5 GeV in a separate experimentao. They
find for their running conditions that in the p mass region the contamination

at small |t] wvalues is 5 - 10 % and increases to ~ 25 % for [t] = 0.4 Gev?

(see Pipg, 11).

a. Qﬁ_Decay Angular Distribution and s-Channel Helicity Conservation

The p° decay angular distribution for the case of linearly polarized photons
has been analyzed in a bubble chamber experiment by the SLAC-Berkeley-Tufts
collaboration using the Compton back-scattered Laser beam at SLAC. Data are
now available at three energies: 2.8, 4.7 and 9.3 GeVQQ. The decay angles 0O,
¢, ¢ (and ) are defined in Fig, 12 for the case of the Gottfried-Jackson
system (z-axis = vy direction in p rest frame); similar definitions hold for
the helicity and the Adair system which differ in the choice of the quanti-

zation axis, nawmely

Gottfried-Jackson: 2 = vy direction in p rest frame

Helicity: 4 = p direction in total CMS

Adair: 2 vy direction in total CMS

The full information of the decay angular distribution is contained in nine
. : . 3
independent p density matrix elements 6,

- - _ o] [8) _ 2~
HcosO,4,0) = 3/%{1/2(1 p0 ) +1/2(3 p° - 1) cos?®

- V2 Re po 5in20 cos¢ - po sin?0 cos2¢
to 1-1 (14)

1 . D 1 20 _ 1 P "
- PY cos?¢[011 sin“@ + P, CO8 0 Y2 Re "o 5in20 cosd

1 s 20
- Py_q SID e/ cos?¢)

. 2 . s 2 ) .
- PY 3in20 (aﬁf Im Plo sin20 sind + Im Pl s1n“o ﬂ1n2¢)}
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where PY is the degree of linear polarization and the density matrix of
the rho has been split into three parts:

:O... .1_ '.2
Pk Pk PY cos 2% LI PY 8in2% o1k (15)

One of the interesting questions which a study of the p decay angular distri-
bution can answer has to do with helicity flip: because of its zero mass, the
photon can have only helicities AY = %1 whereas the p meson may have heli-
cities Ap = *1 and 0; are there helicity flip transitions from VAY =

to lp = 0? The decay angular distribution W(cos0,$,4) will have the form

for:

2
31 W lei[ n §in26

-
1

in the helicity system

b
il
[

W NIY;IZ ~ cos?e

Another point is that for linearly polarized photons, t-channel exchanges of

. N

natural (P = (- 1)J, o ) and unnatural parity (P = - (- 1)J, UU) lead to dif-
ferent decay angular distributions and can therefore be separatedas. For natural

parity exchange the decay pions emerge preferentially in the plane of photon

polarization (¢ = 0°) and for unnatural parity exchange perpendicular to it

(y = 90°).

Fig, 13 shows the distribution of cos® versus ¢ in the helicity system as

measured by the SBT-collaboration at 4.7 GeV 22. One observes a distribution
W sin20 cos?y, consistent with zero helicity flip contributions and dominant

natural parity exchange. Similar results have been obtained at 2.8 and 9.3

GeV 22.

In Fig. 14 the nine density matrix elements are given as a function of |t]
at 4.7 GeV 22 (the results at the other two energies are similar) for the
Gottfried-Jackson (G.J.), the helicity (H) and the Adair (A) systems. In the

Gottfried-Jackson system the t-channel heliecity flip terms increase rapidly off
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the forward direction (see e. g. pgo; see also I'ig, 15 where the results of

the SLAC-streamerchamber-group on pii = % (1 - pgo) are shown for energies

up to 18 GeV 27). Therefore p production is not dominated by an elementary ot
exchange. In the Adair system one finds also significant spin flip contribu-
tions which exclude the hypothesis of spin independence37. In the helicity
system the density matrix elements are consistent with no flip contributions,
in other words they are consistent with the conservation of s-channel heli-
city at the yp vertex., This means that in the CMS the rho behaves like

the photon with the spin along its direction of flight (see Fig., 16). We will

come back to the question of limits on the size of the helicity flip amplitudes.

The relative contributions from natural parity (GN) and unnatural parity ex-

change (UU) in the t-channel is measured by the parity asymmetryss,

N Uy, N U _ 1 1
Py (6" -0 )/lo” +0) = 20; =0, (16)

In Fig. 17 Pc is given at 2.8, 4.7 and 9.3 GeV 22 as a function of the mo-
mentum transfer; we see that rho production is completely dominated by natural
parity exchange (namely Pozz 1) as expected for a diffraction mechanism. The
fraction of unnatural parity exchange, UU/U =-% (1 - Po)’ for |t} <1 Gev?Z
is found to be consistent with the contribution expected from one-pion exchange

(OPE) as can be seen from Table III.

Rhoproduction with linearly polarized photons has also been studied in counter
experiments at DESY39 and Cornelluo. These experiments roughly speaking mea-
sured the yields of pion paris emitted in the plane of polarization (o) and
perpendicular to it (o, ); the asymmetry I then determines the relative contri-

butions from natural and unnatural parity exchange to the combination

o]

o
(011 %-pi_i):
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o 5 3“ o o U 1 1
% T % ("11 ST ("11’ ¥ "1—1\ o Pi TPy
L = - ) o T o o (17)
o + 0y P11 ¥ P14 Pig t P14

Figure 18 shows the energy dependence of I for small momentum transfers; it

is remarkable that even down to 1.4 GeV [ is close to one (the p threshold

is at 1.1 GeV).

Size of the s-channel CMS helieity flip amplitudes: With P, =1 there are

six independent helicity amplitudes, Ty » .y _» or 12 real quantities

pN'""y N
{phases and magnitudes):
T T T T T T
1,1°°14.1° 1,12 1. 1271 10T 4 1
31 0y KBy Gy 13-15 13 -3

but besides the cross section only five independent density matrix elements
which can be measured with linearly polarized photons and Py = 1:

(e}
pOO’

e} o 2
Re Pyor Prgs Imegge Imey,
The present experiments therefore do not allow a complete determination (phase

and magnitude) of the heliecity amplitudes. The magnitude of the following flip

terms can be obtained from the data:

m, Jrelr, 2
1,1 1,1
|t 12 - 0‘515 0-51 2 - pO
oi y ]TIZ 00
L L
i) i) o 2
2 _ _
ey 41" = : [1)2 = 20 - ) Imog 4
. 2 2 . 2 2
In Fig. 19 |t01| and lt1_1| and their sum, |t01| + |t1_1| , are

shown versus t as determined from the SBT dataZ?Z, The !AY| = 1 -+ Ap = 0



- 14 -

contributions to the cross section are seen to be less than 5 % and consistent

with zero for Itl < 0.4 Gev? and of the order of 10 - 20 % between ]tl = 0.4

and |t| =1 Gev?. The data points for the double flip terms AY = 1 > Ap = F1

have larger errors; |t1_1|2 is smaller than 10 % for it| < 0.4 GeV? and of
2 2
1"+ 1ty

the order of 10 - 20 % above. The same is true for the sum Itol ty g
We conclude that the amplitudes for helicity filip at the y-p vertex contribute
less than 10 % of the cross section for |t| < 0.4 GeV?., This statement holds

also for the nucleon vertex except for the flip term T, 4 which at present
iz 1-%

cannot be separated from the non flip amplitude T 1 1.2 No%e, however, that
1= 1z
T 11 has to vanish in the forward direction becgusg—of angular momentum
1y %
conservation .

b. Models of p production and the measured p_cross sections

Fig. 20 shows as an example the atn” mass spectrum for the reaction
Yp * pﬂ+ﬂ-

as measured by the SLAC-Weizmann-Tel Aviv collaboration between 2 and 8 GeV 23,

The dominant feature is 0° production; other processes, mainly IS production

(shaded areas) become less and less important with increasing photon energy.

The skewing of the p° mass shape is clearly visible: relative to a p-wave Breit-
Wigner the low mass side is enhanced whereas there are too few events above the

p mass. The skewing or p-mass shift depends on the momentum transfer and is

most pronounced near |t] = 0 (see Fig. 21).

T —, T S

*Assuming SCHC at the yp vertex the Munichui group has fitted a Regge pole model
to the SBT data in order to study the t-dependence of the real and imaginary
parts of the helicity amplitudes. Eremian and othersu2 have made an attempt
to determine the helicity amplitudes for vector meson production fitting si-

multaneously the data for po, w and ¢ production with P, P', Ay, and

cut contributions.
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Since the cause of the skewing is not yet fully understood it is necessary to
determine the p cross section in a model dependent way. As we shall see the

resulting uncertainties are of the order of 10 - 30 %.

A quantity which is related to the p cross section and which can be determined
model independently is the intensity T for p-wave pion pairs produced through
s-channel helicity conservation (SCHC)22 at the photon vertex; obviously T
constitutes an upper limit for p production through SCHC. In the case of SCHC

the decay angular distribution is given by

W(cos0,¥) 3/ 41 s5in%0 cos?y

(19)

3/ 81 {sin20 + sin20 cos2y}

where © and ¢ are the polar and polarization angles in the helicity system,
The second term is proportional to the spherical harmonic Re Y%(G,w) and can

be measured through moment analysis leading directly to the intensity:

- ) 2
n= Y40 n/3 i Re Y5 (ei,wi) (20)

. t -
The summation is to be done over all events. Fig. 22 shows the m 1 mass spectra
as measured by SBT at 2.8 and 4.7 GeV22 for different regions of t. The dots
give the values of T, Except for |[t| > 1 Gev? 1 is close to the total

- s . . + - *
77" mass distributions which implies that nearly all n 71 pairs are produced

through SCHC at the photon vertex. It is interesting to note that 1 shows

the same mass skewing as the distribution for all events.

We shall now discuss various models for p production. According to Ross and

_§Eg§olskx&3 the ¢ mass shift is of kinematical origin. They suggest that near

t = 0 the Breit-Wigner for the rho should be multiplied by a factor (MD/M_I__)l+

where M+_ is the n'n~ effective mass. This factor was tested by SBT22 and
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others28 by allowing for a variable exponent n, vis. (Mp/M+_)n(t).
Good fits to the mass distributions were obtained (see e. g., Fig. 22)., The
exponent n was found to vary with t from n =5 near t =0 to n=20
for |[t| > 0.5 Gev? (see Fig. 23) - i. e., the pmass shift disappears above
[t > 0.5 GeV?, in agreement with what we have seen qualitatively from the
Chew-Low-plot of Fig. 21. The conclusion is that the Ross-Stodolsky factor

does not fit the data at small or large Itf values; it gives, however, a

reasonable approximation to the mass spectrum averaged over all t.

The SBT collaboration has made a detailed comparison of their data with the

Sadingrmodeluu. The S6ding model illustrated in Fig. 24 describes the o mass

shift as due to the interference of p production (diagram a) with the production
of pion pairs through a Drell mechanism (diagrams b, ¢). Rescattering terms pro-
posed by Bauer and ’l’enniel"5 and by Pumplin156 to avoid problems with double
counting were included in the analysis. The model was found to agree well with
most of the features of the pﬁ+ﬁ- final state; see for example the M+_ distri-
butions given in Fig. 22 (the solid lines were obtained with the S#ding model)
and the M+_ dependence of certain moments YE(O,w) shown in Fig. 25, The magni-
tude of the background amplitudes (diagrams b - e) which was treated as a fit
parameter in the comparison is correctly predicéed by the model if Benecke-

Dﬁrr38 form factors for the N vertex are used (see Fig. 26)*.

Fig. 27 illustrates how in the S8ding model the various terms add up to the
total n'n” mass distribution. The contribution from the Drell terms (including

the rescattering corrections) vanishes at M = Mp. In addition the other back-

u8

ground terms are found to be small near M = Mp. Based on this fact, Yennie

* Gutbrodq7 has argued that the p amplitude should be defined as the sum of all
terms which vary rapidly with ¥ _ in the p region; in the S6ding model this
is the sum of diagrams a, d and e. This leaves the predictions of the S8ding
model for the aTn” mass distributions etc. unchanged. The values of the for-

o

ward and total p cross sections are found to increase by 5 - 10 %.
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has proposed a simple recipe to determine GD free of the problem of the

mass shape: measure the wiy” yield at M = Mp to obtain

dop T d%¢
& = 7 T waw (21)
at M =M™
p

where Fp is the width of the rho. There is, however, a fly in the ointment:
the result depends critically on the values of Mp and Fp which are not
well known yet., For the range of Mp and Pp values allowed by the Orsay
storage ring data’® (Mp = 774 - 786 MeV, Fp = 138 - 168 MeV) the SBT for-
ward cross sections vary by v 30 % from 120 to 170 (80 -~ 115) ub/GeV? at

2.8 (4.7) GeV. Furthermore in this, what might be called the pole method, the

w-p interference cannot be ignored; it increases the cross section at M = Mp

by ~ 10 % (see below).

Results very similar to those from the model of S8ding are predicted by the

Kramen model50 which has just the opposite view of rho production, In this

model the u'n~ pairs are produced by the Drell-mechanism and through strong
final state interaction generates the p, 1. e., the model is represented by
diagrams d, and e of Fig. 24, All p-wave mm production is called p produc-
tion and therefore 0N gives the cross section for s-channels helicity con-
serving (at the yp vertex) p production, The model makes an interesting pre-
diction, namely for forward produced ' pairs there should be a dip in the
7t mass distribution around 1.0 - 1.2 GeV. While the available data are con-

sistent with this prediction, they are statistically not sufficient to provide

a real test. For further models on p production see Ref. 41 and 51.

Let us now look at the measured differential p cross sections.
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(i) Consistency of the data: In Fig. 28 do/dt values in the eneréy range
4.5 - 6 GeV and 9 - 11 GeV from different experiments are compiled. (The
ABBHHM and the SBT data were obtained with the factor (Mp/M+”)“ and (Mp/M+_)n(t)
respectively, Cornell used the S3ding model, Anderson et al. a p-wave Breit-

2

Wigner.) At 4.5 - & GeV one finds all data points lie within a *10 % wide

s ¥¥
band®. At 9 - 11 GeV the width of the band is approximately #15 %.

(ii) Model dependence of dop/dt: Table IV summarizes the values of the for-
ward cross section, do/dt and the slope as obtained with different methods
and in different experiment. According to the SBT data the do®/dt

values determined with the S&ding model are considerably smaller (30 % at
2.8 GeV, ~ 20 % at 4.7 GeV) than those for 1N or those obtained with the

)n(t)

factor (Mp/M+_ + The smaller dco/dt values are correlated with a shall-
ower ,t] distribution found with the S$8ding model (A= 6 GeV2 as compared to
A =7 GeV%), The SBT forward cross section at 9.3 GeV which is obtained by

extrapolation is smaller by “2 s.,d. than the values of Bulos et al. and of

the Cornell group. In addition, Bulos et al, find a steeper slope. This might

Preliminary data from Gladding et al.52, however, show consistently smaller

cross sections.,

** Note that the Corn9113° experiment which detects only pion pairs near decay

angles 8 = ¢ = 90° in the helicity system is not measuring the cross section
but rather the combination (see Eq. (14)).
_ o o _ _
dﬁ/dtCornell = 2(p11 + 91_1) do/dt = (4 Poo T 2 pi»l) do/dt

where the density matrix elements are those of the helicity system, Vhereas

the correction is negligible near It[ = 0, do/dtCornell may be smaller than
the p cross section by 5§ - 10 % for 0.05 < |t] < 0.25 GeV2 and by 15 - 30 %
22

above: The SBT data”” give for oo = 2 P14 the following values:

[t] (Gev?) |E = 4,7 gev 9.3 GeV

.02 - ,05 - .0t $,07
005 - |25 005 i.c),‘l' '10 t-()6
25 - .4 A7 1,09 219 .42

4 - 1,0 30 *,12 .28 £,20
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indicate that at small |t|values (say below lt] < 0.1 Gev?2) the slope in-
creases, leading to a forward cross section which is larger than that predic-
ted by a linear extrapolation over 0.02 < |t| < 0.4 Gev2, (Fits to the SBT
data with a quadratic form, ao®/dt exp (At + Bt?), did not give evidence

for the presence of the B-term, however.)

The forward cross sections are plotted in Fig. 29 as a function of the photon
energy. There is a rather large spread of the data points which reflects at
least partly the theoretical uncertainty of how to extract the p° cross sec-
tions and the difference between measured and extrapolated forward cross
sections. Despite the spread, the data show that the forward cross section

decreases with energy, approaching at 10 GeV a value of 95 ub/GeV? with an

estimated uncertainty of ~ 15 %.

In Fig. 30 the total cross sections for p production, 95 have been compiled.
There is good agreement among the various experiments. The energy dependence
of o, is the same as that of the average of the elastic mip cross sections,

From the quark model plus VDM one expectss3

. oo 1, el el
6, T % 3 (c“+p + Gﬂ”p) (22)
Y
P
2
This relation is consistent with the data54 for a value of yo/un =0.7.

Data on p° production off deuterons, and on p~ production from neutrons (yn = o p)
together with the pop measurements provide information on the relative size of

the T =0 and T = 1 t-channel exchange contributions to yN = p°N,

. 30
yd > pod: The pod/pop ratios for forward production measured at Cornell and

SLAC32 showed that for t = 0 the isovector exchange is small. Averaged over



- 20 -

photon energies between 4 and 9 GeV, the result for the amplitudes T,s T4
30

was
Re (1,7 1))
5 = - 0.02 $0.02
It + 1,1
Ty
|T—'—+—-;r— = 0.14% 0,06
1 o

New results from a deuterium bubble chamber experiment at DESY55 indicate that
lTif << |T_| also for larger momentum transfers. Fig. 31 shows the measure-
ments of do/dt for yd - p%d for ]t! values between 0.0% and 0.2 GeVZ. Over
that t range the deuteron could be identified with certainty thus excluding a
contamination from break-up processes (yd - ponp). The data points at larger
|t| values match quite well with those obtained by Anderson et al.56 for

|t| > 0,15 GeV? (the latter data will be discussed in the talk of Prof.
Gottfried). The exponential slope for the do/dt values of Fig. 31 is

A= 25 Ge‘ll_2 which is an indication that single scattering dominates here.

In order to test on the size of the T, amplitude, the authors calculated
do/dt(yd +p°d) from the single scattering diagrams under the assumption that

the differential cross sections for yp * pop and yn * p°n  are equal.

Furthermore, ’I‘o which can only contribute to single scattering was assumed

to be given by ITOI = Ydo/at(yp + 0%) (i. e., T, = 0). The calculation
makes absolute cross section predictions shown by the curves in Fig. 31. From
the good agreement with the measured points it follows that T = 1 exchange

is small also off the forward direction. The actual numbers for 0.04<|t[<0.2 gev?

0.96 0,09 at ET = 1.8 - 2.5 GeV
1.02 0,11 2,5 - 3.5 GeV

1.03 0,10 3.5 - 5.3 GeV
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Iﬂ;illllL Fig. 32 shows the latest cross section data for p  production on
neutrons from the same exPerimentss. The large errors are mainly caused by the
difficulties with a deuteron target. At energies above 3.5 GeV one finds
o(p p) = 1.0 *0.4 ub. Possible t-channel exchange candidates are m, p, A,.
Provided that p and A, do not interfere destructively the size of olp p)

and o(p®p) leads to IT1|2/|T012 < 0.05.

The p cross section peaks around 1.9 GeV. The cross section in the peak is
approximately half of that observed for 0° production (see Fig. 32) which is
consistent with the s-channel excitation of a T = 3/2 isobar (A(1950)?); for

the formation of a T = 1/2 isobar the ratio would be the reciprocal, namely

olpo™) ¢ olpp®) = 2 : 1.

d. Omega-rho interference

Clear evidence for w-p interference for the case of p production off protons
has been observed by the DESY-MIT group57(see FPig. 33). This subject will be

covered by Prof. Gottfried.

e. Summary of rho photoproduction

The differential cross sections measured in different experiments agree to
within #15 % outside the forward direction (|t| > 0.05 GeV?). They disagree
in the size of the forward cross section. Part of the discrepancy 1s connected
with the lack of theoretical understanding of p production; another part could

be due to an increase of the slope at small ]t| values, .

The forward cross section decreases with energy and reaches a value of

95 ub/GeV2 at 10 GeV with an estimated uncertainty of #15 %,
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The total p cross section has the same energy dependence as 0:; in accordance

with the quark model plus VDM.

The data are consistent with s-channel helicity conservation at the yp vertex

up to !tl < 0.4 Gev2,

Rho production proceeds almost completely through natural parity exchange.

Candidates for t-channel exchange are P, P' and A2.

The T = 1 t-channel exchange contributions are small compared to those with

T = 0, This is consistent with the observed difference Uip - Uin'

The summary can be summarized by saying that 0° production is consistent with

a diffraction mechanism.

2. @ Production via yp > wp

a. Cross sections

The available data (v~ 1700 events) on this reaction have all been obtained in

x -
trackchamber experiments21’23’27’58’59 . The ® is detected in the pn+n n

final state. As an example in Fig. 3% the #Tn"1° mass distribution is shown
from the SBT experiment at 9.3 GeV. Because of the narrow w width the deter-
mination of the cross section is straightforward. The energy dependence of

Gwp is displayed in Fig. 35. The w cross section rises steeply above thres-
hold, goes through a maximum around 2 GeV and drops off. The new data at 7.5 23

and 9.3 59 GeV show that the cross section does not go to zero between 5 and

10 GeV but rather approaches a finite value.

* Preliminary data on w production from a counter experiment have been

reported by Gladding et al.52.
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The energy dependence of Ump was always understood as the consequence of two
production mechanisms: one-pion exchange (OPE) and diffraction scattering,
with OPE dominating the low energy region and the latter taking over at high
energies. The data obtained by SBT59 with linearly polarized photons confirm
this picture. As in the case of 0° production the w decay angular distribution
allows a separation of the contributions GN, UU from natural and unnatural
parity exchange in the t-channel. In Fig., 36 the distribution of the polari-
zation angle V¥ is shown. It gives a clear demonstration for the changing
importance of ON, UU: At 2.8 GeV the ¢ distribution is flat, hence, UN:: GU;
at 9.3 GeV VW(¥) looks much like the ¥ distribution for p events: it peaks at
OO,.180°, therefore GN >> GU *. The energy behavior of ON and cU can be
read off from Fig. 35 and Table V. Whereas UN stays approximately constant
¥ drops from ~5 ub at 2.8 GeV to zero at 9.3 GeV, Results on the t depen-
dence of the total cross section and of oN are also given in Table V. The

o]
values of doN /dt agree with the forward cross sections obtained for

yN » wN from coherent w production:

h 14.9 3.1 ub/CeV? at 5,7 GeV (Bonn-Pisa)so

do/at®eMyN + wN)

£=0
11.4 1.9 pb/Gev? at 6.8 GeV (Rochester)®?

Whereas UN may have contributions from T = 1 exchange, they should be ne-

gligible for UCOh.

b. Decay angular distribution

Fig. 36 shows besides W(¢y) the distributions of the polar angle in the heli-

city system at 2.8, 4.7 and 9.3 Gevsg. The cose distribution is not a pure sin?g

distribution, i. e, pgg # 0. A nonzero pgg indicates the presence of heli-

x Note, the degree of linear polarization is 9% % at 2.8, 4.7 GeV and 77 %

at 9.3 GeV.



- 24 -

city flip terms. A closer inspection of the density matrix elements shows

that flip contributions are probably present even in the natural parity part:

o =-% (0° - pio) = 0.15 %0.06, 0.11 *0.06, 0.14 #0.06

at 2.8, 4.7 and 9.3 GeV for |t]| < 0.5 GevZ.

c¢. Production mechanism

UU: The energy dependence and the magnitude of GU agree with the predictions

from OPE (using Benecke-Diirr-form factors38 the partial width FNHY is found
to be 0.8 0.1 MeV which is to compared with the directly measured value62 of

1.06 0,15 MeV).

gEi_The interesting question here is whether o is completely due to diffrac-
tion production or whether there is in addition a T = 1 t-channel exchange
contribution (A2 exchange). Sufficiently accurate data for ® production on
neutrons could answer this: so far we don't have such data. Hararis3, from the

¥n

exchange and from the interference of A2 with P and P' exchange.

observed difference between cip and GT predicted a large contribution from

Ay

Starting from the relation

107 Im T1
In T = o= B L XPP o o (23)
YP*up 2 Yy 1pT° Yp*o P
YP>YP

TO,T1 forward amplitudes for isoscalar and isovector exchange respectively;

YoV measure the y-p and y-w coupling strengthsj

N ;
and combining the data for oip - ozn, do®/at{yprpp) and U;p one estimates

the P + P' contribution to Uﬁp to be 1.4 pb and those from AQ plus inter-

ference 0.8 ub, 0.6 wb and 0.4 yb at 2.8, #.7 and 9.3 GeV respectively. For the

forward cross section from P + P' exchange cne finds a value of 10 pb/CGevZ, 1In
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other words, A2 plus interference terms are expected to contribute at
9.3 GeV about 25 % of the cross section. This contribution may also be

responsible for the presence of s-channel helicity flip terms.

3. ¢ production
New data on ¢ production via
Yyp * ¢p

have been obtained by the Cornell group at 8.5 GeVSO. Contamination from in-

elastic ¢ production has been measured in a separate experiment and was found
to be ™5 %. The corrected cross section data together with those from pre-
33

I L] 21 . L] . L]
vious experiments *>>” are shown in Fig. 37. There is consistency between the

different data sets. An exponential fit to the Cornell points alone givesao

(5.4 *0,3) t

do/dt = (2.85 :0,2) e {ub/0evV2),

The Cornell groupsu and a group from SLAC-WiSCOHSinss (in a triple coincidence

experiment at SLAC ) have studied ¢ production with linearly polarized photons.

The results for the asymmetry, % = (¢ - ¢ )/(o +0.), are:
o Bl
EY = 5,7 0eV, 8=0 (Cornell) : T = 0.53 *0.15
E, = 8 GeV, [t] = 0.2 Gev? (SLAC-Hisconsin)®®: & = 1.05 £0.12

The Cornmell value is not corrected for a possible contamination by inelastic
4 events. Since ¢ production is rather energy independent, the two measure-

ments seem to be inconsistent. An asymmetry of 0.5 would indicate a sizeable
contribution from unnatural parity exchange, contrary to the belief that this

reaction preceeds only via pomeron exchange. The only likely cadidates for
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unnatural parity exchange seem to be 7 and n. From an estimate of the con-

tribution from 7 and n exchange* it is found that w and n exchange

0°.

reduce I from unity teo 0,92 at EY = 5.7 GeV and 0

4, Comparison with the vector dominance model

The vector dominance model (VDM) relates the photoproduction of vector mesons,
yp +Vp, (V= p°, w, 4) to the total hadronic photon proton cross section,
op{Yp), and to vector meson production through electron-positron annihilation,
ete™ » V. The starting point for all VDM relations is the conjecture that the

electromagnetic current, ju, can be written as a sum of the vector meson

field367:
Mpz sz M¢2
3u(><) = - -5_]:;9“(*)+-§-gwu(k)+m¢u(><) (2u)

where MV is the mass of the vector meson and Yy measures the strength of
‘the photon-vector meson coupling. For the ratio of the y-V coupling constants

SU6 prediots:**

1/7p : 1/ym : 1/\«qb = 3:1: -2 (25)

We shall consider the following VDM relations:

° o/l do®
a) do /at(yp*Vp) = 3 (Vp+Vp)
(26)
(1 + nvz) o/64
= 2/ Oy (vp)
Yy Uw
The calculation had the following ingredients: for F¢HY and Fn“Y the

9

l* .
recent Orsay measurements were used ~; the nNN coupling constant was taken

from relativistic SUGGG; the n and n exchange amplitudes were assumed to
interfere constructively as predicted by theory; the form factors of Ref.38

were used,.

*¥ Modifications due to symmetry breaking change these ratios either to

1/Yp2 : 1/ym2 : 1/y¢2 -9 :0.65:1.33 %8 orto 9:1.2:1°%. .
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where doo/dt denotes the forward cross section and Ny the ratio of the real

to imaginary part. With the help of the quark model 53,70 the total Vp cross

sections can be related to UT(n*p) and oT(Kip):

28 mb at 5 GeV

UT(DOP) GT(wp) = %(OT(w+p) + OT(ﬂ—p))

(27)

1]
It

+ - +
UT(¢p) OT(K p) + GT(K n) - OT(H p) 13 mb at 5 CeV.

From Eqs. (26,27) one can calculate the forward cross sections for vector meson
photoproduction and compare the predictions with the data. This is done in
Table VI, The ratio p : w predicted from Egs. (25) - (27) is consistent with
measurements., The measured ¢ cross section relative to that for p and o

is smaller than.the predicted one,

b) We can use Eq. (26) together with the quark model relations (27) and deter-

mine Tvz/un from the measured forward cross sections:

2 2 2
Y o (14 n,%) 0.,%(Vp)
v S Y T ‘ (28)
Yn 64 do” /dt(yp>Vp)

The  forward po cross section data are best described with a value of
ypz/ 4bm = 0.65 *0.1 (see Fig., 29). For Y, and Yy the results are given

in Table VII.

c) A direct test of VDM is provided by the following relation:

y 1 do®
oT(Yp) = LI g (ypsp) (29}
V= p,m $ Z/Mﬂ 1+ nvz dt

The by far largest contribution to the sum comes from p production. We will

therefore use Eq. (29) to determine ypz/un inserting the total yp cross
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section and the forward cross section data for o, w, ¢. (nb and n, are
put equal to the ratioc of the real to imaginary parts for Compton scattering,
and ng = 0; for szfuﬂ © and 7¢2/4ﬂ the Orsay storage ring values,

Table VII, are used). The considerable uncertainties in the w®w and ¢ quan-

tities have only a minor effect on the determination of Yo

The analysis yields ypzfuw = 0.35 0,05 and gives, within a few percent, the

same curve as the quark model result for szluﬂ = 0.65 (see Fig. 29).

d) Finally, the differential cross sections for vector meson production and
Compton scattering can be compared as a function of t (at |t| = 0 Compton
scattering and cT(yp) are related through the optical theorem and the present

test is equivalent to the previous one):

2
do/dt (yp*yp) == a/4 Z \/—-—2-%—-— Q-Q(yp-*Vp) (30)
p,w ¢ Yy /un  dt

The approximation here is that the ratio of real to imaginary part is assumed
to be the same for the three vector meson reactions. The analysis in terms of
the P, P' and A, trajectories supports this assumption for p and w.
The error made for the ¢ term is negligible. In Fig. 38 the ratio of the
Compton cross sections predicted by VDM (defined by the r.h,s. of Eq. (30)
with ypz/un = 0,5) to the experimentally measured ones is shown as obtained

by Buschhorn et 31.12. The ratio is of the order of 0.4 - 0.6 independent of EY

* Actually, a more refined analysis was done to determine yp: the results on the
P, P' and A, contributions to Compton scattering (see Eq. (6)) were used to
construct the yp*Vp amplitudes; the phases of the amplitudes were calculated
from the signature factors of the P, P' and A, trajectories (the ratio of real
to imaginary part for forward Compton scattering calculated this way agrees~with
. the dispersion theoretical result, Fig. 4), The curve shown in Fig. 29 has been
obtained in that manner. The difference between this curve and the result from

Eq. (29) is less than 10 % in the energy region considered,
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and t, Translated into a value for sz/un the data give szfun = 0.2 - 0.3,
consistent with the Yo determination from OT(YP) (previous section). A com-
parison of Compton scattering and rho production off deuterons has given simi-

lar resultsiu’72.

Conclusion: In Table VII the various results on the y-V coupling constants
are collected, The value of szfun obtained through Eqs.(29) or (30) from
photoproduction data alone is smaller by a factor of two than the result from
e'e” annihilation. Since the relations (29) and (30) are based on VDM alone

the disagreement must be due to a failure of VDM,

Possible reasons for the discrepancy are (a) the value of Y, depends on the
photon mass: The photoproduction data determine Yo at m, = 0, the e+e— an-

nihilation experiments at m, = ms (b) there exist further vector mesons which

p?
couple to the photon. The first explanation appears to be unlikely because the
p® forward cross section (here also m, = 0} plus the quark model as well as
the analysis of p° production off deuterons in terms of single and double
scattering give the same ypz/un value as the storage ring experiment, namely
"~ 0.65. As to the second possibility: if we assume the existence of a JP =1,
TG =17 state, p' (resonance or continuum) and take the process p'M + pN
to be small as compared to elastic p'N scattering then consistency between the
photoproduction and the e'e” data can be obtained for

;‘ LiE(Yp'*o'p) ~ 30 ub/GeV2,
Ypl lun dt

The experimental situation concerning this question is discussed in the follow-

ing paragraph.
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5. Are there higher mass vector mesons?

The existence of higher mass vector mesons is predicted, e. g., by the Veneziano
Model73. Examples are the p' and p'' with masses of "*1.3 and "1.7 GeV.

A recent analvsis of the nucleon from factor data7u predicts the existence of
several new isovector and isoscalar vector mesons with masses above 1.5 GeV,
Extensive searches for these objects in photoproduction and in u pair production
by yA and pp interactions75’76 so far have been unsuccessful. As an example,

Fig. 39 shows the mass spectrum of ntw” pairs produced off carbon at EY = 6 GeV,
8 = 0° as measured by the DESY-MIT group77. Results similar to those of Fig.39
have been obtained at higher energies (v 15 GeV) by Bulos et al.78. Apart from the
p the spectrum shows no narrow (say v 200 MeV wide) structure. The broad shoul-
der from 1.2 to 1.8 GeV above a certain p tail could perhaps be explained by

the Séding interference mechanism. The cross section in this bump is approxi-
mately hundred times smaller than that for 0° production. On the other hand,

the mass spectrum seems to be roughly consistent with the multiperipheral dual

model which includes p and p' 79.

Evidence for the existence of a vector meson with M = 1968 MeV, T = 35 MeV

Y 4 . a - [s] O N
has been claimed in an experiment measuring pp * KS KL as a function of the

= 80
p momentum .

There exists the possibility that some of the threshold phenomena observed in
photoproduction (see section VI, k) are connected with the production of a

high mass photon-like state.

VI, Other Photoproduction Reactions

1. yN ~+ AQN

Fig. U40a shows a compilation23’59’81 of three charged pion mass spectra obtained

for the reactions
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Yp =+ nntats”

4+ -
and yn + pnwTm

A peak in the A, mass region is clearly seen. If this peak is attributed to
A2 production one finds an A2 cross section of the order of 0.5 - 1 ub (see
Fig. 40b). The data are consistent with the predictions for one pion exchange38
if FAQOY = 0.5 MeV is used.

o
2. yp > Bp

There exists evidence for the photoproduction of a meson with mass around

1.23 GeV. Anderson et a1.33 in a missing mass experiment

yp * pX
were the first to observe a bump around 1.2 GeV in the mass spectrum of X,
The SBT bubble chamber59 and the DESY streamer chambere2 experiments have found

an enhancement around that mass value, studying the reaction

Yp * p1r+1r- + (m‘ﬂo), m> 2.
The enhancement is more pronounced if events with 0.33 < ¥ . _ <0.60 GeV are

selected. This suggests that the bump is due to B production:

Yp 2 BOP

o]
m W

, +

- 0
mhT

rig. 41 shows the combined SBT and DESY data. Assuming that one really deals

s . 5
with B production the cross section for [t| < 0.5 GeVZ is found to be °,

olyp + B%) 0.9 0,5 yb at 2.8 GeV
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An intriguing aspect of )i photoproduction is that although the B has

p + ., s .
J =1 it can be produced by pomeron exchange if y and pomeron couple in
a relative p-wave. This would violate the Gribov-Morrison ruleBB. Clearly

more data covering a large energy range are needed to decide upon this question.

3. IRM3.0_5++ and _yn » wp®

The cross section data for these two reactions are somewhat puzzling. Previous-
ly, when only p_A++ data have been available it has been assumed that the p—&++
events are produced mainly via one-pion exchange (OPE) and the p_A++ Cross
section was used21 to determine an upper limit for Tpiﬂy. If both reactions
proceed through OPE and if the prediction PD“Y = 1/9 any from SU, + mixing

holds then

oo d ™) o(wa®,8° > pr) =1 : 2. (31)

In Fig. 42 the distribution of Mpﬂ+ versus M _ o is shown givine clear evi-

dence for p_A++ productionsg. The p"A++ cross section data from the SBT59 and

SWT23 experiments are plotted in Fig. 43, Data on wa® production come from a
deuterium bubble chamber experiment of the Weizmann groupsq at 4.3 GeV., Fig,

44 displays the relevant mass distributions. From relation (31) and the data

on c(p"A++) one expects o(on,A°+pn_) % 2.5 ub and 270 wA® events to be
seen in Fig. 44, whereas an upper limit of 3 events is observed leading to
c(on,A°+pn") < 0.5 yb. A further discrepancy is found when the cross sections
ave compared separately to the OPE predictions. With I‘leY = 1,06 MeV 62 one

finds at 4,3 GeV UOPE(mAO,AO+pw_)38 = 1,2 ub which is more than a factor of
two larger than the measured upper limit; on the other hand the OPE cross

section predictedaS for puA++ with T = 1/9 ?w“Y = 0.12 MeV is smaller

pTY
by a factor of 2 - 3 than the experimental data (see Fig. u43). Therefore, OPE
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is not the only mechanism for p_A++ and wA® production., The fact that for

E . :
*P o UOP points to the presence of an unnatural parity

wh® production ot
- * ) G - . . 2 ] k3
exchange contribution with T =1 interferring destructively with pion-

exchange.

4. Threshold Bumps

Photoproduction now too has entered the era of A bumps and threshold enhance-
ments, which puzzle those studying purely hadronic interactions since many
years (Ai’ AB’ 0 and L bumps etc.). The SLAC Streamerchamber group85 investi-

gating the reaction

Yyp pﬂ+ﬂ+ﬂ_ﬂ
observes for the ooﬁ* system a strong enhancement in the A region (1.0-1.3 GeV,
see Fig. #5). In addition the po“+“— mass distribution shows a broad bump
around 1.6 GeV near the low mass end of phase space with an approximate energy
independent cross section of ~ 0.9 wb. In hadronic interacticns these threshoid
phenomena are not understood (e, g., resonance or kinematical reflections);
experiments with polarized photons and analyzinp the p® decay distribution

could give further clues on their nature.

Finally, I want to mention two highly speculative subjects which might stimu-

late new experiments.

5. yp * Atipon~ and yp * A++mg:

The five and six pion final states

Yo * P ont on”
> p ont 2n 5

59,86,87

show strong QO and 4 preoduction (see e, g. Fig. 46). The larger

fraction of the p° and w events comes from associate production with the
++
A (1238),
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++ o -
t++ -

From a preliminary analysis of the SBT data59 one finds that those events
where the p°(w) is peripherally produced the momentum transfer from the
photon to the p%1  (an ") system is smaller than from the photon to the p°(w).

The bachelor #  therefore appears to be associated with the p(w) vertex:

Suppose one-pion exchange mediates these reactions, then events of this type

will tell us about the vyp =+ Doﬂ and yp > wn interactionsas. Unfortunately
we need at least an order of magnitude more events than presently available.

For example, the SBT experiment at 4.7 GeV from an exposure of ~0,5 + 108

pictures yields ~100 events each of the type depicted by the above diagram.

6. Inelastic Diffractive Vector Meson Production

By analogy with the diffractive like production of T = 1/2 isobars observed
in gp and pp collisions89 (e, g, 1D+ “'N*(1soo)) one expects at high
energies the presence of inelastic diffractive vector meson photoproductiongo.
The dominant contributions supposedly come from the diagrams shown in Fig. 47
with X being a pion. Fig, 48 shows the differential and total cross sections
estimated'from these diagrams for the case of no production. At 20 GeV the
total inelastic diffractive po cross section should be of the order of 3 b

or about one third of the cross section for elastic po production. Similar

predictions hold for w and 4.
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Evidence for strong inelastic p° production at small angles has first been

seen in the SLAC streamerchamber experimentgi.

Inelastic diffractive vector meson production is studied best at high, say NAL,
energies where the nondiffractive part has become negligible for small momentum

transfers.

One of the interesting questions in connection with this type of process is
whether here too the s-channel helicity (at least at the yp vertex) is con-
served, Similar studies of hadronic reactions (mp + A, D, Kp Qp) so far

have given negative resultsgz.
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Table I Results on' yp + yp: The forward differential cross sections, dcofdt, and the slope parameter

A,B from a fit of do/dt to the forms do°/at exp(At) and do®/dt exp(At+Bt?), respectively.

E t Range do®/at A B
Experiment | (gev) (Gev?2) (ub/Gev?) (Gev™?) (Gev ™)
DESY 2.2 - 2.7 0.1 - 0.4 1.26 *0.13 5.2 0.5 -
Ref. 12 2.7 - 3.2 - 1.14 *0.11 5.7 *0.4 -
3.2 - 3.7 - 1.24 £0.11 6.2 *0.4 -
3.7 - 4.2 - 1.02 0.1t 5.3 *0.5 -
Eu.o - 5.2 0.06 - 0.4 0.92 *0.09 6.0 0.4 -
gs.o - 6.2 - 0.76 %0.06 5.5 *0.3 -
%s.o - 7.0 - 0.76 *0.07 5.9 0.4 - é
E .
SLAC § 8 0.014 - 0.17 0.82 *0.04 7.7 0.5 -
l
% 0.01% - 0.8 0.79 *0.03 7.6 0.4 2.3 0.5
Refs. 13,14 L 16 0.01% - 0.17 0.69 *0.03 7.9 %0.5 -
0.014 - 1.1 0.64 *0.02 7.3 %0.3 1.7 *0.3




(Gladding et al.)

mass

Table II  Experiments on 0° photoproduction, yp - pop
Photon . Number cof
Experiment Technique Beam Energy g:i:;iigs Rho Events | Remarks
(GeV) Above 2 GeV
cEa®®
Collaboration <B 500
21 bremsstrahlung
DESY"™ (ABBHHM) <8 2000 N
HBC final state pm 7
SLAC-Weizmann- quasi is 3 (or 4)
Tel Aviv23 monochromatic 2-8 ot 3000 constrained; background
Pr s from other reactions is
SLAC-Berkeley- Laser beam, lin.pol.| 2.8;4.7 6000 negligible; no data
Tufts?2 approx.monochromatic] 9.3 below |t| = 0.02 Gev?
SLAC27 }‘ bremsstrahlung 2~16 1700
streamer-
DESY (amm)?®  PeBAWEr | . 04 v bean 3-6 2000
pESY?® (Blech- tagged y beam 3-5 350 1 constraint,
schmidt et al.) : sin20 assumed
30 inelast.BG sub- 0 con-
Cornell 4-8.5 k many tracted at 8.5 GeV|straint,
bremsstrahlung G )
31 ? 5 inelast.BG not sin“@
DESY-MIT 3=7 10 excluded assumed
SLA032 counter quasi 9 1400 1 constraint
(Bulos et al.) set up monochromatic
SLAC33 bremsstrahlung 6~18 p and missing many 1 constraint, missing mass
(Anderson et al.) mass technique; resolution not
good enough to separate p
and w production
CBA3u tagged y beam 3-4.7 p and missing

p and w separated



Table ITI

Photon energy

t-range

o]
Yo > p p:

P
o

cU/ctOt

OPE prediction38

r = 0.13 MeV

pTY

: measured

2.8 GeV

4.7 GeV

0.02 < |t] < 1 Gev2

0.02 < [t] < 1 Gev?

]

[

1

i

|

'
e

0.94 *0.08
3.1 *3.1 %
with
2%

1.02 #0.05
- 1.1 2.8
0.8 %

o
Kl

Contribution from unnatural parity exchange. (Data from Ref. 22).

9.3 GeV

0.05 < lt| < 0.8 Gev?

o o e s

1.01 #0.09
- 0.5 #4.5 %
0.2 %

_gh-—
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Table IV Results on yp * pop: The forward differential cross section, do®/dt
and the slope parameter A from a fit of do/dt to do®/at exp(At).

EY t Range Fit Method dcoldt A
Experiment (GeV) (ub/cev2)|  (Gev™?)
ABBHHM 2.5 - 3,5 10,05 - 0.5 (M /M+_j“ 147 13 6,9 £0.4
(DESY-HBC) | 3.5 - 4.5 p 149 19 | 8.1 %0.7
Ref. 21 4.5 - 5.8 130 *16 7.9 0,7
SLAC 9.0 0.0 - 0.15 |equiv. to
Bulos et al. M /M+,)“ 122 #4192
Ref, 32 s68ing 104 t11 | 9.5
SBT 2.8 0.02 - 0.4 n{t) 144 212 7.5 $0.6
Ref. 22 (Hp/M+_)“(t) 138 + 8 | 6.6 0.3
S&ding 104 ¢ 6 5.4 $0,3
Pole method,
r =153 eV 135 13 6.3 0.4
b7 0.02 - 0,4 mt) 100 * 8 7.6 0.5
/M, () 114 ¢ 6 | 7.2 0.3
Séding g4 t 6 5.9 0,3
Pole method,
P =153 MeV 107 10 6.0 0,3
9.3 0.02 - 005 H(t) 79 t 8 701 10.6
(oM, 3P(H) | 90 5 | 7.1 0.3
Ssding 79 t 4 6.6 *0.,3
Pole method,
rp=153 MeV 82 * 8 6.3 $0.5
Cornell® 3.9 S6ding 169 14
Ref. 30 4,1 150 14
4,6 140 *13
5.6 134 t 6
5.9 126 * 9
6.5 109 * 9
6.9 113 %10
7.4 108 * 4.5
8.5 0.0 - 0.5 103 * 6 8,1 0.4
DESY-MIT*¥ 3.0 (Mp/H+_)“ 156.5%11,5
Ref., 31 +22
3.6 132 "¢
4,2 127 ¢ 8§
4.8 138 t 5
5,4 126 t 5
&0 | 1 ] (117 £ 3
6,4 (M /M+,)“ 113 t 5
Sﬁaing 119 £ 6
_ R
6,5 (MD/M+_) 17 _ ¢

¥ . . . .
In this experiment not the full p cross section, do/dt, but the quantity

Q(pii + 0:-1) do/dt is measured (see text) and the numbers given here apply

to this quantity.

o s . . .
The data have not been corrected for contamination by inelastic po production,
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E, t Range | Fit Method do®/at i A

Experdment (GeV) (ub/eev?), (Gev ™2
....... b S

SLAC- 2.0 - 2.5 | 0.06 - 0.4 | Central rho,| 134 220 | 6.4 %0
Weizmann- 2.5 - 3.0 Séding 177 126 i 8.8 1
Tel-Aviv 3.0 - 3.7 124 20 | 7.5 #1
Ref. 23 3.7 - 4.7 101 12 | 6.5 0
4,7 - 5.8 132 +17 | 7.7 *0

6.8 - 8.2 98 15 | 7.1 30

St

|

for o P IS, BN ST e o



Table V yp = wp: Cross sections and momentum transfer dependence for 0.02 < |t| < 0.4 GeVZ (2.8, 4.7 GeV)

and 0.02 < [t] < 0.5 Gev?

(9.3 GeV) assuming do/dt

contributions from natural parity exchange in the t-channel. (Data from Ref. 59).

do°/at exp(At) for all events, and for the

o N 5 U s N°®
E, O rotal do~ /4t A o (|t| <1 Gev?) o (Jt] <1 Gev?) | do /dt Ay
(GeV) (ub) (ub/Gev2) (Gev™2) (ub) (ub) (ub/Gev?) (Gev™?)
2.8 5.3 *0.,5 31.7 4.3 B.4 0.7 2.3 0.4 2.6 0.4 12.4 =4 2 5.9 2.1
.7 3.0 #0.3 23.4 3.9 8.2 0,9 1.7 0.3 1.2 20.25 13.9 £3.8 7.9 1.7
9.3 1.8 *0.2 12.7 2.4 7.3 1.2 1.7 £0.3 0.1 0.3 12.0 £2.7 7.2 #1.3

—Lh—
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Table VI VDM predictions for the ratio of the forward cross sections
for vector meson photoproduction and comparison with experi-
ment, according to Eqs. (25,26); n, and n  are assumed to
be the same as for Compton scattering (see Fig. 4); Ny = o.
For doo/dt(pop) averages of the data of Fig. 29 are used.

EY doo/dt(pop) : do®/dt(uwp) : do ©/dt(¢p)
(GeV) Experiment Theory

2.8 9 : (0.78 0,28) °° 9 :1:0.27

4.7 9 : (1.0 *0.28) % 9:1: 0,35
5.7 9 : (1.1 $0.25) 60 9 :1: 0.38

6.8 9 : (0.93 *0,15) &% 9 : 1 : 0,40

9.3 ] 9 : (1.14 =0.3 )9 1 (0.27 10.00)%° | 9 1 1 : 0.44



¥-V¥ Coupling constants

Table VIT
lo] o} . 56 43
do~ /dt(yp+Vp) do~/dt(yp>Vp) do/dt(yp>Vp) yd » vd Orsay
+ Quark Model + an(yp) + do/dt{yp>yp) Storage Ring
Ygfuw 0.65 0.1 0.35 *0.05 c.2 - 0.3 0.6 -~ 0.7 0.64 *0,05
Yo/ b 5 1.5 4.8 £0.5
5.1 $0.6 2.8 *0.2

274
'Y¢/ ki

—Bh_
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Figure Captions

Fig. 1
Fig. 2
Fig. 3
Fig. &
Fig. 5
Fig. 6
Fig. 7
Fig. 8

a)

b)

c)

Total yp cross section below 4 GeV; data from Ref. 5.

Total yp and yd cross sections above 1 GeV; data from

Refs, 3(¢), u(4), 6(y) and 7().
Total vd cross section below # GeV; data from Ref. 5.

The total yn cross section and the sum and difference of
UT(Yp) and GT(Yn); data from Refs. 3, 4; Fig. taken from

Ref., 4,

Differential cross sections, do/dt, for Compton scattering

for energies between 2,45 and 17 GeV. Data from Refs. 12(9),

13($) and 14(}d).

Ratio of the real to imaginary part for the amplitude f,

for Compton scattering on protons. Fig. taken from Ref, 3b.

Extrapolated forward cross section of proton Compton scattering
as a function of the photon energy EY° The curves correspond
to the optical point with/without Re f, taken into account.

Fig. taken from Ref. 12,

Asymmetry I of Compton scattering on protons, vs. four momentum
transfer. Solid lines are the predictions of the spin independent
model (SIM)}, s-channel helicity conservation (SHC, I = 0) and

ot exchange in the t-channel. Fig. taken from Ref. 18,

Total and topological ¥p cross sections versus the square of the

center of mass energy, s. Fig. taken from Ref. 22,

Cross sections for Yp * pn+n-, pk+k_ and ppp. Data taken from

Refs., 21, 22 and 23. Fig. taken from Ref. 22,



Fig.

Fig.

Fig.

Fig.

Fig.

10

11

12

13

14

15

16
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Cross sections for various yp reactions. Data taken from Refs.

21 and 23, Fig. taken from Ref, 23.

Cross sections for various vd reactions. Data taken from Refs.

24, 25. Fig. taken from Ref. 24. Also shown are the predictions

of the quark model of Satz,

The fraction of inelastically produced nte” pairs for an average

+ : .
n 7 momentum of 8,3 GeV, shown as a function of t for various

1tr” masses. Fig. taken from Ref. 30,

The Gottfried-Jackson coordinate system for the analysis of the

0° decay angular distribution.

Reaction yp »+ pop at 4.7 GeV¥., Rho decay angular distribution in
the helicity system without background subtraction. The curves
are proportional to sinzeH and (1 + PY0052¢H). Fig, taken

from Ref. 22,

Reaction yp * pop at 4.7 GeV. The spin density matrix elements
in the Gottfried-Jackson, helicity and Adair systems. Fig. taken

from Ref. 22,

The density matrix element pgl =-%(1 - pgo) in the helicity and
Gottfried-Jackson systems versus t for different photon ener-

gies. Fig. taken from Ref. 27;

Illustration of the spin dependence of some production mechanisms
for yp »+ pop (namely 0+ exchange, s-channel helicity conser-
vation, spin independence in the CMS) which lead to a simple
behaviour of the rho density matrix in either the Gottfried-
Jackson (G-J), the helicity (H) or the Adair (A) frame; the
photon is assumed to be circularly polarized; cz, 0; indicate
the directions along which the spins of y and p have components

equal to one.



Fig. 17

Fig., 19

Fig. 20

Fig., 21

Fig, 22

Fig, 23

Fig., 24
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Reaction yp +pop. The parity asymmetry, PU, as a function of t

at 2.8, 4,7 and 9.3 GeV. Data taken from Ref, 22,

Reaction yp + pop. Energy dependence of the asymmetry I for

Itl < 0.4 GeV2, Data taken from Refs. 22, 39 and 40,

Reaction yp * pop. The size of the s-channel helicity flip terms
calculated from the data of Ref, 22 as a function of t for 2.8,

4.7 and 9.3 GeV,

Reaction yp + pﬁ+ﬂ-. The n'n~ mass spectra for different photon

energy intervals, Fig. taken from Ref. 23,

Chew-low plots for the reaction yp -+ p‘l!+11’_ at 2.8 and 4,7 GeV.

Fig. taken from Ref. 22.

nt1” mass distributions for events of the reaction yp + pﬂ+ﬂ-.

The s-channel photon-helicity conserving p-wave intensity T

(see text) is shown by the points 4. The curves give the results
of a maximum likelihood fit using for the p° the parametrization
(Mp/M+_)n(t)(———) and the S&ding model (——). Fig, taken from

Ref. 22.

Reaction yp *+ pﬂ+ﬂ—. Fitted values for n{t) using the parametri-

zation (Mp/M+_)n(t). Data taken from Ref. 22($) and Ref. 28(}).

Diagrams for the production of ntn” pairs in the reaction
Yp + pﬂ+ﬂ":

(a) p® production

(b), (c) Drell processes

{(d), {(e) Rescattering terms
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Fig. 25 Reaction Yp pﬂ+ﬂ—. The dipion moments Y?(B), Y;(B),
Re Yg(e,w), Yg(ﬂ), Yz(e), YE(B) in the helicity frame as a
function of M 4 _ for 0,02 < |t] < 0.4 GevZ at 2.8 and 4.7
GeV. The curves are obtained from the S3ding model. Fig. taken

from Ref., 22.

Fig. 26 The fitted ratio of the p° to Drell cross sections, Up(t)/cDrell(t)°
The solid (dashed) curves show the predictions of the S8ding model

with the Ferrari-Selleri (Benecke-Diirr) form factor. Fig. taken

from Ref. 22.

Fig. 27 The contributions of rho, Drell, interference terms, phase space
and ATT to the 7’1" mass spectrum from a S6ding-model fit to

the channel yp * pﬂ+ﬂ-. Fig. taken from Ref. 22,

Fig. 28 Comparison of differential cross sections for p° production from

different experiments. Data taken from Refs, 21, 22, 30, 32 and 33.

Fig. 29 Energy dependence of the forward po cross section. The data are

those listed in Table IV, The curve shows the results of two VDM

calculations:

(i) Using the measured total yp cross sections as input together
with yg/un = 0.35 (Eq.(29)).
(ii) Starting from the total pop‘cross section predicted by the

quark model and using a value of Y;/uﬂ = 0,65 in Eq. (28).

Fig., 30 Energy dependence of the total cross section for yp » pop. The
curve is based on VDM and on the quark model prediction for
c(pop > pop), Eq. (22). For Yg/uw a value of 0.7 has been used.

The data come from Refs. 21, 22, 23 and 27.



Fig. 31
Fig, 32
Fig, 33
Fipg., 34
Fig. 35
Fig. 36
Fig. 37
Fig. 38
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Differential cross sections for the reaction yd *nod. The
open (full) points were obtained with the S38ding model (with

n(t))'

the factor (M+“/Mp) The curves are explained in the text,

Fig. taken from Ref, 55,

Total cross section for yn > p p for |t] < 1.1 Gev2. Mo
corrections for deuteron effects are included. The curve shows
the prediction for pion exchange (Ref. 38) with FD'HY = 0.13 MeV,

Fig, takern from Ref. 55.

The mass spectrum of atn” pairs of 8.4 GeV momentum produced with
a 7.4 GeV bremsstrahlung beam on hydrogen., The square of the atn”
transverse momentum is p% = 0.001 Ge¥2, The solid curve includes
the w-p interference term, the dashed curve does not. Fig. taken
from Ref. 57.

o)

. - + -
Reaction yp > pﬂ+n n® at 9.3 GeV. The 7 7 n° mass spectrum.

Fig. taken from Ref, 59,

The total cross section for yp * wp. Data taken from Refs. 21, 23
and 59, Fig., taken from Ref. 59, Also shown are the cross sections

(Ref, 59) for natural (cN) and unnatural parity exchange (UU).

Decay angular distributions and Pc for w events at 2.8, 4.7 and
9.3 GeV in the helicity system. The curves give the decay distri-
butions as calculated from the fitted density matrix elements.

Pig. taken from Ref. 59.

Differential cross sections for yp + ¢p. Data taken from Refs,

21, 30, 31 and 33.

yD + yp: Ratio of the VDM prediction to the measured Compton cross
sections. Curves correspond to different analysis methods used to
obtain the po contribution. Typical errors of the ratioc are shown,

Fig., taken from Ref. 12.
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Mass spectrum for ﬁ+1f-pairs of 6.2 GeV momentum produced with
a 7.4 GeV bremsstrahlung beam at small transverse momenta. Fig.
taken from Ref. 77.

. . + + - s + + -
Compilation of m m™n mass spectra from the reactions yp > nm © 7
and yn pﬁ+ﬁ—ﬂ-. Data taken from Refs. 23, 59 and 81.

Cross sections for A, production. Curve shows OPE prediction for

PA2ﬂY = 0.5 Mev °3,

. +_- N +_-
Reaction yp * p7m 7+ (mr®), m > 2, Compilation of w7 (mr®)
mass spectra for the cuts indicated in the Fig. Data taken from

Refs., 59 and 82.

s + - 0
Reaction Yp »pn m m at 2.8 and 4.7 GeV; Mpﬁ+ versus M“—ﬂo

distribution. Fig. taken from Ref. 59.

Cross section for Yp * p_A++. Data taken from Ref. 23 and 39.
The curve shows the one-pion exchange prediction (Ref. 38) for

Pp'ny = 0.12 MeV.
. + - -0
Reaction yn > pmw w T 7 : at 4.3 GeV.

+"O 3 » .
m'm 7 mass distribution,

pn_ mass distribution., The shaded histogram is for pn; combina-

tions with M 4+ - 0 being in the w mass region (0.75 - 0.85 GeV).
. + - -
Reaction yn > pm 7 T :
+ - s . :
7' n mass distribution.
pr_ mass distribution.

Pig. taken from Ref, B84,
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Fig, 45 Reaction vp * pw+n+n“n- between 8.5 and 18 GeV, The o ¢
mass distribution. Pig. taken from Ref. 85,

(o]

Fig, 48 Reaction yp > pn+n+n_ﬁ-n ‘at 2,8 and 4,7 GeV. The

# 1 1° mass distributions. Fig. taken from Ref. 59,

Pig, W7 Diagrams considered for inelastic diffractive 0° production:

(a) diffractive isobar production.
(b), (¢) double peripheral scattering.

Fig. taken from Ref., 90.

Fig. us Cross sections for inelastic diffractive p° production on protons
via isobar production (diagram (a) of Fig, 47); and double
peripheral scattering (diagrams (b) and (c) of Fig. 47). The
curves labeled "total' show the incoherent sum of all contri-

butions: (a) and (b) differential cross sections at ET = 5 and

10 GeV; (c) integrated cross sections as a function of the photon

energy Ey. Fig. taken from Ref. 90.
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