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1. Introduction

As the quantum numbers of the vector mesons equal those of the
photon, it is not surprising that vector meson photoproduction
is related to hadronic elastic scattering. More precisely, the
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{where ] is the hadronic electromagnetic current; p w and

u v’ o
¢u are the vector meson fields, my the vector meson masses and
Yy the coupling parameters) leads us to consider the photon-

hadron interaction to be mediated by the vector mesons, with a
direct photon-vector meson coupling
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In the l1imit of unbroken SU{(3), ideal w¢ mixing, and zero mixing
with other possible vector states, the couplings are in the famous
ratio
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this is changed somewhat by symmetry-breaking2 (see section 9).
The data on photoproduction of vector mesons allow some
rather direct tests of the vector-meson dominance model of the
electromagnetic current.2 They may also reveal some of the
general properties of hadronic processes. On first sight vector
meson photoproduction at high energies is a particularly_pure
example of a diffractive production process. Helicity conservation
has already been discovered here and has suggested itself as

perhaps a new principle for certain types of reactions.

On closer examination however the data do not always follow
our often generalizing expectations. And vector dominance,
although doing surprisingly well in some respects, apparently

fails in others.



This report will start with a brief description of methods
to polarize photons (section 2), followed by a discussion of the
polarization properties of po, w and ¢ photoproduction (sections
3 - 5). Next we consider the cross sections for wvector meson
photoproduction on protons (section 6) and their implications
for the vector-dominance model (section 7). This is followed by
a discussion of photoproduction on deuterons (section 8) and
complex nuclei (section 9), which allows further tests of vector
dominance. We then turn to the photoprbduction phases (section 10)
and end with a brief discussion on photoproduction of heavy

mesons (section 11).

We will concentrate in this presentation on some of the
newer and (supposedly) more important experimental results. No
effort is made on completeness, for which the many good recent

. 4-11
reviews offer an excellent excuse.

2. Polarized Photon Beams

s 12
a) Coherent bremsstrahlung from a diamond monocrystal. »13
In the bremsstrahlung of high—-energy electrons on the atoms of
a regular lattice, one observes a strong enhancement if the
momentum transfer coincides.with a vector of the reciprocal

lattice., The photons under this condition turn out to be linearly

e{scattered)
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polarized, with a polarization of up to ~70 Z. This method to
polarize photons has been used in vector-meson production ex-

periments at Cormell, DESY, and SLAC., Rather intense beams can



be produced. Large polarization is however achieved only at
i
< =E. .
EY = 2 incident’
$5 GeV at Cormell and 3.5 GeV at DESY. Furthermore there 1is a

which 1imits the usable photon energy EY to

large, flat, unpolarized photon background extending up to

pmax
¥ incident’

b) "Acceleration'" of polarized light.14’15
Light from a laser is Compton-scattered under =180° on high-energy
electrons. The backscattered photons thereby achieve high energy
in the laboratory system. As Compton scattering is a two-body
process, the final-state photon energy EY depends only on the
scattering angle. One can therefore obtain a nearly monoecromatic
photon beam by sufficiently collimating the electron and photon
beams. The polarization (linear or circular) of the laser light

is essentially retained in the scattering process. This method

has been used to study vector meson photoproduction by linear
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polarized photons of EY = 2,8 GeV, 4.7 GeV and 9.3 GeV at SLAC. 6-19

The polarization was 94 Z at 2.8 and 4.7 GeV, and 77 Z at 9.3 GeV.

The small intensity and short pulse length of the photon beams

so obtained limit their use to bubble chamber experiments.



A comparison of the spectra of a coherent bremsstrahlung beam
used recently at Cornellzo, with the one from the laser Compton

scatterinng, is shown in Fig. 1.

¢) Photon absorption in highly oriented graphite2].

If a beam of high—energy photons is passed through oriented

single crystals of graphite, photons with different directions

of their polarization vector will be absorbed differently. This

is due to the fact that the cross section for coherent e e pair
production depends on the relative orientation of the polarization
vector and the crystal axis. In a recent experiment at Cormnell,

a polarization of 6 7 was achieved at a beam energy of 9 GeV,
Higher degrees of polarization are expected when EY becomes higher,

so that the method could be useful at the new accelerators.

3. Polarization Properties of the Reaction yp — pop

Assume the incident photon beam to be linearly polarized, with

degree of polarization Py' Let ¢ be the angle between the photon

9 = production normal

2
*H <
\\(P(\\I

polarization vector EY and the production plane.Then the helicity



density matrix22 of the po meson depends on ¢ in the following

way!

(o)

. (1)
At Pt

- - : (2)
PY cos2¢ NN PY sin2¢ p

ax!

The ¢ dependence cannot be more complicated due to the fact

that the spin of the photon is 1. pii? is the density matrix
. 2
for the unpolarized case. It turns out-3 that from observation

of the p° decay angular distribution W(cosn9,?z¢ ) using lineariy
polarized photons, one can determine a total of 9 independent
(real or imaginary parts of) elements of the density matrices

(o) (1) (2) .
NN N and Pyt * Therefore one gets 10 times as much
information (differential cross section plus 9 density matrix

elements) as from a mere differential cross section measurement.

The determination of the 9 density matrix elements has been
done only in the bubble chamber, since one needs the full (or
at least a large part of the) decay angular distribution W(cosA%?;¢)

to separate the various matrix elements.

We do not want to discuss here the general expression for
the decay angular distribution W(co&g,?; $) in terms of the
density matrix. We mention only two simple properties. We take n

. +
and P to be the polar and azimuthal angles of the m from the
o + - . 0 .
po - n m decay, measured in the p Trest system in the s-chaannel

helicity frame (x zH). This frame is defined by a z_, axis

H 'H H

> +
parallel to “Pout and a Yy axis parallel to the normal to the
production plane (see sketch above). The polarization vector -
8
. e d >
of the po meson is parallel to the relative momentum P .+ ™ P_-

. . o
of the decay pions in the p rest system.

The first property has to do with the question of helicity

conservation. We can have the helicities

AY = +1 for the photon, lp = 0, *1i for the po

The question arises: Are there "helicity flip" transitions into

the Ap = 0 state? This can be answered from the cosd9 distribution

alone, even with unpolarized photons, since
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in the s-channel helicity frame.

The second property relates the exchange of natural vs,
unnatural spin-parity in the t-channel, with the correlation
of the photon and the po polarization planes. To make it plausible
we use a simple mnemonic. Imagine the photon - rho meson tran-
sition at small cms angles o* y wWith exchange of a JP = 0" or

o object. The matrix elements arez4

-Ep)k and (. xe )k

(e.g. for 0 remember the perpendicular polarization planes of
the photons from n® decay). For exchange of higher spins, the

mrnemonic is

> -

E_k_,. K . .
..E -E -’. s
Y ' P Eg AT 5 ED
' ! ! ]
l+ u t |
0 0 0 ot
‘_._Y.___l h_...v.._._.....)
can combine to total can combine to total
P + - - -
exchange of J° = 0, 1 , 2+... exchange of JP a 0 ,1?,2...

(= natural series) (= unnatural series)



Let W(=(?- ¢) be the angle between EY and the projection of Ep
onto a plane perpendicular to E. Then we have from the square

of the matrix elements

2
W(¥) = cos ¥ (natural exchange)
W(Y) = sinZW (unnatural exchange).

At large cms production angles © it turns out still to be
true that for natural (unnatural) exchange the ¥ distribution

peaks at O and 180 deg (90 and 270 deg)23.

Experimental evidence for the tendency of the 6% in the
reaction yp - pop to emerge with helicities Ap = *] like the
photon, was first reported by the ABBHHM bubble chamber colla-
boration with data obtained at DESYZS. The most convincing evidence
is provided by the bubble chamber data of the SLAC-Berkeley-Tufts
Collaborationl7’ig. In Fig. 2 we show some of thelir recent un-
published data on the reaction Yp > n+n“p at 9.3 GeV, obtained
with the Compton backscattered polarized photon beamlg. The left
part of the figure shows the Dalitz plot M§+W_ Vs, szﬂ+ . One
sees the po and the A++(1236) bands, and perhaps an indication
of A0(1236) production. Note that there ig some additional back~-
ground, outside the po and A(1236) bands. On the right hand side
of Fig. 2 is part of the Chew-Low plot, M§+ﬁ_ vs, lt|, where
t = (pY - pﬂ_,,ﬂ_)2 is the square of the four-momentum transfer
from the photon to the mesons. Small |t] are strongly preferred.
The slope of the t distribution is seen to vary with M§+“_, or
put differently, the form of the Mﬂ+ﬂ_ mass distribution 1s Seen
to change with t . This causes difficulties in determining the
po production cross section since obviously it cannot have a

simple Breit-Wigner resonance form,

The decay angular distributions of the w+n-.system for
events in the po mass region and for small momentum transfer
(|e] < 0.4 cevz) from this experiment are shown in Fig. 3. The
polar angle distribution is compatible with sinzn}, consistent
with complete helicity conservation at the yp vertex. The y data
show clear evidence for overwhelming natural JP exchange. The
distribution is not expected to go exactly to zero at 90° and 270°

since the photons were only 77 7 polarized.



The most concise way to visualize the apparent conser-
vation of helicity in p0 photoproduction is-'presented in Fig. 4,
also from the SLAC-Berkeley-Tufts experimentlg. Consider a
coordinate frame, in the rest system of the po, in which the po
density matrix most closely resembles that of the initial photon
(i.e. pure transverse polarization, same polarization plane).
Then let B be the angle of rotation, around the normal to the
production plane, that transforms the s-channel helicity frame
into this minimum-f1lip system. It is seen in Fig. & that at
9.3 GeV, B is not far from zero up to |t| = 0.8 GeVz. Also shown
in Fig. 4 are the angles of rotation from the helicity frame
into the Adair frame26 {(Curve A), and into the Gottfried-
Jackson frame27 (Curve GJ). These frames differ from the s-
channel helicity frame only by a rotation around the normal to
the production plame. The helicity frame has its z axis parallel
to ;p in the cms, the Adair frame parallel to ; in the cms,
and the Gottfried-Jackson frame parallel to ;Y in the po rest
system; the y axes are aiways perpendivular to the production
plane. Zero flip in the Adair system would imply "spin direction
conservation" while zero flip in the Gottfried-Jackson frame

would hold if no spin was exchanged in the t channel:

N e

P ‘\—‘\‘:an Pin Y"’;_‘{Vb \\_A in p.ﬂ’,\
= Z ‘ P
p = p é in

y
t channel

exchange

"helicity conser- "Spin direction ' No spin transfer in
vation" conservation" ~ t channel
(ruled out) (ruled out)



One sees from Fig. 4 that the latter two possibilities are
definitely ruled out for |t]| < 0.8 GeVz. Contrast this with the

situation in the reactions, also believed to be diffractive,
+ + + +

TP > AP, K'p>Qp
where the data are more or less consistent with zero flip in
the Gottfried-Jackson frame, and incompatible with s-channel
helicity conservationza. The reason for this difference in
behavior is not clear. These reactions differ however from
photoproduction of neutral vector mesons in two respects:
(i) The JP quantum numbers of the bosonic system change in

the reaction.

(ii) The A] and Q may not be genuine resonances. - In any case
we conclude from Fig. &4 that for po photoproduction, helicity
conservation at the yp vertex may hold up to |t| ~ 1 GeV2 at

high energy.

We now discuss more quantitatively the question of natural

. . . . 0
vs, unnatural spin-parity exchange in the reaction yp > p p:

Y p°
N or U?
P P
We define the
N U
" . " = 8- ° . 1y _ (1)
parity asymmetry PU GN N G 2 pl,—l oo

23,29

(to leading order in ET Y, and the



n t ratio" Z 0” ” QL
asymmetry ratio = TS
] A1

T R L O
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dere, the superscripts N and U mean natural and unnatural J
exchange; WJ(QL) is the cross section for the case where the p
polarization vector gp is orthigonal to the production plaze
and the ¥ polarization vector e_Y parallel (orthogonal) to €,

as illustrated below:

= production normal
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Loosely speaking Z is the relative contribution of natural vs.
P . . .
unnatural J ~exchange, to the production of helicity #*1 wvector

meson states. For diffraction production one expects Pc = L = 1.

Figure 5 shows the measured valuesl7’30’31 of I as a

function of the photon energy EY. They are very nearly equal
to +1 in the whole emnergy range measured, from 1.7 to 5 GeV.
Note that I can take values between -1 and +I. Figure 6 shows

PU at 9.3 GeV as a function of [t] ]9. It is seen to be com—

patible with 1 in the whole measured t| range, from O up to

0.8 GeV2

As the leading unnatural JP exchange contribution to p0
photoproduction we may expect pion exchange. From SU(3) sym-

metry and the quark model one has T =1 T = 0.13 MeV,
puY 9 wny



Using this for the prvy coupling one finds the pion exchange
contribution to po photoproduction as given in Table I. It 1is
seen to be just compatible, within the experimental errors, with
the unnatural t-channel exchange contributions found in the

SLAC-Berkeley-Tufts experimentsly’lg.

TABLE I. Unnatural Exchange Contributionl7’19, and expected

Pion Exchange ContributionBz, to o(yp pop)

B, (GeV) 2.8 4.7 9.3
|t| range (Gev?) <1 <1 05<lel<lely,y
U, N U :
a /(s + o) (3.1 + 3.1)%] (=1.1 + 2.8)%] (0.5 + 4.5)%
o /(" + a¥) 2 7 0.8 7 0.2 %

. . . . +
An interesting question is whether p-wave 7 1 —-systems

produced by natural exchange and with helicity conservation, are
(o) (1)
. - oo’ "1-1
and Po as a function of the #= 7 mass, determined from the data

. o . .
also seen outside the p mass region, Figure 7 shows p

. + = . .
under the assumption that the mw w system is 1ln a pure p-wave

state17. In the po region,

piz) degree of longitudinal polarization of the - system,
pfli = correlation term between Ap = *] states for linearly
polarized photons (necessary to give linearly polarized
‘I .
p's), = o
P.= parity asymmetry = |

but outside of the po mass region these quantities change
drastically. This is clear evidence for a background behaving

quite different from the po. It does not come unexpected of course,
since (see Fig. 2) part of the higher-mass a'5” states (however

not all) are decay products of A(1236).



To summarize, we may sState that the polarization properties
found in the reacticn yp - pop are compatible with s-channel
helicity conservation at.the bosonic vertex, and with natural J
t-channel exchange. The contribution to the cross section of
unnatural exchange and of helicity flip in the p‘noton-pD transition
is qﬁite small up to |t| ~ 0.8 GeV2 at 9 Gev.” A large nucleon
helicity flip contribution cannot yet be excluded. As the most
important t-channel exchanges we may expect exchange of ¥, P',

and AZ' -

4, Polarization Properties of the Reaction yp - wp

This reaction has been studied with linearly polarized photons
also by the SLAC-Berkeley-Tufts Collaborationls’lg. They detect
the decay w ~ n n n° in the bubble chamber. The formalism is the
same as for yp - pop, with the difference that the w polarization

vector is given by the normal A to the three-pion plane in the

- .
rest system, € = fi, because the decay matrix element (apart from
", - - -+ -
= x - .
form factors) is Mm P, (p+ p_)

Figure 8 shows the decay angular distributions of the w in
the helicity system, and the parity asymmetry Pc’ at 2.8, 4.7
and 9.3 Gev'3:19

agree with the form sin%G' expected for s-channel helicity con-

. At all three energies, W(cosA) does not quite

servation. Po seems to be strongly energy-~dependent, rising from

»*
It has been remarked recent1y33’34

that for any exchange with
well-defined naturality (natural or unnatural), only the s-
channel helicity conserving amplitudes can be # 0 in the exact
forward direction, due to angular momentum and parity conser-
vation. This does not imply that our conclusion on helicity con-
servation reduces to a triviality. Thus spin~flip in the Adair
system, which has precisely the same kinematical zeros

((sin’e*) mY+mp-mp-mp. ) in forward direction, actually iﬁ clearly
observed (see Fig. 4). Still, some of the helicity flip amplitudes
may be substantial although their contribution to the cross

section remains small, due to the small size of the kinematical

factors multiplying these amplitudes.



0O at 3 GeV to = | at 9 GeV, A separation into natural and un-
natural t-channel JP exchange parts of the total w photoproduc-
tion cross section is shown in Fig. 9. The natural exchange part
(open circles) is seen to be only weakly energy-~dependent, the
energy-dependence being consistent with that for p° photopro-
duction (dashed curve). This suggests diffraction to be the
dominant mechanism. At 9 GeV, UN = 2 ub. On the other hand the
upnnatural exchange cross section drops like E;Z. In fact it is

quantitatively consistent with pion exchange with Benecke-Diirr

lz/Furrw
Y Aﬂﬁ/VM?ZﬁEZZQ w

m
Yot

0.9 & 0.1 MeV

35,36

form factors (full curve in Fig. 9).

5. Polarization Properties of the Reaction yp > ¢p

This reaction has been measured by several groups, all of
which detected the ¢ —+ KK decay. The ¢ decay angular distri-
bution W{cosa}) in the helicity system has been looked at by the
DESY-MIT group37 (using however a nucleus as target}, and the
ABBHHM bubble chamber collaborationzs, both finding it comnsistent
with sinzéyas expected for s-channel helicity conservation.

These experiments suffered however either from a restricted

dﬁrange available, or from small statistical accuracy.

The only published results with linearly polarized photons
are from the Cormnell groupzo. They detected ¢'s produced near
the forward direction at an average photon energy of 5.7 GeV.

For the asymmetry ratio (defined in Section 3) they found

0.94 t 0.06 {on a C nucleus target)

0.53 * 0.15 (on a H target)



The large deviation of I on the H target from the expected

value of | would mean a sizable nondiffractive (unnatural ex-
change) component, doy/dg, = 0.30 & 0.12. The Cornell group

is presently looking into the question of "inelastic" ¢ produc-
tion perhaps contaminating their measurements38. {(For example,

the ABBHHM group had found a cross section of(yp - ﬂ+ﬂ—¢p) =

0{6 + 0,2 ub at EY ~ 5 GeV. 40) Should the small measured value

of £ be confirmed it would seem rather a puzzle since the reaction
Yp + ¢p is thought, motivated mainly by the quark picture, to be

a particularly pure example of a reaction proceeding by P ex-

change41’42. Candidates for unnatural JP exchange are 1 and n;
however with the recent Orsay values F¢HY = 0076 £ .0032 MeV
and F¢nY = ,077 + .023 MeV 39, and taking account of the inter-

ference hetween the two exchanges, one computes a rather small
contribution of unnatural exchange such that the resulting asym.
metry I would still be 20.92 at 5.7 GeV and small 0" 32,

6. Cross Sections of the Reactions yp > Vop

In the determination of cross sections for 0®, w and ¢ photopro-
duction one meets several difficulties. Part of them is of a
purely instrumental nature. Thus, bubble and streamer chamber
experiments usually miss events with lt] s 0.02 Gevz, and some
losses can occur up to |t| = 0.05 GeVz. In most counter and

spark chamber experiments only the decay products of the vector
mesons are detected; since the photon beams are not monochromatic

one has the problem of separating off the "inelastic background"¥

. .. 43
from reactions like

Yp Vop + nm - (n z ).

#* Inelastic background contributions to po and ¢ photoproduction
have been recently measured for specific kinematic conditions
by the Cornell group, who have ded a p recoil hodoscope to
their forward pair spectrometer” . They found these contributions
to be of the order of (5 - 25)% for E_ # 8.5 GeV and
|t} < 0.5 GevZ, v ‘



Moreover in some of these experiments one has limited decay

angular acceptance, which makes it necessary to assume, say,

helicity conservation at small t for p® and ¢ in order to deduce
cross sections summed over all decay directionsaa. Both diffi~
culties were absent in the SLAC missing mass-type experiment where
only the recoil proton is measuredas; however here the mass

. . . 0
resolution was not sufficient to separate w from p .

In addition, the experimenters also face problems of a more
fundamental nature when they try to determine V meson production

cross sections. We list only a few of them,.

(i) Background subtraction and interpretation. As we saw from
Fig. 2, in the Mn+w' distribution from the reaction yp =+ ﬂ+ﬁ—p
there 1s, apart from the background due to A++(1236) and A0(1236)
production, some additiomnal background outside of and (probably)
underneath the po peak. The nature and precise size of this back-
ground is not known. Usually one assumes for it either a phase
space distribution, or a distribution as given by the Drell

diagrams:

-+

Y AT T T T
T
PH“*‘"“"‘TT* + (1 > 'rr+)
P P
47,48

Such amplitudes can interfere with 0° production . They

+ - . .
have parts where the m n system is in a p-wave state. Then the

question arises whether taking the p-wave as background is double-

countingag_SI. This has not been resolved in a completely

. 1=
satisfactory way yet5 53.
(ii) Problems with the shape 6f wide resonances. A resonance
like the po may have its apparent shape modified by a Mn*n’ -

, . 52,54
dependence of the production mechanism 3 . Remember that we

) .

saw in Fig. 2 that the shape of the P peak changed with t. Even

if this production dependence were known, we still don't know



the width T(M“ﬂ) at'large an' Therefore although one can quite

well measure the cross section

do
dM__

M = m
L o}

at the peak of the p, large uncertainties enter in the deter-

mination of

do .
9% < IdMﬂﬂ aM
mw

The nresent uncertainty of %20 MeV on the width of the p 33

alone already can cause a cross section error of *15 Z.

(iii) Extrapolation of %% to t = 0,{This is mainly a problem

for bubble and streamer chamber experiments, while in spark

chamber experiments on H2 targets at EY > 7 GeV one was essen-

tially able to measure the t = 0 differential po cross sections.)
. . d . . .
For elastic scattering, E% behaves typically like an exponential

at small |t|. A similar t dependence may be expected for diffrac-
tive production of a narrow resonance, except that ]t|MIN + 0,

But for a wide resonance iike the p, depends on the mass,

t
I [MIN
resulting in a more complicated t dependence of the cross section:

d production production
1“3% elastic of a narrow of a wide
scattering resonance 2-‘ resonance
d T N
hY LY
¢ ~
1
1
{
{
'
¥
- ; = >
t t
|t ] lelyin |t ] | e ]

The extrapolation then becomes ambiguous, In some experiments

one has effectively corrected the measured %% values, at fixed



photon energy, to zero width by a factor

2 2 2 2
dop ., fam? sl - m ) de (M7 )

2 2 2
exp IdMM BW (M, ) do(M )

do

H

2 . 2 . . .
(where BW(MHH) sin G(an)/(“mpF(Mnn)) is the Breit-Wigner
function and G(Mﬂﬂ) the p-wave phase shift), and then extra-

polated the values so corrected. Alternatively one may determine

do . * . .
qoF as 2 function of the cms angle © , convert this into %%

using a central p mass, and extrapolate, In addition to such

ambiguities there is the question of whether to include a t2

. . do . .
term in the extrapolation of lnE? . Inclusion of a quadratic
. ’ do [} . .
term tends to give larger 3t | t=0 for o photoproduction but this

term is not really warranted by the data.

From all these difficulties it follows that the determination
o ; . . .
of p~ photoproduction cross sections is model-dependent, with
uncertainties of #15 Z to be expected at finite t, and perhaps

even larger uncertainties at |t]| -+ 0.

After these preliminaries we show in Fig. 10 the results
of the differential cross section measurements for the reaction
Yp > pop, obtained in the SLAC missing mass experiment at
E = 5.5 - 18 GeVAS. The curves are calculated from the vector-

dominance and additive quark-model relation

e e 1
£ = S— T = = _
Type®p 308 = 27~ Toopapop = 3y 3 [Tﬂ*p+ﬂ+p * Tampo p]

]

p p

assuming the amplitudes T to have equal phase, taking %% @ |T|2,

and adjusting the one parameter yp. The authors obtain

Yi/&w = 0.61 as an average over the whole energy range. The
success of this fit shows that the s and t dependence of the po
photoproduction cross section agrees well with that of elastic

. . 57
plon-nucleon scattering .
The extrapolated forward differential p° production cross
. . . 17,19,25,58-62
section from this and from several other experiments
are compiled in Fig. 11. From what has been said it is clear that

one cannot expect consistency among all these values, As a general



4 & _

tendency we note a decrease of the forward cross section up to

EY ~ 6 GeV. For EY > 5 GeV we have

do = (80 - 135)ub Gev 2 |,

t
t=o
Within the present errors no indication for s-channel resonance
structure at the lower energies is apparent. One has probably
to look in the backward direction in order to be more sensitive

to resonant amplitudes.

From fits of the form

[«

do g
e - exp (Apt)

t t=o0

. . o . . ,
to the differential p production cross sections one obtailns

slopes in the range of

A= (6~ 9) Gev™?
at E 2 4 GeV. The integrated total p0 production cross section
32
behaves as
e2 ] el el -0.4
g 2 =~ (o y + 0 _ ) ~E (E. 2 3 GeV)
P 4y2 2 P T p Y Y
Yp

(with Y§/4“ ~ 0,7), i.e. 1t is weakly energy~dependent.

We thus see that po photoproduction behaves much like
hadronic diffraction scattering, as expected from the vector-
dominance model. From the weak EY dependence we infer that F

exchange 1s the dominant t-channel contribution.

The determination of @ photoproduction cross seétions does
not suffer from the large systemétic uncertainties described,
due to the smaller width of the w. E.g. from Fig. 12 which shows
typical po, w and ¢ mass peaks from photoproduction experiments,
it is evident that background subtraction under the w is not
really problematic. On the other hand, the statistical errors
are relatively large since one has to rely on bubble and streamer
chamber experiments, counter/spark chamber experiments having

problems with background from missing pions.



A compilation of differential w production cross sections
from various experiments in the 2 - 8 GeV energy range, from a
recent SLAC-Rehovoth paper63, is shown in Fig. 13. These cross
sections are seen to decrease much stronger with increasing
energy than the 0’ production differential cross sections (Fig.10).
The curves in Fig. 13 are from a model63 in which the eross sec-
tion is expressed as a sum of a diffractive term (whose behavior
is assumed identical with that of the p° production cross sections
of the same group62) and a pion exchange term with absorptive
correctionsﬁa. The amount of the diffractive econtribution is
fitted to the data, mainly exploiting the different energy
dependence of diffraction and pion exchange. The diffractive
part comes out to be Uw;diff 2 },5 % 0.3 uyb, not inconsistent
with the natural exchange contributions as determined in the
polarized beém experiment of the SLAC-Berkeley-Tufts Collabo-
ration‘8 (see Fig. 9 and associated discussion). The SBT Colla-
boration has also separated the natural and uunatural exchange
contributions in the differential w production cross sectionls’lg.

For the natural JP part they find

4.2) ub Gev 2 (at 2.8 GeV)

(12.4 ¢+
doN
aT =4 (13.9 + 3.,8) (at 4.7 GeV)
t=o (10.6 + 2.2) (at 9.3 GeV)
and a stiope of
N 2

A = (6 - 8)GeV “ .

Turning now to cross sections for the reaction yp + ¢p,

we show in Fig. 14 a compilation of dg data at photon energies
25,37,45 - e 65
of 2.5 - 12 GeVv™" """ "7, taken from a recent Cornell paper

The curve 1s a fit to the Cornell 8 - 9 GeV data;*

* These dat365 contain, like probably some of the other ¢ data,
contributions from "inelastic" ¢ production reactions like
Yyp + ¢nwp. After subtraction of this background (see foot-
note on p. 14) the Cornell group38 obtained the revised values

do/de| _ = (2.85 * 0.2) b GeV™2 and A, = (5.4 + 0.3) GeV™Z.
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it gives

dg = (3.4 + 0.2) ub GevV 2
dt
t=0
and
Ay = (4.7 + 0.2) Gev 2 .

There is certainly no drastic variation of the ¢ cross section
with Ey; however, it appears from the SLAC ji.5 GeV data45 in
Fig. 14 that the differential cross section may fall sligthly
with EY at the higher energies. The SLAC group has tried a fit
to their ¢ data similar to the one described before for their po

data, using

T = =—— T = — IT + + T, . =T - -
yp+¢p(5’t) 2Y¢ dp>dp 2Y¢ [ K+p+K P K™ p+K™p " porw p]
. . 45,56
from vector dominance and the additive quark model A =

turned out that although the t dependence agreed reasonably with
the model prediction, it was not possible to fit the data at all
energies with the same value of Yi/&n. The ¢ cross sectlions
decreased stronger with increasing EY than the quark model pre-
diction from K+p, K-p and T p cross section357. This energy de-
pendence is also indicated in the total cross section for the
reaction yYp *+ ¢p shown in Fig. 15 25’38’45’66. (Note, however,

> 0.3 GeV2 and

that the SLAC experiment45 has only data at |t
therefore detects only about 1/4 of the ¢'s produced.)



7. Test of the Vector Dominance Model

With the data on p?, w and ¢ photoproduction discussed we can

test the following relation:67
Y Y
Utot(YP)= Yiéw Im é (optical theorem)
| ———
t=0
0
trans
= Yi6m Z Im Y“A7§==="A¢‘Y (vector dominance)
v t=o0
o
= Y16% 7 € Im Y 'ér===vtrans
ZYV g
v
t=p
o2 golmstrans o ’
= /16n ] 7 T (yp ~ V'p)
v 4Yv t=0

As an estimate of the imaginary parts of the amplitudes for
production of tramsversely polarized vector mesons (with no spin
flip on either vértex) we use the square roots of doN/dt (note
that e.g. the pion exchange amplitude vanishes at t = 0). We take

. ; 68 +
Yy from the Orsay storage ring experiment om e e -+ p, w, ¢
2 2 2
Yp/bn = 0.64 = 0,06, lehﬁ = 4,8 * 0.5, Y¢/4n = 2,75 + 0,22

(Note that the value for Y§/4ﬂ agrees with the one obtained by
Anderson et 3145 from the vector dominance and quark model rela-
tion of p. 17,) Using photoproduction data in the EY = (8 - 9) GeV
energy region (see section 6) we then have the following con-

tributions to the vector-dominance sum:



Im,trans

vector do . .
neson T - contribution to Otot(Yp)
o =2
p 80 - 115 ub GeV 67 - 80 ub
w 11 ub Gev 2 9 b
¢ 3 ub GeV‘_2 7 ub

sum 83 - 96 ub

. 6 . .
The total photon-protom cross section ? at this energy 1s 120 ub,
so that a considerable part of the cross section remains un-

accounted for. If we insist on saturating o (yp) with the p,

tot ,
w and ¢ contributions, then we have to decrease the values of Yy

(which here apply to the photon mass shell, k2 = 0) relative to

the Orsay values (which are for k2 = mvz). For the p coupling

this leads to

=
T

= 0.26 - 0,38 .

s
E

The two values for yS/éﬂ would agree better if the value of
do/dt|t=o for p0 phﬁtoproduction was larger (e.g., as obtained

by quadratic extrapolation to t = 0). Our neglect of the real
parts of the yp ~+ Vop amplitudes (see section 10) is not respon-
sible for the discrepancyj for example a real part of the natural-
exchange po forward production amplitude of 20 7 would only reduce
the value of YE/&W by 4 Z.

A simitar result is obtained if one compares the square

root of the differential elastic (Compton) scattering cross

section %%(Yp + yp), with an analogous sum over %%(Yp > Vop)]]/2
at finite t, assuming the phases are all equal. The slopes of
dofdt are compatible within their relatively large errors, but
the same discrepancy in the magnitude occurs as we found for the
t = 0 amplitude.{This is discussed in the talk on Compton scat-

tering and total cross sections by Professor M. Deutsch.)

We mention some of the obvious possible reasons for the
discrepancy:

(i) The coupling constants Yy may depend on kz.



(ii) The amplitude for the reaction yp - Vop may depend strongly
on the mass of the vector meson produced.

(iii) There may exist additional hadronic vector states (so that
on the right hand side of the vector-dominance relation,
the sum runs over more states than just the po, w and 4).
See Section 11,

{iv) There may be an additional "direct" interaction of the
photon with the hadrons, outside the framework of the

vector—-dominance assumption.

As we will discuss in sections 8 and 9, vector dominance seems

to correctly relate po photoproduction with po elastic scattering
by nucleons, with a coupling constant in agreement with the Orsay
value of YE/&H = 0.64. This suggests that (i) and (ii) are not
the principal reasons for its failure in the present case. On the
other hand, we note that the vector dominance relation between
single pion photoproduction and vector meson production by pions
tends to give similarly small values of Yi/an as we have obtalned

her from Gcot(Yp) and vector meson photeproduction.

8. Vector Meson Photoproduction on the Deuteron

We now consider the reaction
(8]
vyd - V'd

i.e, no break-up of the d. (Such reactions are also called
"coherent".) We have I = O in the t channel. There are only a
few experiments on coherent v° production in which the presence

of the d in the final state was actually detected.

One of these experiments is the missing-mass experiment
done at SLAC, in which only the d was measured70. The results
for do/dt from this experiment are shown in Fig. 16. They cover
a {t] range of 0.15 - 1.4 GeV2

energy. At |t| < 0.4 GeV2 one finds a very steep slope, corre-

at 6, 12 and 18 GeV incident photon

sponding to the d size. Then, a break appears, followed by a wmuch
smaller slope. This shows beautifully the regions of single and
double scattering in the deuteron7l. The diagrams for single and

double scattering are the following:



+

N ]

(plus p <+ n)

Double scattering dominates at larger |t]|, while the single
scattering cross section falls with |t| essentially like the

squére Fz(l%l) of the d form factor.

1f we consider for a moment the double-scattering term,
we see that as the intermediate propagating particle the o°
is dominating, while w and ¢ are strongly suppressed. This is
due to the fact .that we must have I = | exchange in both
scatterings if we are to have it in one scattering, because
only isovector photons can contribute to the overall process.
Therefore, double scattering is determined by a product of
amplitudes for yN -+ poN and for poN - pON elastic scattering,
and thus provides the chance to observe poN scattering in a
rather "clean™ and direct way. Also, the real parts of these
amplitudes enter only quadratically, so that the results are

not sensitive to uncertainties in the real parts (in contrast

‘to the situation with complex nuclei, see section 9).

The curves in Fig. 16 are from a fit to the double scattering

region (|t| = 0.7 - 1.4 GeVZ), with do/dt for yN + o°N taken
from the proton data of the same grouphs. By the fit one can
then determine some of the parameters of o°N elastic scattering;
in particular,
o, = 28 + 2 mb (slightly decreasing between 6 and 18 GeV)
p N ’
0 -—
p N sliope = m p slope

is found. The p°N cross section '"measured"” in this way is
reasonably consistent with the additive quark model56 value of
about 25 mb (also slightly decreasing between 6 and 18 GeV); the
values deduced from po photoproduction on complex nuclei (see

Section 9) also agree within errors with this value. With the



results from this experiment one can test the vector domindnce

model in a finite t region, using the relation

2
EE o - e do, o o
dt(YN > p N) (z‘fp) —dt(p N+ p°N) .

The authors obtain

-
= %

l

= 0.68 + 0.13 ,

£~
=t

similar to the Orsay value and to the values deduced from complex
nucleus experiments (Section 9). The fit of Fig. 16 also agrees
with the data in the single scattering region at small |t‘, which
shows that the assumption of do/dt (yn - pon) to be equal to
do/dt{(yp - pop) does not lead to contradictions.

At smaller |t| than reached by the SLAC experiment, data
have been supplied from the DESY and the SLAC 40" bubble
chambers’ 273, Fig. 17 shows results’? for do/dt in |t]| =
0.04 - 0.2 GeV? at E, = 1.8 - 5.3 GeV. ([t| = 0.04 is the smalles:
|t| value at which the d can be safely identified in the bubble
chamber.) do/dt has a slope of about A x= 25 GneVF2 in this t region.
Here we are definitely in the domain dominated by single scat-
tering. The curves are absolute predictions from the single plus
the small double scattering diagrams, using GpoN = %(on+p+on_p)
from the quark model for the calculation of the latter (but the
result is not sensitive to 0,0y 2t these small |t]). The essential
assumption made in the calculation is that pO production on
single nucleons proceeds entirely by I = 0 exchange, so that the
P and n amplitudes are identical. Of course, here in single
scattering, one can have only I = 0O exchange anyway. But one

calculates it under the assumption that the I = 0 exchange part

of yN - pON is identical with the measured yp ~+ pop cCross section.
From the nice agreement seen in Fig., 17 it follows that the I = 1
exchange contributions to p° photoproduction on single nucleons
cannot be very large. We mention in passing that the data on

yd - pod for |t| < 0.2 GeV2 are found to be compatible with

helicicy conservation72’73.



A somewhat more sensitive but experimentally difficult test on

I = | exchange is provided by a measurement of the reaction
Yyn > p p

Possible exchanges are 7, p and A2:

Y nnxvﬁzzzzsp
| I
In s P ’AZ
n ! P
2 BINN

Fig. 18 shows the data from the ABBHHM bubble chamber experi=-
ment at DESY74. The largg errors shown are due to the diffi-
culties stemming from the d target and the presence of a 7% in
the final state, from o~ decay. Nevertheless this gives evidence

that for 3.5 GeV < EY < 5.3 GeV we have Op_ < 1.5 ub.

Comparing this with the I = 1 exchange diagram‘for 0 pro-

duction (note the Clebsch-Gordan factor of Y2 wvs. | at the

0
Y M/\/‘-'rmp
I o 0
iTr ,A2
P P
gnNN

. »*
nucleon vertex) this suggests that

O1=1 h
= eXchaug® < 0.05 for YN + p°N
g

I=0 exchange

(which still allows 20 %2 I = | contribution in amplitude).

It appears remarkable that also in the low-energy (s-
channel resonance) region, Op_ is much smaller than Upo, as 1is

apparent from Fig. 18.

First data on coherent w photoproduction, yd + wd, have

been recently shown by the Weizmann group73. Within rather large

*This is not rigorous since although m and A2 exchanges do not
interfere at high energies, the A2 and p exchanges could inter-
fere destructively in p~ production.



statistical uncertainties they find their data on the ratio of
the po tc w coherent forward production cross sections at

EY = 4.3 GeV to be consistent with the value 9, expected from
vector-dominance plus unbroken SU(3) plus the additive quark

model.

In addition to the experiments mentioned, spark chamber

measurements of the reactions

o d
yd - V pn

(i.,e. summing over d breakup and non-breakup reactions) have

39,75 and at SLAC6O, for the w

by the Rochester group at Corne1176, and for the ¢ at_Cornell65.

been made for the po at Cornell

In these experiments the t distributions were measured at energies
in the 5 - 16 GeV range, detecting only the decay products of the

vector mesons. From their different slopes (roughly do/dt

* (dU/dt)single nucleon
part, and much flatter for the breakup reaction, according to

Fz(l%i) for the non-breakup ("coherent")

Glauber theory71) one can separate the differential cross section
into "coherent" and "incoherent" (breakup) parts. For |[t| - ItLMIN
the incoherent part becomes relatively small.There may be inelastic
coherent background (reactions like yd - w°v°d) but estimates

show this to be small at small {t], due to the larger lt]MIN'
From Glauber theory7], taking account of double scattering effects,

one predicts values of

do/dt (yd » v°d)
do/dt(yp - Vop) £=0

(depending on the type of vector meson and the emnergy) if one
assumes that yp - Vop is pure I = 0 exchange.This prediction is
generally found to agree with the extrapolatéd-po and ¢ data for
energies above 6.5 GeV, within the experimental uncertainties

on the ratio of about *0.2. Between 4 and 6 GeV for po mesons,
however, the Cormnell d/p ratios are significantly smaller than

the prediction with pure I = 0 exchange, indicating an I = 1
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exchange amplitude of size ~15 Z of the magnitude of the total

amplitude for po production on the nucleon75.

It is interesting to check the vector-dominance relation
of section 7 with the extrapolated coherent d cross sections,
since isovector exchange amplitudes are absent here. Imn the
reactions on single nucleons these amplitudes might be suspected
to cause trouble for the vector-dominance comparison by contri-
buting real parts and/or longitudinal polarization of the vector
mesons. With the Orsay coupling constants (see p.21 } and photo-
production data in the (6-8) GeV energy region, we have (assuming

zero real parts and zero helicity flip in the forward direction):

vector do o . .
veeto I t=o(Yd + vV d) contribution to Utot(Yd)
o -2
p 390 udb GeV : 148 ub
" -36 ub Gev 2 ¥ ~17 ub
) 10 ub Gev™ 2 12 ub

sum 177 ud

This is to be compared with the measured total cross section

(vyd)} = 230 ub 69’77. Saturating o {yd) with the p, w and

“tot tot
% vector-dominance contributions would require a value of

-
T N

= 0-35 * 0-06 .

£~
=

We thus find a similar difficulty with the vector-dominance

model as in yYp reactions (section 7).

# This value is estimated by extrapolating the closure fit to the
Rochester data’/® towards t = 0, It agrees with.the coherent
forward cross section quoted in ref. 73.



9. The Reaction vA - VYA on Complex Nuclei

In the experiments to be discussed now, one uses the nucleus as a

reabsorbing and refracting target of variable thickness for the

vector mesons. One can relate the differential cross section dOCOh

for the coherent reaction dt
YA —» voaA
do
to the spin- and isospin-independent part dtD (YN - VON) of the

photoproduction differential cross section on a single nucleon

at t = 0, using an impact parameter approach, and taking account

78,79

, o
of reabsorption of the V', hence o enters:

VN

oo

dg do m‘
fZﬁbdb sz Jo(b —pl)p(b,z)exp(izV-tu) x
o

coh -
dt dt

2 (yN->vON)

t=0

-0

o < 2
VN : . .
* exp | - > (l-lGVN) dz'p(b,z')
z

Here /ra: and /:?I are the longitudinal and transverse four-
momentum transfers, p(b,z) 1s the nucléar density distribution
(normalized to A), %o the ratio of real to imaginary part of

the forward VN elastic scattering amplitude, and'cVN the total
vector-meson nucleon cross section. The factor exp(iz /:?;)

results from the lengthening of the wavelength of the emerging
vector meson relative to the incident photon, caused by the photon-

vector meson mass difference.

absorption and
refraction

The nucleus remains
in the ground state,
2

m
./ltl _..Z_EY. e X
Y

MIN R
nucleus

—> z

Corrections for nucleon-nucleon correlations (which can have a 10 Z
effect on the effective GVN) have in some cases also been taken into

80
account .
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As input for the analysis of the nuclear data with this
model one uses the measured t and A depeandence of the cross
section for YA - v®A and the value of the ratio o yN of real to
imaginary parts; further one has to adopt some model for the
density distribution p(r). One then obtains as output the values
of © (where N stands for the average of the protons and neutrons

VN
do
C(yN » vOoN) t=o ° In addition from the

in the nucleus) and of T

" 4o
. . coh 0 .
diffraction slope of E?"__(YA + V'A) one can determine nuclear
radii.
With these quantities one may test the vector dominance

model and determine the photon-vector meson coupling comnstants,

using the~relation )
~em

v

dg 2 02 ZYVEBS v°

o o e VN 2 Y Vo

ic (NN oo 4ol TET (rayy) %

YV N N
2 t=0
-(ImTVN)

This simple relation holds énly if contributions of intermediate

o o
vector meson states V ' # V° can be neglected.

A major uncertainfy in the analysis of the photoproduction
data on complex nuclei (but not on the deuteron, see section 8)
is caused by the fact that the real parts of the voN scattering
amplitudes have a strong influence on the resulting nuclear
photoproduction amplitudesgl. Unfortunately direct measurement
of the real parts is difficult and uncertainties are still large
{see section 10). Therefore values estimated from vector dominance
and total yN cross sections using dispersion relationssz, or from
the real parts of TN and KN scattering with the additive quark
mode156’83, have also been used in the analysis of the data. It
may be comforting that the procedure seems at least to be
consistent, in that the imaginary parts (i.e. the total nucleon
cross sections) which one then obtains, agree with the prediction
from wN and KN scattering with the quark model (see below). The
results on 9, 0N are also consistent with the values from double
scattering in the deuteron (section 8), which are much less sensi-

tive to the real parts.



As an example of the measurements that have been performed,
do
dftdM
T

various nuclei, as obtained by the DESY~MIT~Group in a two-arm

Fig. 19 shows values of for-p0 photoproduction on

counter experiment at <EY> = 6.2 GeV. 84 About IO6 events were

collected in this experiment. The range of the square of the
transverse four-momentum tramnsfer is 0,001 GeV2 < |t | < 0.01 GeVZ.
From these measured differential cross sections one has te sub-
tract the "incoherent" background (with excitation or breakup of the
nucleus, which is non-negligible on light nuclei)ss. One also has,
similar as with proton photoproduction data, to separate the p°
production from the non—p0 background, using suitable models for

the latter (e.g. phase space, or Drell process) to fit the Mn*n'
distribution. The uncertainties on the final results of the

experiment mainly stem from this background subtraction,
Measurements of po photoproduction have also been done by
the Corne1159’86, Rochester87 and SLA088 groups in the energy
range from 5 to 16 GeV. The Cornell group used a two=-arm spectro-
meter with spark chambers, while the Rochester and SLAC groups
used large spark chamber systems. The angular acceptance in the
SLAC experiment allowed to verify that the p°'s are indeed trans-
versally polarized. The results from these various experiments

are consistent among each other. The value obtained of

do
EE2(7N + p%N) 2 118 ub GeV
t=0

2

is compatible with the p® forward cross section on single protons
. 2 ,
{(Section 6). The results on UpN and Yp/&ﬂ from the various ex-

periments are compiled in Fig. 20. Average values obtained are

b

£
=

~ 0.65, oN F 27 mdb (at EY =5 - 16 GeV),

(photon mass shell)

in agreement with the Orsay value68 of Y§/4n = 0.64 * 0,06 on

the p mass shell. The wvalue for opN is in good agreement with



the additive quark model prediction

| 28 mb at 5 GeV

c°=0' -—-(0‘_._""0'..)“{
p°p wp 2" w%p TP 25 mb at 14 GeV.

"he values for both Yo /4w and for 9,0, are also compatible with
rhe results from the SLAC experiment on double-scatterlng in the

deuteron70.

Results from w photoproduction on complex nuclei are shown
in Table II. The Rochester group89 has detected the IR o decay
vhile the Bonn-Pisa group90 measured the woy decay of the w .
Problems with large width, as for the p , are absent here but
there is higher incoherent background, due to the pion ex-

change contribution to w production on nucleons. The values obtained
do

dt

-

for agree, within the rather wxde errors, with

—2(yN > wN) £=0

fable II. Results from the Reaction YA - wA

‘ﬁroup E, (GeV ddo/dt(YN:;N)|t=o o (mb) |v2/an

[ub GeV™ <] wN w
Rochester (Cornell)89 6.8 11.4%21.9 25.3+7.8 7.6r§:?
Bonn-Pisa (DESY) 0 5.7 15.1£3.1 30,0770 5.8+1.3
(Orsay e+e- - m)68 (4.8+0.5)
]

rhe natural JP-exchange contribution in the reaction yYp =+ wp
(see section 6). This is consistent with the A2 exchange contri-
kution to w photoproduction on protons being rather small, The

o values obtained are seen to be compatible with the quark

whN
mnodel prediction of -28 mb. .

Experiments on ¢ photoproduction on complex nuc1316 37 63

are quite difficult since the ¢ is measured via its decay into
H+K", the angle between the kaon's momenta being very small, and
che kaon's decay so rapidly that only a small fraction of them

are detected and the decay products may cause background. The



results are summarized in Table III. The forward differential

do
o

dt

cross section {yN > ¢N) t=o is consistent with the forward

Table III. Results from the Reaction YA ~ A

Group E (GeV) doo/dt(YN+¢N) t=o { o, {(mb) Y2/4ﬂ
Y -2 ¢N $
{(ub GeV )

65
Cornell 6.4, 8.3 4.3 12 5.8%2.4

6,37 .
DESY-MIT 5.2 3.2x0.,3 11,3+3 3.8+1.4
(Orsay e’e » ¢)88 (2.75+0.22)

differential cross section for ¢ production on protons (Section 6).
A striking result is the smallness of the values for 0¢N obtained,
compared with OpON’ 9N and any other known total hadromnic cross
section. An explanation of this remarkable fact is given by the
simple additive quark mode156. The ¢ , as a nearly pure (AX) state,
interacts with the nucleon in this model only through strange -
non strange quark-quark scattering, which is assumed to have a
smaller cross section than the scattering between nonstrange

quarks. The simple prediction from this model,

+ 0 - 0 4 =13 mb at 5 GeV,
TP

is in perfect agreement with the measured values of o

in Table III,.

N 8iven

¢

Summarizing the results on the photon-vector meson coupling

constants Y%/&ﬂ, their values (at k2 = 0) as obtained from v°

photoproduction on nuclei agree with the Orsay va1u968 (at
kz = mé) in the case of the p, and are perhaps somewhat larger

than the Orsay values for w and ¢. The ratio

I

: : =9 : (0.9 # 0.3) : (1.5 * 0.5) from yA -~ v°aA

<
£ N

L L
2 Y2
Yo %

is still compatible with the expected ratio of 9 : 0.65 : 1.33 .
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Thus within the relatively big errors {caused to large extent

by the uncertainty in the real parts), vector-dominance seems

to do reasonably well in relating v° photoproduction with v°
elastic scattering. This could be a hint that the failure of the
vector dominance model in relating YN scattering with the sum of
the vector-meson photoproduction amplitudes (see section 7) is

not primarily due to a kz dependence of the coupling constants Y.

10. The Phase of the p, w and ¢ Forward Elastic Scattering Amplitudes

From the polarization and energy dependeﬁce of the reaction

yp > pop we were led to the conclusion that ® is the dominant
exchange. If this is correct then the ratio of the real to the
imaginary part of the spin-independent forward amplitude of this

reaction will be small at high energy. From the vectar-dominance

s , . . o
picture we then expect the corresponding ratio for elastic p p

scattering to be similarly small.

The phase of the vector meson photoproduction amplitude
near the forward divection wan be measured by observing its inter-
forence with the purely real Bethe-Heitler wide-angle lepton pair
production amplitude which can be calculated in quantum-electro-
dynamics. In order to have identical final states one has to

+ - + -
cbserve the e € or u y decays of the vector mesons:

real //e
Vo L),\’\// YMMT“—_—Q—
¥ wm.\ : . acu-'__:m
N\ | e e
~ + _—
\ & Yg
A A A A
(phase = phase of TyA+V°A (real Bethe-Heitler amplitude)

x phase of Breit-Wigner)



. . . . + -
Since in the photoproduction amplitude the e e system couples
to one photon, it has C = -1; whereas in the Bethe-Heitler graph
the coupling is to two photons and thus C = +1. Consequently the

interference term in the cross section is asymmetric under the

. + - . . .
lnterchange of e and e (i.e. keeping the momenta fixed and

interchanging the charges). One can therefore detect this inter-

+ -
L,e e e
(vhere P, is the transverse momentum), as shown in Fig. 21 from

ference term by varying e.g. p P o- = pe+6e+ - p -6 _
3

an experiment of the DESY-MIT group at 4.6 ~ 6.1 GeV on a Be

92 . . ]
target” . For "symmetric pairs" and the inter-

P + = P -
.-L:e -L,e
ference term must vanish. One sees from Fig. 21 that the inter-
. . . + -
ference is large in the po region of e e masses, where the p
. . . m . .
B - =
reit-Wigner phase is 2 This immediately shows that TyA+p°A
must be predominantly imaginary. The phase of the photoproduction
amplitude on a single nucleon does not differ much from that of
the nuclear amplitude, but detailed analysis has to take account

of the phase change due to rescattering of the po in the nucleus.
The result of the DESY-MIT experiment92 for the ratio of
real to imaginary parts of the p° photoproduction amplitude on

single nucleons is

= =0.2 * 0.1 at <Ey>= 5 GeV
93

aN
(see Fig. 21b). A similar experiment at NINA on a € nucleus

target gave

~0.28 * 0.12 at <E > = 4 GeV.
oN 2 Y

The large error in these results is mainly due to the high sen-

e e . . . . 0
$s1tivity to the uncertainties in the value of the p mass. In

. . . . 0 +
a third experiment, measuring electroproduction of p = u u

from C at CEA, the presence of a real part of the p photoproduction

amplitude was also indicatedgé. The results for upN agree with the

prediction a £ -0.2 at E_ = 4 - 6 GeV of the simple additive
56%83 Y

quark model” "’ via the relation to nN scattering amplitudes

(as given in section 6). They are also compatible with the values
of GYN calculated from total photoproduction cross section data

, . . . 82
using the forward dispersion relation .
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The ¢ photoproduction phase has recently also been observed

by the DESY-MIT group with the result95

. +0.33 -
N = 0.48 _4 45 at <Ey> 6.6 GeV,
The additive quark model gives G¢N = «0.3 + 0.45 in the energy
range of EY = 7 - 15 GeV 83.

The w nuclear photoproduction phase has been measured rela-
tive to the p° production phase, by observing p/w interference
in the ete  mass spectrum of the reaction YA - e+e"A. (The Bethe-
seitler interference terms may in this case be cancelled out by
sbserving "symmetric pairs", i.e. keeping the experimental
scceptance symmetric under interchange of e¥ and e .) Measured
relative phases are

92,96

NINA: (llBi;g) deg (at EY 4 GeV on C nucleus)

97

DESY-MIT: (41 +20) deg (at EY 5.1 GeV on Be nucleus)

From these phase differences the effects of p/w mixing (which
can amount to something like 20 deg) still have to be subtractedgs.
A detailed discussion of these results is given in the talk on

slectromagnetic decays of vector mesons by Prof. 5. Ting.

11. Photoproduciton of heavy (vector) mesons

9f the searches for photoproduction of vector mesc»nsloo-]05

heavier than the ¢, the most intriguing result is still the one
. . . + -
of Fig. 22. It shows, on a logarithmic scale, the n 7 mass

distribution in the reaction

+ - .
vyC - m n + anything

at E = 5.5 - 6.8 GeV and |t;| g 0.01 GeV, measured by the DESY-
MIT group‘03. The curve is the sum of the coherent and incoherent
forward production cross sections according to a closure calcula-

tion by Trefilss, multiplied with a Breit-Wigner function and a



factor M;i’SA plus a non-p background term, polynomial in ﬁ+ﬁ_
mass. There appears a shoulder in the 1300 - 1800 MeV region,

for which no satisfactory explanation seems to have been found.

A similar effect has been observed by the SLAC group at 16 GeV

on a Be targetloz. It cannot be a reflection from e.g. A(1236)
production since only symmetrically decaying dipions were detected
in the experiment, and these do not overlap with the A(1236) bands
in the Dalitz plot (compare Fig. 2).There could of course be some
background from reactions with additional undetected pions., The
experiment has been repeated on a hydrogen target, with a similar

106
result .

Figure 23 shows the 7 n mass distribution from a compilation
of various bubble and streamer chamber experimentsl(all of which
had essentially complete decay angular acceptance for the w+w_

. 17,25,61,62,66
system) at energies above 4 GeV ‘ . The broad shoulder
at the high-mass side of the po may here be partly due to re-

flection from A++(1236) decays.

Since decay into charged lepton pairs is allowed for any
. + -
vector meson coupled to the photon, searches in the u u  mass
. . .o 0 .
spectrum have particular 51gn1f1cance104’1 5. In the mass region
surveyed, m, < MU+U- < 2100 MeV, no vector meson was found within

b

a cross section level of a few percent of Up.

An experiment in which the search was not restricted to

45

. . + -
vector mesons, or mesons decaying into T * , was done at SLAC ~.

Here the reaction
Yp > p + missing mass

was measured in the energy range of 16 - 17.8 GeV, detecting

only the proton and using bremsstrahlung end-point subtraction.
Nothing was found in the | - 2 GeV range of masses. The upper
limit (at a 90 % confidence level) of the cross section for
production of any meson with 1.3 GeV < M < 2 GeV and ' < 200 MeV
from this experimenf is 5 7 of the po production cross section.
Note however that the ¢ cross section, at 16 GeV, is already below

this limit.
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The SLAC group did observe however a bump in the missing-
mass spectrum at about 1240 MeV, at a photon energy of EY g 14 GeV
This observation was confirmed in the bubble chamber experiment
of the SBT collaboration29 and in the DESY streamer chamber ex-
perimentﬁl, where the enhancement was found to occur in the pionic
system of the reaction

Yp - pﬂ+ﬂ- + an’ An > 2)

at EY between 3 and 6 GeV. Mass and width (1250 MeV and 100 MeV,
respectively) of this effect suggest that it may be due to the
8°(1235), probably an axial vector meson which decays into w + n°.
Indeed a selection of 7¥n” states in the kinematic region where
the w decay matrix element is largest, was found to enhance the
effect. Since this effect, supposedly B meson production, has
similar cross sections from 3 to 14 GeV, it is interesting to

speculate that it may be a diffractive process {( P exchange)s

The searches discussed so far did not extend much beyond
2 GeV in mass. The SLAC streamer chamber group has searched for
vector mesons of mass up to 3.5 GeV, decaying into four pions, in

the reaction

-+ -
Yp * " T T T P

at EY = 6 - 18 GeV ]07. They have found an enhancement with

mass 1-14Tr 2 1600 MeV and a width of several 100 MeV. Its inter-

pretation is not yet clear.

There are several reasons to expect vector mesons heavier
than the ¢ to exist. In the quark model the 3D1 rotational
level is a JPC = 1 nonet, with masses expected to be somewhere
in the 1500 ~ 2000 MeV region. The Veneziano model predicts a p'
at 1250 MeV (degenerate with the f) and a p" at 1650 MeV

8. Coherent diffractive photoproduction

(degenerate with the g)lo
was expected to be an:effective "filter" for vector meson states,
It has however been argued recently on the basis of a multipe-

ripheral production mechanism and duality, that even with rather

large couplings of these heavy mesons to the photon the resulting

45



photoproduction cross sections will still be small enough so

that the p' could have remained undetected until nowlog. For the
quantity (production cross section) x (branching fraction into n+ﬂ_),
empirical upper limits at EY = 9 GeV of 0.5 ub for p' and 0.2 ub

for p" have been established, provided the width of these states

does not exceed 200 MeV 19*.

It may be interesting to briefly list the experimental
evidence on photoproduction of other mesons of the natural JP
series,

(i) JPC = of* (yp - ep): No indication has been seen. The main

argument for small cross section is the zero forward/

+ = . .
backward asymmetry of the m# m decays in the po mass region

. : - + - 01
(in contrast e.g. to the reaction « p + 7 7 n). 7525

JPC = 2" of the reaction yp -+ fp at most slight indications

have been seen, Only a limit of ¢ ¢ 0.4 ub in the energy

region of 2.5 - 5 GeV can be statedl7’25. The reaction

Yp + A;n has been reported and seems to occur with a cross
section of ~1 ub in the 4 - 5 GeV energy regionzg’ﬁz’lll.
No firm evidence for the reaction yp —+ Agp has been found
(in contrast to charged A2 photoproduction, pion exchange
does not contribute here), so only a limit of s1 ub for

E, = 2.5 - 6 GeV (at the 90 7 confidence level) can be
quoted25,29,62. -

(iii) JPC = 3" (vyp = gp): This reaction has not yet been observed.
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7.

Comparison of photon beam spectra. On the left, the
coherent bremsstrahlung intensity (= number of photons

x photon energy) (full curve) and the calculated
polarization (dashed curve) from a recent Cornell ex-
periment are ShOano. The right hand figure shows the
measured e+e—-pair energy spectra'(white histogram), and
the energy spectra of fitted yp + ﬂfw-p events (black
histogram), produced by the laser backscattered beam

at sLAc'’.

Dalitz plot, and part of Chew-Low plot, for the reaction

Yp - ﬂ+ﬂ-p at EY = 9.3 GeV.19

Distribution of the dipion angles o9,, ¥, (in the

helicity frame) in the reaction yp -+ w+:-p at EY=9.3 GeV,
with cuts 0.6 GeV < M“+“_ < 0.85 GeV and
0.02 GeV2 < |t] < 0.4 GeV2 in the p° regionlg. The curves
are the angular distributions expected for s-channel

. . . 0 .
helicity-conserving p production.

Angle B for rotation from the helicity frame into the
"minimum flip system" (see text) as a function of e,
for the reaction yp = pop at EY = 9,3 GeV and 4.7 GeV
The curves marked H, A and GJ show where the data points
should be if the minimum flip system were the helicity,

Adair and Gottfried-Jackson frame, respectively.

. . . o .
Asymmetry ratio I in the reaction yp > p p as a function

of the photon energy Ey.

Parity asymmetry Pcr in the reaction yp -+ pop at

EY = 9,3 GeV as a function of ¢t ]9.
. . (o) (1)
The density matrix elements p _ " and p; _, and the
¥

parity asymmetry P0 in the reaction yp = 7 v p at
2.8 and 4.7 GeV for |t| < 0.4 Gevz, as a function of

17
HTI_...“_ .

17,19



Fig.

Fig.

Fig.

Fig.

8.

i0.

1.

12,

13.

14.

Helicity system decay angular distributions, and parity

asymmetry PU, for w events (0.74 GeV < M, 0.84 Gev,

<
TT#O
without background subtraction) from the reaction
+ = o
Yp * 7w m w p at 2.8, 4.7 and 9.3 GeV 17’]9. The curves
give the decay distributions resulting from the fitted

helicity density matrix.

Total cross sections for the reaction YP > wp as a

‘function of photon energylg. The points labeled "This

Experiment", "DESY-HBC" and "SLAC Annihilation Beam"

are from Ref. 19, Ref, 25 and Ref. 63, respectively.

Also shown are the natural and unnatural exchange parts,
oN and oU, found from the polarized beam experimentsla’]g.
The curves show the pion exchange (full) and diffractive

(dashed) partslg.

Differential cross section for the reaction Yp - pop
for photon energies between 6.5 and 17.8 GeV, from
Ref. 45. The curves are from a fit with the vector

dominance and quark model relation (see text), with one

adjustable parameter yi/&ﬂ.

Compilation of recent data on do/dt g=g for the reaction

Yp Dop, as a function of photon energy.
. o .
Typical appearance of p , w and ¢ peaks (in the mass

spectra of Mﬁ+ﬂ_, +p= 0 and MK*K' y respectively) in

m
high-energy photoproduction. The data are from Refs. 18,

25 and 65.

Differential cross section for the reaction Yp > wp in
various photon energy intervals from 2 to 8.2 GeV. 63
The curves are from a fitted model, assuming diffraction

and pion exchange (see text),

Differential cross section for the reaction Yyp + ¢p

for photon energies between 2.5 and 12 GeV (from Ref.65).
The points labeled "CORNELL" are from Ref. 65, "DESY-MIT"
from Ref. 37, "DESY-HBC" from Ref. 25, and "SLAC" from
Ref. 45. The straight line represents a fit65 to the
Cornell data at 8.3 and 8.8 GeV.
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Total cross section of the reaction yp - ¢p as 2

function of photon energy.

Differential cross sections for coherent p0 photo-
production from deuterons (Ref. 70; figure taken from
Ref. 4). The curves are obtained from fits, using

Glauber theory, to the double-scattering region (see

text).

Differential cross sections for coherent po photo-
production from deuterons at small |t|.72 The curves
are predictions, calculated from Glauber theory under
the assumption that po production on single nucleons

is pure isoscalar exchange.

Total cross section for the reaction yn —+ p_p, with

the restriction |t]| < 1.1 GeVz, as a function of photon
energy74. No corrections for d effects are included.
The solid curve shows the pion exchange prediction

with rD“Y = 0.13 MeV. The dashed curve shows the quali-

tative behavior of o(yp ~ pop).

Differential cross sections Z = doldﬂdMﬂﬂ(ub/ster/HeV/
nucleon) as a function of H"ﬁ(MeV) and t (units

-0.001 Gevz), for the reaction YA - w+n-... at

EY = 6.2 GeV and with various different A.B4 The‘curves
are fits with a superposition of coherent and incoherent

po production, and non-p background.

Values of Yslﬁw and cpN as obtained from recent 0°
photoproduction experiments on complex nuclei (Figure
adapted from Ref. 4). Included are the results of the
SLAC experiment on p° scattering in the deuteron70,

and the p mass-shell measurement of yil&w from Oraayea.
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Fig. 21. Reaction +vyBe = e+e_Be at 4 - 6 GeV 92

(a) Measured difference N - N_ of event numbers in

the two arms of the spectrometer, as a function of the

asymmetry § = pe+@e+ - pe_Oe_ » in various regions of

+n-
the m 7 mass. The curves are from fits with apN =-0,2%0.1.
(b) Fitted values of the deviation ¥ of the nuclear
+ - \ .
(r ® )-photoproduction amplitude from % (left part),

and of the ratio B = - (real/imaginary) parts

a
poN
of the photoproduction amplitude on single nucleons

. . + =
(right part), as a function of the T.T mass.

Fig. 22, Dipion mass spectrum of the reaction yC » . toun
at 5.4 - 6.8 GeV and Jtll £ 0.01 GeV2 (Ref, 103). The
Cross sections are averaged over the spectrometer
aperture. The errors are statistical only, The curve
is approximated from a fit with a superposition of
coherent and incoherent p production plus non-p
polynomial background, fitted in the p mass region
(600 - 900 MeV) and extrapolated towards higher dipion

masses.

Fig. 23. Dipion mass spectrum of the reaction Yp =+ n+n_p, from
a compilation of various bubble and streamer chamber
experiments at energies above 3 GeV (Refs. 17, 25, 61,
62, 66). (In considering the significance of structures
in distributions compiled from different experiments,
one should keep in mind that the phase space distri-
butions of the various experiments differ, due to

different beam momenta.)
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