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We present results on vector-meson photoproduction via yp -VP in the LBL-SLAC 82-in.
hydrogen bubble chamber exposed to a linearly polarized photon beam at 2.8, 4.7, and

9.3 GeV. We find p production to have the characteristics of a diffractive process, i.e. ,
a cross section decreasing slowly with energy and a differential cross section with slope of- 6.5 GeV . Within errors the p production amplitudes are entirely due to natural-parity
exchange. s-channel helicity is conserved to a high degree in the y- p transition. We find
evidence for small helicity-flip amplitudes for xm pairs in the p region. Photoproduction of
~ mesons is separated into its natural- (0+) and unnatural- (cr~) parity-exchange contribu-
tions. The E& and t dependence and the spin density matrix of the unnatural-parity-exchange
contribution are consistent with a one-pion-exchange process. The natural-parity-exchange
part has characteristics similar to p production. At 9.3 GeV the ratio of 0(p ) to o (co) is- 7. The slope of the Q differential cross section is - 4.5 GeV, smaller than that of p
and ~ production. Natural-parity exchange is the main contributor to Q production. No

evidence for higher-mass vector mesons is found in wm, xmm, or KK final states. The s and
t dependences of Compton scattering as calculated from p, ~, and Q photoproduction using
vector-meson dominance agree with experiment, but the predicted Compton cross section
is too small by a factor of 2.

I. INTRODUCTION

We have studied the photoproduction of hadrons
by monochromatic linearly polarized photons at
2.8, 4.7, and 9.3 GeV by exposing the LBL-SLAC
82-in. hydrogen bubble chamber to the SLAC
backscattered laser beam. We obtained, respec-
tively, 92, 150, and 275 events/pb at the three
energies. Here we present data on vector-meson
photoproduction in the reactions

'YP-P~ y

~P -P~y

For p' photoproduction we give new data at 9.3
GeV which are compared to our previously pub-
lished results at 2.8 and 4.7 GeV. ' For ~ and p
photoproduction we present final results at all
three energies. Preliminary data on & production
have been given in Refs. 2 and 3.

Previous bubble-chamber ~ ' and counter experi-
ments, ' ' as well as this one, have shown that p'
photoproduction has the characteristics of a dif-
fractive process —i.e., a sharply forward-peaked
differential cross section varying slowly in mag-
nitude with photon energy. Such behavior is ac-

counted for, for example, in the vector-dominance
model" (VDM) by a direct y- p' coupling, followed
by a diffractive scattering of the p' from the tar-
get. Whatever mechanism is postulated, however,
the use of polarized photons allows us to study the
spin structure of the amplitudes involved by ana-
lyzing the p' polarization.

In Ref. i we found that p' photoproduction pro-
ceeds through natural-parity exchange in the t
channel. Similar conclusions were reached in
counter experiments with polarized beams. "'"
We showed also that the dominant amplitudes for
the y-p' transition conserve the s-channel helicity
of the photon. In our new data at 9.3 GeV we con-
firm these observations and also observe small
helicity-flip amplitudes in the p' mass region. "

In the case of & photoproduction it has long been
assumed from the energy dependence of the cross
section that pion exchange was an important con-
tributor. ' The linear polarization of the beam
allows us to establish that the term in the cross
section with energy dependence -E ' is indeed
associated with unnatural-parity exchange in the
t channel. At 9.3 GeV this contribution has be-
come much smaller than the natural-parity-ex-
change part. The polarization of the beam allows
us to study the spin structure of the natural-
parity-exchange contribution and to show that it is
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mainly s-channel helicity-conserving as in p' pho-
toproduction.

Photoproduction of Q mesons is thought to pro-
ceed only by Pomeranchukon exchange in the t
channel. " In agreement with previous experi-
ments"' we find a small cross section, increas-
ing slowly with energy. The decay angular dis-
tributions of the Q meson measured with the po-
larized photon beam are similar to those found
for the p' meson, indicating predominant natural-
parity exchange in the t channel, and a roughly
helicity-conserving y- Q transition.

The vector-dominance model suggests that the
photon acts as a superposition of the vector me-
sons p, ~, and Q in hadronic reactions. " The s
and t dependence of Compton scattering calculated
from p, &, and Q photoproduction using the VDM
agrees with experiment, but the predicted cross
section is too small by a factor of 2. To save the
simple prescriptions of the VDM one may include
contributions from higher-mass vector states
which couple to the photon. The Veneziano model"
predicts such states as daughters of known meson
resonances. If these higher -mass vector mesons
decayed into mm, men, or KK, and if they retained
the s-channel helicity of the photon, we would ex-
pect decay correlations similar to those observed
for p', ~, and Q. We find no evidence for higher-
mass vector mesons in the mass distributions or
the appropriate moments of the decay angular dis-
tributions in the reactions yp —(w'w, w'w w', KK)P.
Higher-mass vector mesons could of course also
decay into other final states. Mass enhancements
have been reported in the missing-mass spectrum
recoiling against the proton, ' in the 4n mass spec-
trum of the reaction" yp -pm'm'n n, and in the
annihilation of e'e into four charged pions. "
The first two effects are also present in our ex-
periment and are reported elsewhere. '" The
organization of the paper is as follows:

II. Beam and data analysis
III. p' photoproduction in the reaction

yP-Pm'w at 9.3 GeV and comparison
with data at 2.8 and 4.7 GeV

A. Event selection and channel cross sec-
tion

B. General characteristics of the reaction
yP ~P7T 1T

C. p' cross sections
D. Dipion angular distribution and p' spin

density matrix
E. Comparison with models

IV. u photoproduction in the channel yp -pn'm n'
at 2.8, 4.7, and 9.3 GeV
A. Event selection
B. General characteristics of the m'm n'

system
C. (d cross sections
D. ~ spin density matrix
E. Discussion of results
F. A model for ~ photoproduction

V. Q photoproduction at 2.8, 4.V, and 9.3 GeV
A. Event selection
B. General characteristics
C. Q cross sections
D. Q spin density matrix

VI. Comparison of vector-meson photoproduc-
tion with the vector-dominance model

VII. Conc lusions.

II. BEAM AND DATA ANALYSIS

The linearly polarized high-energy photons in
the bubble chamber were obtained by intersecting
an intense linearly polarized laser beam with the
electron beam at SLAC. Those photons scattered
through 180' by the Compton process obtain a sub-
stantial fraction of the incident electron energy
while maintaining most of their original polariza-
tion. By collimating the backscattered photon
beam to within -10 ' rad of the electron beam di-
rection we obtain a nearly monochromatic po-
larized photon beam. For the 2.8- and 4.7-GeV
exposures we used the output of a Q-switched
ruby laser (E =1.78 eV) with electron energies
of 12 and 16 GeV. To obtain 9.3-GeV photons the
frequency of the ruby light was doubled in an ADP

TABLE I.. Beam parameters and exposure statistics.

Average
beam

energy E&
(Ge~

2.8

4.7

9.3

Full width
at half-

maximum
(GeV)

0.15

0 45

0.60

Number
of

pictures

294 000

454 000

1 260 000

Average
linear

polar ization
&) (%)

93+ 2

91+2

77+2

Events/pb

92~4

150+ 6

275+6

E 1~mats

accepted
(GeV)

2.4-3.3
4.1-5.3
8.0-10.3

Broadened by energy shifts. For a constant electron energy the FWHM was about 0.35 GeV.
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(ammonium dihydrogen phosphate) or KDP (potas-
sium dihydrogen phosphate) crystal, and an elec-
tron energy of 19 GeV was used. A summary of
the beam and exposure parameters is given in
Table I. The beam is described in more detail
elsewhere. "'"

The film was scanned twice. Measurements
were done on a spiral reader at LBL and on con-
ventional measuring machines at LBL and SLAC.
The measurements were analyzed with the stan-
dard TVGP-SQUA% system 2' Ionization consis-
tency with the fitted hypotheses was checked using
the spiral reader pulse-height information, and
doubtful cases were examined at the scanning
table. For details of the analysis procedure, see
Refs. 1, 3, 20, and 22.

III. p PHOTOPRODUCTION IN THE REACTION
yp ~ pm'm AT 9.3 GeV AND COMPARISON

%1TH DATA AT 2.8 AND 4.7 GeV

A. Event Selection and Channel Cross Section

mesons are predicted by the Veneziano model. "
The resulting upper limits [98% confidence level
(C.L.)] are 0.2V (0.15) ttb at 9.3 GeV. It is inter-
esting to note that do/dM„ for M„&1 GeV drops
roughly like Z ' (Fig. 4).

As can be seen from the pm' mass distribution
(Fig. 3), there is some d,

"production. The cross
section is 0.32*0.04 pb (see Ref. 1 for a descrip-
tion of the fit procedure). For completeness we
give the n,"density matrix elements (see Ref. 1
for definitions) in Table II. The parity asymmetryP„is -0.91+0.24 for ltt, ~n++l&0.4 GeV', showing
that unnatural-parity exchange, e.g., pion ex-
change, dominates the reaction yp-6"m at 9.3
GeV.

We now discuss the general characteristics of
the dipion system. As we observed at the lower
energies, ' the p' shape changes as a function of t

yp = p7T 7T

Ey = 9.3 GeV

The reaction

yP «P7T 77

yields a 3-constraint kinematic fit. To select
events of reaction (1) we require a kinematic
X'&30 and consistency with the observed track
ionizations. From simulations of o%er 3-prong
channels with the program PHONY we find with
the above selections a negligible contamination of
reaction (1). A correction for scanning losses of
(I + 5% is applied to the cross section in the in-
terval 0.02 & lt l

& 0.05 GeV' (t is the 4-momentum
transfer squared of the proton). The cross sec-
tion for ltl & 0.02 GeV' was found by an extrapola-
tion of the form e"' of the differential cross sec-
tion from the region 0.02 & ltl & 0.4 GeV'. The
channel cross section is 14.'7 a 0.6 p,b."

l5

CU

l0
CL
+

N0

g++
'

t

I

I.O

MTI+ ~- (GeV )

10

(b)

B. General Characteristics of the Reaction yp ~ pn'm

3468 EVENTS

In Fig. 1 we show the Dalitz plot for the channel
yp-Pn'm and the Chew-Low plot for m m . Fig-
ures 2 and 3 give the n'w, pm', and pm mass
projections. The channel is dominated by p' pro-
duction at all ltl intervals below I GeV'. There
is no evidence for higher-mass mesons in the
s's mass distribution (Fig. 3). This can be more
clearly seen in Fig. 4, where we plot the n'n
mass distribution on a logarithmic scale and
where we included also the lower-energy data for
comparison. In order to arrive at upper limits
for the production of higher-mass mesons we ex-
clude ~'+ production and take all events in the
M interval 1.2-1.4 (1.6-1.8) GeV, where such

OJ

~ 0.5
C3

0 05'l l 0
P

M~+ ~- (GeV )

2.0

FIG. 1. Reaction yP -Px+n at 9.3 GeV. (a) Dalitz-
plot distribution for ~t~&0.02 Gevt. (b} Chew-Low plot
for n+
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120
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80

4Q

I I I

y P P71' 7T

Ey = 9.3 GeV

I I I I

0.02 & It. I
& 0.08 GeV~

1168 EVENTS

(see Fig. 2). As in our previous work, we have
parametrized the p' shape by the form
f»(M /M )""', where fs„denotes the Breit-
Wigner form. The fitted values of n, obtained
from a maximum-likelihood fit on the Dalitz plot
for separate t slices (Appendix A of Ref. 1) are
shown in Fig. 5. The exponent n(t) decreases with
increasing ~t~, and the p' approaches a Breit-
Wigner shape at larger momentum transfers. It
is interesting to note that within errors the values
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4.2

FIG. 2. Reaction yP —Px+w at 9.3 GeV. Distributions
of the x+x mass for different t intervals. The helicity-
conserving P-wave intensity, II, is shown by the solid
points. The curves give the result of a maximum-like-
lihood fit to the reaction using the Soding model.

FIG. 3. Reaction yp —pn+n at 9.3 GeV. Distribution
of the n'm, pn', and p~ effective masses. The shaded
histograms represent events with ~tp/p~e~&0. 4 Geve and
I„+~-& 1 GeV. The curves give the result of a maximum-
likelihood fit to the reaction using the Soding model.
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FIG. 5. Reaction yP -pp' at 9.3 GeV. Fitted values
for n(t) using the parametrization f&& (M&/M +„-)'
for the p shape.
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of n(t) at 9.3 GeV are the same as at lower ener-
gies, i.e., the t dependence of the p' mass shape
is independent of the photon energy. In the mo-
mentum-transfer range 0.02-0.5 GeV' the t dis-
tribution for dipion pairs (given in Table III) is
well represented by the form d'o/dtdM„,
= d'tt/dtdM, „I,,e"'. In Fig. 6 and Table III we

yp~ p77 7T

Ey=9.3 GeV

FIG. 4. Reaction yp-pz+m at 2.8, 4.7, and 9.3 GeV.
Distribution of z'x effective mass in logarithmic scale.
Events in the 6++ mass region (M&„+& 1.38 GeV) are
excluded. The right-hand ordinate scale gives the cross
section do/dM~+ ~- corresponding to the histograms
shown.

TABLE II. Reaction yp 6+ x at 9.3 GeV. Density
matrix of 6,++ in the Gottfried-Jackson system for
Ite/a++I ~ 0.4 GeV .

C)
II

CU

500

400

300

200

100

0
0.2 0.6

(a)

'eO ~ k I S I I 4

I .0 1.4 1.8

P33
0

Re@3i
0

0.21 + 0.07

-0.02 + 0.09 20 (b)

Rep 3
0

i

1 SS
1

Re@
„

1

Re@3
i

Imp 3i
2

Imp 3
2

-0.16+ 0.07

-0.34 + 0.15

-0.11+ 0.15

0.28 + 0.16

0.21 + 0.15

-0.21+ 0.11

—0.04 + 0.12

-0.91+ 0.24

15
I

IO

0 I I I I

0.2 0.6 I.O l.4 I.8
M (GeV)

FIG. 6. Reaction yP —P~+w at 9.3 GeV. Results of
fits of the form dot/dtdM ~

= do /dtdM«I, ~e~t in the
interval 0.02 ~ It1~0.5 GeVt. The ourve in {b) is from
the Soding model.
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present the values of d'o/dtdM„1, , and A for
intervals of M„„obtainedby a maximum-likeli-
hood fit. The rapid change of A with M„is di-
rectly related to the change of shape of the mm

mass spectrum with momentum transfer. As
was shown in Ref. 1 this effect can be explained
by the SMing model, '4 in which a coherent back-
ground interferes with a diffractive p' production
amplitude having a t slope independent of M„„.
[See curves in Figs. 2 and 6(b).]

We now turn to the decay angular distribution
of the dipion system. We use the following
angles": 4, the angle of the photon electric po-
larization vector with respect to the production
plane in the over-all center-of-mass system; and
8 and P, the polar and azimuthal angles of the w'

in the dipion rest frame. It is also convenient to
introduce the angle y =Q -4, since s-channel he-
licity-conserving p-wave dipion pairs have a decay
angular distribution in the helicity frame given by
sin'8 cos'g (for complete linear polarization of the
incident photon).

In order to illustrate the dominant helicity-con-
serving characteristics of the dipion system in
the p' region, we show in Fig. 7 the cosa and g
distributions in the helicity frame for the dipion
mass region 0.6-0.66 GeV and for 0.02 & 1t1&0.4
GeV'. The curves on the figure are calculated as-
suming helicity conservation in the s channel and
using the calculated photon polarization of 0.77.

0

gp ~ p7T

Ey=9.3 GeV

Q.02& Itl & 0.80 Gev~

I I I

-20

o~ -40

-60

-80

The curves fit the data well.
A further general study of the dipion system was

made using the moments l t (8, tt), with 8 and g
defined in the helicity frame. In contrast to our
lower-energy data, ' in which significant nonzero
Yz Pg ReY'„Y'„Y4,and Y', moments were
found, here we find that only the Y', and Re Y', mo-
ments are significantly different from zero within
the present statistics. The Y'„ReY'„and P4
moments are shown in Fig. 8 as a function of di-
pion mass. Note that the distributions of the Y',
and ReY', moments show the same skewing as the
ss mass distributions (Fig. 2), in accordance with
our observations at the lower energies. We con-
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FIG. 7. Reaction yp-pp' at 9.3 GeV. Decay angular
distribution of events in the p region in the helicity
system. The curves are calculated for an s-channel
helicity-conserving y -p transition and incident photon
polarization of 77%.

FIG. 8. Reaction yp -p7t+7l at 9.3 GeV. The dipion
moments Y2(e, |tI), 88Y2(8, g), and Y4(8, g) in the
helicity system as a function of M~+ ~- for 0.02 ~ [t[» 0.8
GeV2. The curves were obtained from the Soding model.
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elude from the moments that the only important
angular momentum states in the dipion system are
p-wave states, and that these are confined to the
p' mass region.

C. po Cross Section

1. Procedures

Experimental studies of p' photoproduction have
revealed difficulties in defining and extracting p'
cross sections in a unique way. We follow the
procedures of Ref. 1 and give the following four
cross sections for p' production.

(1) A p' cross section derived from a fit of the
Sddkng model'4 to our data. In this cross-section
determination we are removing the influence of
the coherent Drell background" and giving a p'
cross section proportional to the area of a p
Breit-Wigner distribution, integrated over the
available phase space. We use a SMing model
with a Ferrari-Selleri form factor ~' and include
a rescattering correction to the Drell terms. "
The model is described in detail in Ref. 1.

(2) A p' cross section obtained from
dao/dtdM („„

x —'sF with M = 770 MeV and I'
P= 145 MeV as obtained from the SMing-model fit

above. This approach of Yennie" is based on the
observation of Pumplin and Bauer" that the re-
scattering-corrected Drell diagram vanishes at
the p' mass. It takes a constant-area Breit-
Wigner distribution, in contrast to method (1), in
which the area under the p' Breit-Wigner shape
depends on the available phase, space. In this phe-
nomenological application of the S6ding model we
determine d'o/dtdM at M =Me from a fit of a
smooth curve of the form fsv(M~/M )""' to the
mm mass distribution. We refer to cross sections
obtained using this technique as phenomenological
Sdding cross sections (See Ref. 1 f.or a more de-
tailed discussion. )

(3) A parametrization cross section obtained by
fitting the Dalitz plot to a matrix element consist-
ing of phase space, b,"and a p' whose shape is
given by the form f v(M~/M„,)""'. Basically this
yields a p' cross section through the assumption
that all dipion pairs, other than those originating
from b "production and phase-space-like back-
ground, are from p' production.

(4) A cross section for s-channel helicity-con-
serving dipion pairs (II) calculated from

In Table IV we give total cross sections deter-
mined using these four methods. Differential
cross sections are presented in Table V and Fig.
9. We also give in Table IV the extrapolated dif-
ferential cross sections at ~t~ =0 and the slopes
A from a fit of the differential cross section to
the form Be"' in the interval 0.02& ~t

~
&0.4 GeV'.

For comparison we include the lower-energy re-
sults' in Table IV.

The fits to our differential cross sections do
not require a quadratic term in t. If quadratic
contributions or a break at small ~t~ (like that ob-
served in pp scattering) are present, the forward

TABLE IV. Reaction yp px 7l at 2.8, 4.7, and
9.3 GeV. Dipion total cross sections, differential cross
sections at t = 0, and slope A of the differential cross
sections (assuming the form d&r/dt ~,=De~) fitted in the
interval 0.02=~t[ =0.40GeV.

Ey

o' (pb)

2.8 GeV 4.7 GeV 9.3 GeV

Soding model ~

18.6 + 1.0 15.9 + 0.7 13.5 + 0.5

(pb/GeV ) 104+ 6
do
dt

A (GeV ~) 5.4 + 0.3

94+6

5.9 + 0.3

86+ 5

6.5 + 0.2

o' (Vb)b

Phenomenological Soding

23.5+ 2.4 18.2 +1.6 14.0+ 0.9

(pb/GeV ) 148+12
do'

t ~=p
109+8 88+4

A (GeV 2) 6.3 + 0.4 6.0+ 0.3 6.3 + 0.3

o' (Vb)

(pb/GeV2)
do
dt

A (GeV 2)

Parametrization

21.0+1.0 16.2+0.7 13.3+0.5

138+8 114+6 95+4

6.6 + 0.3 7.2+ 0.3 7.3 + 0.2

o' (pb) 18.6 + 1.1 14.5 + 1.0 11.8 + 0 ~ 5

we make use of our observation that the p' pro-
duction mechanism mainly conserves s-channel
c.m. helicity at the yp vertex. Consequently the
angular distribution of dipion pairs in the helicity
frame has a component proportional to ReY', (8, g).'

Z. Results and Discussion

n =~(~s)'" +acr'(8 y)
y

(pb/GeV2)
do'

dt t=p

A (GeV )

144+12 109+8

7.5 + 0.6 7.6 + 0.5

84+ 6

7.1+ 0.4
where the sum extends over all events of reaction
(1) in the appropriate t interval, and o, is the
number of pb of cross section per event. Here

Errors do not include uncertainties in the model
{see text).

b Calculated from o' =(do'/dt)~=p/A.
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TABLE V. Reaction yp p& 7r at 9.3 GeV. Dipion differential cross sections.

ItI {Gev )

0.02-0.05

0.05-0.075

0.075-0.10

0.10-0.15

0.15-0.20

0.20-0.25

0.25-0.30

0.30-0.40

0.40-0.50

0.50-0.70

0.70-1.0
1.0-1.5

Soding model fit '

67.5 +4.5

60.2 + 3.3
46.7 + 2.8

35.4 + 1.8
30.4 + 1.6
21.0+ 1.4
15.2+ 1.2
8.0+ 0.6

3.9+ 0.4

1.5+ 0.2

0.43+ 0.09

Phenomenological '
Soding

crosh section

—
( p, b/Ge V2)

de
dt

71.8 + 4.3

60.8 + 4.4

45.7 + 3.9
38.4 + 2.4

30.2 + 2.2

20.2 + 1.2

8.8 + 0.8

4.3+ 0.6

1.4+ 0.2

Parametrization

78.2 + 4.5
62.2 + 3.0

49.9 + 2.7

34.2 + 1.6
28.5 + 1.5
19.2 + 1.2
14.1 + 1.0

7.2 + 0.5

3.5 + 0.4

1.5 + 0.2

0.40 + 0.08

0.06 + 0.02

s -channel
helicity-

conserving
dip ion

pairs (II)

77.0 + 6.5

40.0+ 5.6

54.3 +4.4
33.9 + 2.8

27.2 + 2.6

19.1 + 2.2

11.6 + 1.6
5.2+1.0
2.7 + 0.6

1.7 + 0.3

0.56 + 0.10

0.06 + 0.08

Errors do not include uncertainties in the model (see text).

vP—Pp
Ey=9.5 GeV
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PARAMETRIZATION

~ This Experiment
x SLAC II.5 Gev
cj Col Tech 12 GeV

(0) &

PHEN

X

SODING MODEL ~
This Experiment
Co~nell 8.5 GeV

{b) I

0.5

0.2

O. I

I

0 0.4 0.8

ItI (GeV2)

0.4 0.8
ItI (GeV )

FIG. 9. Reaction yp -pp at 9.3 GeV. Differential
cross sections from (a) parametrization method and (b)
phenomenological Soding model. The points labeled
SLAC 11.5 GeV, Caltech 12 GeV, and Cornell 8.5 GeV
are from Refs. 8, 30, and 9, respectively.

cross sections obtained from a linear extrapola-
tion may be unreliable (too small).

Table IV shows that the values of the cross sec-
tions and slopes obtained by the different methods
are much closer to each other at 9.3 GeV than at
the lower energies. The forward cross sections,

for example, vary by &10% at 9.3 GeV. We ob-
serve (see Table IV) that the p' cross section is
decreasing with energy, but that the slopes of the
phenomenological SMing model, the parametriza-
tion, and the II differential cross sections are in-
dependent of energy within our errors. The
Soding-model fits give smaller slopes at the lower
energies. However, this energy variation can be
largely understood as being due to phase-space
limits which cut off the high-mass p' tail at small
ItI and low photon energies. When the slope is
fitted directly in the matrix element we find the
values 6.0+0.3, 6.3+0.3, and 6.7+0.2 GeV ' at
2.8, 4.V, and 9.3 GeV, respectively. As expected,
these values are in agreement with those of meth-
od (2).

The phenomenological Soding approach gives a
cross section which depends on Mp and is propor-
tional to I' . This introduces a systematic un-
certainty of 2(F/ii whic-h is not included in our er-
rors. Effects of p-& interference are largely
averaged out, because da/d&dMI„„was deter-JrI=N p
mined from a fit of a smooth curve over a wider
mass region. The slope of do/dt is, of course,
independent of I'p, and varies only slightly over
the range of likely values of M

p
.

The fitted SMing-model cross sections depend
on the form of the Drell background used. A dif-
ferent Drell background (one that was gauge-in-
variant, for example) could lead to a different p'
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cross section and a different fitted p' mass and

width. The only cross sections which are inde-
pendent of the assumed p' mass and width and/or
the form of the Drell background are the para-
metrization and the II cross sections, but, as we

have emphasized, ' these are not necessarily p'
cross sections.

Figure 9 gives a comparison of the differential
p' cross sections with those of other experiments.
The data of Anderson et al.' at 11.5 GeV and of
Barish et al."at 12 GeV were obtained in missing-
mass experiments, and p' cross sections were ex-
tracted by a method equivalent to our parametriza-
tion technique. The results show excellent agree-
ment over the full range of t [Fig. 9(a)]. The I.5-

GeV bubble-chamber data of Ref. 6 also agree
with the present measurements. The Cornell ex-
periment' at 8.5 GeV detects pion pairs near de-
cay angles 8 = @ =90' (see Footnote 25 for defini-
tions) in the helicity system and uses method (2)
for extracting the p' cross section. Thus the com-
bination

d o' do'2(p'+ p' )—=-' dt dt Cornell

is measured, which, with our measured values for
the density-matrix elements (Table VI), is small-
er than do/dt at the larger ~t~ values. This may
explain the somewhat greater slope parameter
found by Berger et al. '

D. Dipion Angular Distribution and p Spin Density Matrix

1. Spin Density-Matrix Formalism

The decay angular distribution for vector mesons produced by linearly polarized photons can be ex-
pressed in terms of nine independent measurable spin density-matrix parameters" p,.~:

W(cos8, $, 4 ) =—[& (1 —p'«) +-,'(3p~« —1)cos'8 —v2 Repo» sin28 cosP- p', , sin'8cos2$

—p cos24 (p', , sin'8+ po, cos~8 —v 2 Rep'„sin28 cosQ —p', , sin'8 cos2$)
V

-P sin24 (v 2 Imp'„sin28 sing + Imp', , sin'8 sin2$) J .

Here P„is the degree of linear polarization of the photon. The contributions vN, v to the cross section
from natural-parity [P = (-1)~] and unnatural-parity [P = -(-1)~] exchange in the t channel can be obtained
from the density-matrix elements. Defining P, by

o' —o'P—0 GN +aU

one finds to leading order in energy" "
P1 -1 POO ' (3)

TABLE VI. Reaction yp px ff at 9.3 GeV. Density-matrix elements in the helicity system and parity asymme-
try for dipion pairs in the p region as determined from a maximum-likelihood fit in intervals of the squared momen-
tum transfer t.

[t( (aeV'& 0.02-0.05 0.05-0.08 0.08-0.12 0.12-0.18 0.18-0.25 0.25-0.40 0.40-0.80

Ppp
p

i
Pf ~f

R~ fpp

l('pp
i

i

i

Rep'fp

IIIlp i
2

Impfp2

0.02 + 0.01 -0.06+ 0.02 -0.01+0.02 0.03 + 0.02 -0.02 + 0.02 0.00 + 0.03 0.03 + 0.05

-0.02+ 0.03 0.06 + 0.03 -0.06+ 0.03 0.01 + 0.03 -0.08 + 0.03 -0.10+ 0.03 -0.16+ 0.04

0.00 + 0.02 0.04 + 0.02 0.04+ 0.02 0.03 + 0.02 0.07 + 0.02 0.06+ 0.02 0.10+ 0.03

0.03 + 0.02 -0.05 + 0.03 0.03 + 0.05 —0.05+ 0.04 0.01+ 0.04 -0.05+ 0.05 -0.04 + 0.08

-0.06+ 0.04 0.06 + 0.04 -0.05 + 0.05 -0.02 + 0.04 0.02 + 0.05 0.05 + 0.05 -0.06 + 0.06

0.48 +0.04 0.38 + 0.05 0.48 + 0.05 0.48 + 0.05 0.49+ 0.05 0.41 + 0.06 0.57 + 0.07

0.03 + 0.03 0.03 + 0.03 -0.05 + 0.03 -0.01+ 0.03 -0.13+0.03 -0.02 + 0.03 -0.15+ 0.04

-0.50 + 0.04 -0.42 + 0.05 -0.57+ 0.04 —0.48 + 0.04 -0.49 + 0.05 -0.42 + 0.06 -0.64 + 0.10

-0.05 + 0.03 0.02+ 0.03 0.03 + 0.02 0.03 + 0.03 0.08 + 0.03 0.03 + 0.03 0.06 + 0.05

0.93 + 0.09 0.80 + 0.11 0.93+ 0.11 1.00 + 0.10 0.97 + 0.12 0.86 + 0.12 1.17+ 0.15
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In the limit of high energies one can separate the density matrix p„into components p„,p„arising
from natural- and unnatural-parity exchanges in the t channel":

N, g 1 0
Pqk 2PlAV (-1}p lk~

with the normalization

Trp~+ Trp =1.

(4a)

(4b)

The density-matrix elements p;, measure bilinear products of helicity amplitudes T~ ~„,~ ~ (se Ap-
pendix C of Ref. 1). Here X„,X„,Ay, and A.„denote the helicities of the vector meson, the outgoing

proton, the photon, and the target proton, respectively. The elements p', , are given by"

1 T 2
Poo=A—2 Z ITo~, ii„l~

~N'~N

1

X~&XN

(5a)

(Sb)

CXz, zA. & -zA. &i,at~ ~
no — 2 me Y

&NrXg
(Sc)

~ v~z'~„~g

The element p~ measures the intensity of helicity flip by one unit at the yV vertex, and p', , measures the
interference of nonf lip and double-flip amplitudes. With a linearly polarized beam one can also measure
the interference between nonf lip and single-flip amplitudes by the combination

(6)
1

Rep,', -imp„=—2Re p T ~ T ~, „„).
XN

We note that similar information is obtained from Rep„[Eq.(Sb)] provided that the double-flip amplitudes
are small compared with the nonf lip amplitudes. Finally we consider the combination

1P],+lmPl i=A—2 Z (I~,"x„,,g„l'-ITix„,, ig„l'),
AN&X. ~

(7)

where T" and T are the amplitudes due to natural-
and unnatural-parity exchange, respectively, in
the t channel. " The combination (7) can be used
to estimate the intensity of helicity flip by two
units at the yV vertex when either of the ex-
changes dominates.

The parametrization of the ~w angular distribu-
tion by Eqs. (2)-(7) is, of course, only valid for
p-wave states, but as shown in the moment analy-
sis of Sec. III 8 these are the only important ones
in the p' mass region.

Z. DiPion Density Matrix Averaged over the
po Mass Region

Following our procedures at 2.8 and 4.7 GeV di-
pion density matrix elements averaged over the
p' region are first presented in a model-indepen-
dent way. In Sec. IIID 3 below we shall show that
the dipion density-matrix elements vary with M~
and that their interpretation in terms of p' den-
sity-matrix elements is model-dependent.

The helicity-frame density-matrix elements in
the p' region were determined as a function of t
by a maximum-likelihood fit including a p contri-

bution with a decay distribution given by Eq. (2)
and n,

"and phase-space contributions (see Ref.
1 for details). This fitting method removes the
effects of incoherent background under the p',
which are small at 9.3 GeV but more important
at lower photon energies. At 9.3 GeV the combined
b,"and phase-space backgrounds averaged over
the po mass region (0.06 &M &0.88 GeV) were
7% in the interval 0.4 & jf )

& 0.8 GeV', decreasing
to &2% at small )t(. Figure 10 and Table VI show
the results of the fits. We observe that the pro-
duction mechanism mainly satisfies s-channel he-
licity-conservation (SHC), i.e., p,', = -Imp',
=0.5, with the other elements in Eq. (2) close to
zero. There are, however, small but systematic
deviations from zero in the elements Rep'„, py

Rep'„, and Imp'„. The values of P, are close to
1.0 for all t (P =0.98+ 0.04 for 0.02 & )t~ & 0.80
GeV'), showing that the p' is produced predom-
inantly by natural-parity exchange.

To test for an instrumental source of the small
deviations from zero in the above density-matrix
elements we evaluated the p,~ separately for
events with photon polarizations parallel and nor-
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mal to the optical axis of the bubble-chamber
cameras. Since the p' decays preferentially in
the polarization plane, this effectively rotates the
asymmetry of the angular distribution by 90' in
the chamber. The two samples gave the same re-
sult. Thus the observed effects do not seem to
originate from an experimental bias.

Next we give the separation of the density ma-
trix into contributions from natural- and unnatural-
parity exchanges in the f channel, using Eq. (4).
Figure 11 shows the density matrices p"' at 2.8,
4.7, and 9.3 GeV in the helicity system. The ele-
ments p~~~ are close to zero, again showing that
natural-parity exchange dominates p' production
at all energies. (We consider the nonzero value
of pg y at 4.7 GeV to be a statistical fluctuation
since it violates the condition )p~v, I- p~«. ) The
deviations from SHC observed in Rep'„are seen
to originate from natural-parity exchange and do
not show a marked energy dependence.

Finally, we use the p;, and the combinations
given in Eqs. (6) and (7) (see Fig. 12) to estimate
the magnitude of the helicity-flip amplitudes for
dipion pairs in the p region. As discussed above,
p«measures the intensity of helicity flip by one
unit at the yern vertex. As seen from Fig. 10 of
the present paper and Fig. 16 of Ref. 1, the values
of p«are consistent with zero for ItI& 0.4 GeV'.
For ItI & 0.4 GeV we find single-flip contributions
to the cross section of (12 + 7)% and (28 + 6)% at
2.8 and 4.7 GeV, respectively. At 9.3 GeV one ob-
tains (3 +6Po from po~; a better estimate at this
energy will be given from interference terms be-
low. We note from Fig. 11 that at 4.7 GeV p~ = p,"„
showing that the single-flip amplitudes are due to

rp —pp
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FIG. 10. Reaction yp -pn+n at 9.3 GeV. Dipion
spin density-matrix elements in the helicity system and

parity asymmetry as a function of t in the p region
(see text for fitting procedure).

natural-parity exchanges in the t channel. No
clear conclusion can be drawn at 2.8 GeV.

The combination (p,', +Imp', ,) of Eq. (7) can
be used to estimate the contribution of the double-
flip amplitudes to the cross section at 2.8 and 4.7
GeV. As seen from Fig. 12 there is no evidence
for such contributions for ~&I&0.4 GeV'; for ItI
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FIG. 11. Reaction yp-p7f'7( at 2.8, 4.7, and 9.3 GeV. Density-matrix elements of (a) natural-parity-exchange and
(b) unnatural-parity-exchange contributions in the helicity system.
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FIG. 12. Reaction yp-p7l+x at 2.8, 4.7, and 9.3 GeV. The combinations p& &+Imp& &
and Repro —Imp&0 measuring,

respectively, the relative contributions of helicity flip by bvo units and the interference between amplitudes with no
flip and flip by one unit at the y7).7). vertex.

& 0.4 GeV' we obtain (32 + 12)% and (16s 10)% at
the two energies, respectively.

At 9.3 GeV the intensity terms p',, and Eq. (7)
are zero within errors. However, the interfer-
ence terms p', , (Fig. 10) and the combination
(Rep'„-Imp~») of Eq. (6) (plotted in Fig. 12) show
that the double-flip and single-flip amplitudes are
still 10-20% of the nonf lip amplitudes at ~t~ &0.18
GeV'. Since at 9.3 QeV the flip amplitudes are
small, the interference between nonf lip and single-
flip amplitudes can also be measured by Rep'„.
We get the same results as from the combination
in Eq. (6). From Rep,', =Rep,", (Figs. 10, 11) we
infer that the single-flip amplitude is due to nat-
ural-parity exchange in the t channel.

We note that the SHC-violating effects seem to
be roughly of the same size at the ynn vertex in
mn' photoproduction as in mN scattering. "~ "
Both reactions are thought to proceed mainly by
Pomeranchukon exchange. '4

3. Mass Dependence of the Dipion Density Matrix
and InterPretation in Terms of p'

Density -Matrix Elements

The density-matrix elements in the helicity sys-
tem and P for all dipion pairs were determined
using Eq. (2), by the method of moments. Figure
13 shows the values at 9.3 GeV as a function of
the dipion mass for 0.02 & )i~ & 0.80 GeV'. As in
the 2.8- and 4.7-GeV exposures, we observe
marked changes of the mm decay angular distribu-
tion with dipion mass. For a more detailed study
of the M dependence of the dipion density matrix

we concentrate on the elements p';„, since these
have the smallest statistical errors.

In Fig. 14 the elements p', „determined by the
method of moments, are shown versus M„for
both small and large values of ~t). For 0.02 & ~t)
& 0.2 QeV' the elements are close to zero up to
0.9 GeV. For 0.2 & ~t( &0.8 GeV' p'„is again zero
within errors in the p' region. However, Repyp
and p', , vary through the p' region and change
sign around 0.7 QeV, indicating the importance
of background effects. To demonstrate more
clearly this variation near the p' mass, we show
in Fig. 15 the unnormalized moments po, da/dM„, .
Interference patterns are present, in particular
in Rep'„do/dM„and p', ,do/dM„ for 0.2- )t~
~ 0.8 GeV'.

The small incoherent 4"and phase-space-like
background cannot be the cause of these strong
variations. To explain the effects in Figs. 14 and
15, we must introduce a coherent background. If
this background were to have the same phase as
the p' production amplitude and be slowly varying
with M„,the interference pattern would be anti-
symmetric about the p' mass. The interference
would therefore average to zero over the p' region,
and we would conclude that the p' amplitude had
helicity-flip components. If, however, we wish to
enforce SHC for the p' amplitude, the background
either has to be -45' out of phase with the p' or
have a strong variation with M „.We now consider
specific models for this background.

The curves in Figs. 14 and 15 were calculated
from our formulation of the Soding model'4 (see



7 VECTOR-MESON PRODUCTION BY POLARIZED PHOTONS AT. 3163

).2

pooo

0.8

Re po
IO

0.4—

00

—p 4

p 4
I

poo 0

Mpo

0.4—

0 I-

—0.4—

Im p2
IO

O.4 P

o -- --
~

-- -J-- -~

)I I

0

yp —p7T 7?

Ey = 9.5 GeV

M pe
0 4

oJ)
Re p~

—04-

mass, predicts values for the p,.~ which are close
to those of the Soding model.

Thus, within the formulation of the above models
used by us, the observed mm angular distribution
is not explained quantitatively if s -channel helicity
conservation is assumed for p' production. Since
the interference terms predicted by the models
cancel out in the p' region, the p„ofFig. 10 rep-
resent the density-matrix elements of p' produc-
tion. However, as we have emphasized, consid-
erable uncertainties exist in the calculation of the
Drell background. For example, the phase of the
Drell term relative to the p' is not known, and the
shape of the dipion mass spectrum could be
changed by the terms that are required to make
the Drell background gauge-invariant.

In conclusion, we state the following. (a) We
have demonstrated that there are significant he-
licity-flip amplitudes for dipion production in the
p' region. (b) Because of theoretical uncertain
ties in the coherent background we are unable to
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FIG. 13. Reaction yp -p7I'm at 9.3 GeV. Helicity-
frame density-matrix elements and parity asymmetry
as a function of dipion mass for 0 02 & ItI s 0 80 Gev~.
The curves are from the Soding model.

C5 -0.5

Ref. I for details), in which an SHC p' amplitude
interferes with a Drell background. The param-
eters of the model were adjusted to fit the mass
and I distributions. Although the dipion decay an-
gular distribution is reproduced qualitatively,
there are significant differences between the pre-
dictions of the model and the data in the p' region
for the larger values of ~t). In the Soding model
the change of sign in Rep'„and p', , results from
an interference of the diffractive SHC p' amplitude
with the helicity-flip component of the mainly
imaginary Drell background, and thus occurs at
M„,=%~=0.770 GeV. The element p'« is predicted
and observed to be small throughout the p' region.
Averaged over the p mass region (0.6 &hI,„~0.88
GeV) and over the range 0.2 & )t~ &0.8 GeV', we
calculate Rep« = -0.021 and p', , = 0.00 in the
Soding model. Experimentally we find the values
Rep'„=0.055+ 0.015 and p', , = -0.11+0.03.

We remark that a dual model, "which approxi-
mates the SMing model in the p region, also re-
produces the mass and I; distributions well. The
model, which was constructed to be SHC at the p'

0.5 0.5
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o

0
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o
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—0.5 -o.~ [
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0.6 I.O

FIG. 14. Reaction yp -p ll'T( at 9.3 GeV. Helicity-
frame density-matrix elements pop Re p&0, and p$ f
as a function of dipion mass for 0.02 ~

~t~
~ 0.2 GeV2

and 0.2 ~~t~~0. S GeV~. The curves are from the Soding
model.
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determine the magnitude of s-channel helicity-flip
amplitudes in p' photoproduction.

IV. w PHOTOPRODUCTION IN THE CHANNEL
yp ~ pm'~ m AT 2.S, 4.7, and 9.3 GeV

A. Event Selection

We have studied ~ photoproduction in the reaction

7P «P7T (8)

E. Comparison with Models

We compare the SMing model (for details af the
calculation see Appendix B of Ref. 1) with our
data on the reaction yp —pm+ad at 2.8, 4.7, and
9.3 GeV. We find at all three energies that the
model gives a good quantitative description of the
w's mass shape and its variation with t [Figs. 2,
3, 6(b)]. With an s-channel helicity-conserving
p' amplitude, the main features of the m'w decay
angular distribution (Figs. 8, 13-15) are also
men reproduced, although, as discussed in Sec.
IIID, in the p' mass region some discrepancies
exist at larger gati. At the lower energies the
model predicted the presence of moments other
than F,' and ReF', which were found in the data
(see Fig. 14 of Ref. 1; in particular the y', moment
was small but significantly nonzero). At 9.3 GeV
such moments are calculated to be too small to be
observed in our experiment, and indeed we do not
see any significant deviation from zero.

Photoyroduction of p is also described well by
a dual-resonance model. " We compared this
model with our data and found that it predicts the
observed cross section of w'w pair production to
within 15%. Below M„=1 GeV this dual-reso-
nance model approximates the Soding model with
the normalization of the p' amplitude fixed by
duality. The mw mass and production angular dis-
tributions are reproduced for M„„(iGeV, but the
model predicts more p' near 1.3 GeV than is con-
sistent with the experimental ~'m mass and decay
angular distribution. s -channel helicity conserva-
tion was built into the model for the p' region. It
describes qualitatively the mm decay angular distri-
bution for M„,(1 GeV, but, as for the Soding
model, small discrepancies remain in the p'
mass region at larger gati.

In the model of Kramer" the p' is produced
through final-state interaction of the s's system.
Kramer has compared our data at 2.8 and 4.7 GeV
with his model and found fair agreement. Our
data do not support his prediction that the slope
parameter A [see Fig. 6(b)] should sharply dip
around M, = 1.1 GeV. Also, the associated struc-
ture in the decay angular distribution is not ob-
served.

8

0.02(i ti(0.2 GeV~ 0.2' gati(0. 8 GeV

8—
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FIG. 15. Reaction yp-pn+x at 9.3 GeV. Unnormal-
ized moments poo do/dM«, p& &dv/dM~„, and Re prado/
dM«as a function of dipion mass for 0.02«gati«0. 2 GeV
and Q. 2 «gati«Q. S GeV2. The curves were calculated from
the Soding model.

The cross section for reaction (8) is 24.9+1.5 pb,
15.1 + 1.5 pb, and 8.0+ 0.6 p, b at 2.8, 4.7, ' and 9.3
GeV, "respectively. We now discuss the selection
procedures used to obtain the sample of (d events
in reaction (8). The presence of a neutral particle
in the final state makes it difficult to obtain a
clean sample of reaction (8), and we consequently
had to investigate possible biases coming from the
event selection. We determined the selection
biases by generating with a Monte Carlo technique
(program PHONY ") samples of measurements
which were then treated in the same way as real
events.

From our 3-prong events we selected a sample
that had track ionizations consistent with the hy-
pothesis

yp —ps' s +neutral (s)

and which did not fit the 3-constraint reactions
yp-pm'n, yp-pK'K, or yp-ppp. We found
that «'l% of ~ events were lost by this selection.
Figure 16(a) shows the mass squared MM' of the
neutral system calculated assuming E„to be the
mean beam energy of the particular exposure. At
each energy we see a clear peak corresponding
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scatter plots of the 37t mass vs t are shown in Fig.
1'7. A strong, peripheral & signal is seen and no
other prominent mass structure is found.

In view of the possibility that higher-mass vec-
tor-meson states may be produced in the reaction
yp-pm'm-m' we have examined the higher 37t mass
region for other structure. In Fig. 18(a) we plot
the slope A obtained from an exponential fit to the
t distribution in the interval 0.02 & ltl & 0.5 GeV';
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FIG. 16. Reaction yp-p7t'm MM at 2.8, 4.7, and 9.3

GeV. (a) Distribution of the square of the missing mass,
MM, for 3-prong events not fitting yp px+m, yp
-pX+K, or yp-ppp and consistent with yp -pn+w ~ .
(b) n+~ x mass distribution from a 0-constraint cal-
culation for events in (a) with MM~ & 0.1 GeV2. At 2.8
and 4.7 GeV a selection was also made on the calculated
photon energy (2.4~E& «3.3 GeV and 4.1«F& ~5.3 GeV,
respectively).
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I

I
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to ihe reaction (8). To remove events with more
than one v' we require MM' & 1.0 GeV' (loss - 5%
of ~ events). The momentum of the v' and the in-
cident photon energy for this restricted sample
of events are then obtained from a 0-constraint
calculation (using the beam energy in a 1-con-
straint fit results in a higher background under
the ~). For the 2.8- and 4.V-GeV exposures we
required in addition that the calculated photon en-
ergy be in the energy intervals of Table I. At 9.3
GeV no energy cut was used, because the greater
error in the determination of E at this energy
was found to remove ~ events without improving
the ratio of ~ events to background in the ~ peak.

B. General Characteristics of the m'm m System

The 3n mass distributions for our final samples
at the three energies are given in Fig. 16(b), and

I.O

Ey = 9.3 GeV I 37 7 EVENTS

N
+e 0.5—
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I

0 I

0.5 I.O 1.5

M~+~-~ (GeV)

2.0

FIG. 17. Reaction yp-pn'7t n at 2.8, 4.7, and
9.3 GeV. Scatter plots of m'n 7I' mass vs momentum
transfer t.
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FIG. 18. Reaction yp-px'x m at 2.8, 4.7, and 9.3 GeV. (a) Slope A of the t distribution of the w'7t & system as
calculated from a fit of the form e ' as a function of n+r n mass. (b), (c) Moments Y2(e), ReY2(8, g) of the m+m g
system in the helicity system as a function of w+ n xo mass.

in this 1&1 interval the proton is identified by
ionization. We have calculated the moments Y,'
and ReY,'in the helicity system"; these are
shown as a function of the 3v mass in Figs. 18(b)
and 18(c). Except for clear signals in the &u mass
regions, we see no evidence for other vector-
meson states.

C. cu Cross Sections

As was seen in Fig. 16(b), the ~ shows a clear
signal in the 3w mass above a small background.
This background (typically &10%) was estimated
using hand-drawn curves. The ~ peak has full
width at half maximum of about 25, 50, and 60
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FIG. 19. Reaction yp-p~ at 2.8, 4.7, and 9.3 GeV. Differential cross sections ) and natural-parity-exchange
contributions to the differential cross section (—-).
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MeV at 2.8, 4.7, and 9.3 GeV, respectively. The
shape and width of the peak is well reproduced by
Monte Carlo simulations with the program
PHO~, "where we use a Breit-Wigner distribu-
tion with I' =12 MeV as input. We used these
simulations to calculate the corrections for co

events lost in the wings of the w mass distribution,
for the missing-mass cut, and for the energy cut.
The combined correction factors are respectively
1.12, 1.22, and 1.29 at 2.8, 4.7, and 9.3 GeV.
The correction at 9.3 GeV was found to be slightly
t-dependent. Cross sections were further cor-
rected for other decay modes (11%)"and scanning
losses."

Figure 19 and Table VII show the ~ differential
cross sections do/dt, and Fig. 20 and Table Vill
show the total cross section, o'. Table VIII and
Figs. 19 and 20 also show 0 and do/d t separated
into contributions 0" and o' from natural- and un-
natural-parity exchanges in the t channel":

0" c =-,' {l~Z,)c.
In analogy to our analysis of p' photoproduction,
we fitted the differential u& cross sections dc/dt
and do"/dt to an exponential form do/dt
= do/dtl, oe"' The va. lues found are given in

Table VIII. We observe from Fig. 20 that + de-
creases rapidly with increasing energy, while o~

is approximately constant. The slope parameter

yP P~

~ This Experiment

0 N ~ u

+ ABBHHM

~ SLAG Annihilation Beam

TABLE VII. Reaction yp p~ at 2.8, 4.7, and 9.3
GeV. Differential cross sections.

—
(pb/GeV2)

do
dt

~tI (GeV ) E& ——2.8 GeV E& ——4.7 GeV E&
——9.3 GeV

0.014-0.06

0.02-0.06

0.06-0.10

0.10-0.15

0.15-0.20

0.20—0.30

0.30-0.40

0.40-0.50

0.50-1.0
1.0-2.0

25.9+ 3.1

21.4 + 3.0

14.7+ 2.3

7.6 + 1.6
6.4 + 1.1
4.2 + 0.8

1.2+ 0.6

0.8 + 0.2

0.24 + 0.12

19.6+ 3.1

10.8 + 1.8
8.1+1.4
5.6 + 1.1
2.8 + 0.6

1.9 + 0.5

0.8 + 0.4

0.3+ 0.1

0.0+ 0.03

10.2+ 1.4
6.9 + 1.0
6.5 + 1.0
3.7+ 0.8

2.2 + 0.5

0.15+ 0.07

2,0-5.5
5.5-/ S ],„

o.lS + o.lo

0.0+ 0.01

0.04 + 0.04

TABLE VIII. Reaction yp pu at 2.8, 4.7, and 9.3
GeV. Total cross sections and forward differential
cross sections do/dtIt =0 and slopes A from a fit of the
form do/dt =dc/dt It Oe-

A~ has values consistent with those found for the
p0

Finally, we compare our cross sections with
those from previous experiments" and find good
agreement (see Fig. 20).

5

b

3—
o' (pb)

2.8

5.3 + 0.5

E& (GeV)

4.7

3.0+ 0.3

9.3

1.9+ 0.3

(pb/GeV ) 33.2+ 3.6' 22.0+ 3.2 ' 13.7+1.6'do

1=0

A (GeV 2) 6.8+ 0.6 7.9 + 0.9 7.5+ 0.8
0

0
I

4

Ey (GeV)

I0
o'+ (pb) 2.4 + 0.4 1.7+0.3 1.8+ 0.3

FIG. 20. Reaction yp-p. Total cross sections as
a function of the incident photon energy. The points
labeled ABBHHM and SLAC Annihilation Beam are from
Refs. 5 and 6, respectively. Also shown are the contri-
butions of natural- and unnatural-parity exchange in the
t channel. The solid and dashed curves give the contri-
butions of a diffractive process and OPE, respectively,
as obtained from the fit described in the text.

do"
dt

(GeV-2) 7 3/2 4b 8 5+2.4 6.6k 1.1

o ~ (pb) 2.9 + 0.4 1.3+ 0.3 0.1+0.2

Fit interval 0.02 s
I tI ~ 0.5 GeVt.

b Fit interval 0.014 ~
I
t

I
~ 0.4 GeV .

(pb/GeV ) 14.5 + 5.1 14.6 + 4.8" 11.4 + 2.1
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D. w Spin Density Matrix

For &'s produced by linearly polarized photons
the angular distribution of the normal to the co-

meson decay plane is given by Eq. (2).s' As for
the p', we introduce the angle g =Q —4. Figure
21 shows the distributions of cosa and g in the
helicity system for events in the u mass region
(0.'I4 &M, +, ,a &0.84 GeV) and 0.02 & It1&0.3
GeV'. At the lower energies we observe little
structure in Il), but at 9.3 GeV the characteristic
cos'g signal observed in p' photoproduction de-
velops.

Figure 22 and Table IX show the density matrix
elements p„and P, calculated by the method of
moments in the ~ mass region for three t inter-
vals. We estimate the background to be &5 percent
cent, and no background subtraction was made.
As indicated by our simulation of ~ production
with pHONY, our cuts exclude some ~ events when
the m' in the laboratory system is close to the
beam direction, and our mass resolution is poor-
er. Corrections of ~l s.d. were applied to p«,

yp ~ 4Jp

0.02 Itl 0.3 GeV~

Ey=2.8 GeV
0.4

o oo 0.2 i

0
I I

yP =P~

Ey=4.7 GeV Ey=9.3 GeV

o I

oo
K

0.2

-0.2
0.2

-0.2

o

pre and pl -1 at 9.3 GeV, but were unne-
cessary at the lower energies.

We now proceed with the separatioii of the nat-
ural- and unnatural-parity-exchange components.
We give in Figs. 23(a) and 23(b) the density ma-
trices p";„p„ofthese two components (note that
p,"» p~ are not normalized separately, but that
Trp" +Trpu = l). We have chosen to calculate p"„
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FIG. 21. Reaction yP P~ at 2.8, 4.7, and 9.3 GeV.
Decay angular distributions in the helicity system and
parity asymmetry P for events in the u mass region
0.74 ~ M„+~-„0~ 0.84 GeV and in the momentum-transfer
interval 0.02 & It I

& 0.3 GeVt. Curves are calculated from
the fitted density matrix elements (see text).
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FIG. 22. Reaction yp-P(d at 2.8, 4.7, and 9.3 GeV.
Density matrix elements in the helicity system and parity
asymmetry as a function of momentum transfer t.
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in the helicity system since it gave the simplest
form of the density matrix for the p'. Figure 23(a}
shows that p",, is consistent within errors, with

p„=p, , =Rep~jp 0, p,", dominant as expected for
an s-channel helicity-conserving y- & transition.
The density matrix for natural-parity exchange is
also consistent with having the same fraction of
small helicity-flip contributions that are observed
in the p' case.

In the unnatural-parity-exchange contribution we

expect m exchange to be the dominant process.
%e therefore have evaluated p„in the Gottfried-
Jackson system, where we expect p» to be domi-
nant and p«, p", „Rep„=0. At 9.3 GeV the un-
natural-parity-exchange contribution is too small
to allow conclusions. At 2.8 and 4.'l GeV we find

p, » Repjp close to zero and p» large. At 2.8
GeV, p «seems to be significantly nonzero. This
deviation from the simplest expected OPE be-
havior could be caused by absorption effects or by
a breakdown of the high-energy approximation in-
volved in separating natural- and unnatural-parity
exchanges at 2.8 GeV.

E. Discussion of Results

From the data presented above we observe the
following.

(1) The &u cross section becomes approximately
constant above 5 GeV.

(2} While natural- and unnatural-parity-ex-
change contributions are comparable between 3
and 5 GeV, natural-parity exchange dominates at
9.3 GeV.

(3) The separation into o" and c' demonstrates
that the rapid decrease of the total ~ cross section
at lower energies is due to the unnatural-parity-
exchange contribution.

(4) The energy and t dependence of the cross
section o", as weQ as the spin density matrix p,"~,
agree within errors with those found for the p'.
In particular, the p"„arecompatible with s-chan-
nel helicity conservation at the y- vertex.

(5) The energy variation (-E„'}of the cross
section + and the spin density matrix p, ~ of the
unnatural-parity-exchange contribution are con-
sistent with the dominance of one-pion exchange.

F. A Model for u Photoproduction

%'e have attempted to fit our data at all energies
to a simple model. %e describe ~ photoproduc-
tion by a sum of diffractive and one-pion-exchange
(OPE} parts Specific.ally, we write for the cross
section

dooPE

dt dt , 0 dt

In the OPE calculation we used the formulation of
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gp = phd
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FIG. 23. Reaction yp p~ at 2.8, 4.7, and 9.3 GeV. (a) Density matrix elements of the natural-parity-exchange
contribution in the helicity system. (b) Density matrix elements of the unnatural-parity-exchange contribution in the
Gottfried- Jackson system.

Wolf" (using Benecke-Durr form factors) and the
value of F, =0.90 MeV (Ref. 38) for the radia-
tive u width. Further, we allow for an energy de-
pendence of do"/dti, , of the form

V. 4 PHOTOPRODUCTION AT 2.8, 4.7, and 9.3 GeV

A. Event Selection

Photoproduction of P mesons occurs in the reac-
tions

yp-PK K

yP pKsKi .
(9)

(10)

E

A y' fit was performed to the differential cross
sections and P at the three energies in the inter-
val 0.02 (

it i (0.5 GeV', and the results are (see
curves in Fig. 20)

C =9.3+1.V pb/GeV'

D =1.4+1.2 Gev,

A =6.7~0.6 GeV-',

8' = 0.97+ 0.09,

g'=16 for 19 degrees of freedom.

We conclude that the absolute OPE calculation can
account for the unnatural-parity-exchange contri-
bution in the cross section and the spin density
matrix (see Sec. 1VC} above). The energy depen-
dence of the natural-parity-exchange cross sec-
tion is consistent with that of p production.

Reaction (9) can be well separated from other 3-
prong reactions by a 3-constraint kinematic fit
and a check of the track ionization. Calculations
with pHONY indicated that the contamination of (9}
by other 3-prong reactions was less than 5% and
was negligible for P production. Reaction (10) is
a 1-prong+ V' topology in the bubble chamber.
The photon energy and K~0 momentum are obtained
from a 0-constraint calculation, while the K~ is
identified by a 3-constraint kinematic fit. Re-
quiring the calculated photon energy to lie within
the limits of Table I removes many of the events
with additional neutral particles in the final state.

B. General Characteristics

Figure 24 gives the K'K mass distributions
found at 2.8, 4.7, and 9.3 GeV. We observe a
clear peak at the P mass, with little background,
and no evidence for higher-mass vector mesons
decaying into K'K . The insert parts of Fig. 24
show the mass region around the P expanded in 2-
MeV bins. Our calculated K'K mass resolution
in the P region at 9.3 GeV is +1.4 Mev. Fitting a
P-wave Breit-Wigner shape, ~ with measuring
resolution folded in, we find

M, =1020.4~ 0.4 MeV

r, =3.8~0.9 Mev.

We have estimated the systematic error in M&
due to the calibration of the magnetic field by cal-
culating the K' mass from K~ —m'm decays. We
found M~o =498.44+ 0.15 MeV, indicating that the
calibration of the magnetic field was 0.25% too
high. The above value of M@ should therefore be
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reduced by 0.1 MeV.
Figure 25 shows the pK' and pK mass distribu-

tions. Apart from some possible Y*(1520)produc-
tion at 2.8 GeV, no structure is observed. The
wide enhancement at large masses is the reflec-
tion of the P (unshaded events in Fig. 25), which
is produced mainly in the helicity states +1 and

1 ~

Figure 26 shows the effective mass distribution
of the KsnK~n system of reaction (10). Again we ob-
serve a clear peak at the Q mass. At 9.3 GeV the
scanning efficiency for the 1-prong + V' topology
was found to be poorer than at the lower energies.
We therefore do not use this topology at 9.3 GeV
in the following.

C. O' Cross Sections

We calculate cross sections from the number of
events in the III) mass interval 1.00 &M«&1.04
GeV. A correction of -5% was applied for visible
K' and K decays which were not classified as re-
s,ction (9) in our analysis. The correction factor
for neutral Ksn decays was 1/0. 689,3s and the aver-
age geometrical correction factor was 1.02. In
the t interval 0.02 & Itl &0.05 GeV' a scanning cor-
rection of (15+8)% [(7+5)%%u~] was applied at 4.7
GeV (9.3 GeV). The cross section for ltl&0. 02
GeV' was found by a linear exponential extrapola-
tion of the differential cross section. A 3% correc-
tion was applied for the tails of the Breit-Wigner

yp pK K

Itl & 0.02 GeV

20 I—

IO

I

GeV

Evts

I I

4.7 GeV

96 Evts

1.4 1.8 2.2 1.8 2.2 2.6

4)

10 I
93Gev
154 Evts

w 14 1.8 2.2 2.6 3.0
M,„.(GeV)

O

2.8 GeV
86 Evts10—

z

3.4 3.8

4.7 GeV
96 Evts

1,4 1.8 2.2 1.8 2, 2 2.6

I

10 — 93 GeV
154 Evts

Q ~Pii1Rni
1.4 1.8 2.2 2.6 3.0

MpK (GeV)

3.8

FIG. 25. Reaction yp —pK'K at 2.8, 4.7, and
9.3 GeV. Distribution of the pK+ and pK mass for
Itl & 0.02 GeVt. Shaded distributions are for Mr+r-
&1.04 GeV.
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L SFIG. 24. Reaction yp-pK'K at 2.8, 4.7, and
9.3 GeV. Distribution of the K'K mass for ~t~& 0.02
GeV . The curves in the inset are from a fit of a p wave.
Breit-Wigner distribution with measuring resolution
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FIG. 26. Reaction yp-pK~K~ at 2.8, 4.7, and
9.3 GeV. Distribution of the KsK~ mass. Shaded dis-
tributions are for

I tl ~ 1.0 Gevt.
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distribution outside our Q mass region. The
cross sections were corrected for the unobserved
decay modes of the Q by a factor I'„,/1'& r»
= 1/0. 798 at 2.8 and 4.7 GeV, and I'„,/1'@ r+x
= 1/0.491 at 9.3 GeV." For 2.8 GeV and 4.7 GeV
combined the observed branching ratio of
Q-KeKg/P-K'K was 0.7+0.2, consistent with

the world average. "
Figure 27 and Table X show the differential

cross sections. In Table XI and Fig. 28 we pre-
sent our total cross sections. The forward differ-
ential cross sections and slopes (shown in Fig. 28
and Table Xl} were obtained from a maximum-
likelihood fit of the form do/dt =do/dt I, g"' to
all events in the Q mass region and in the interval
0.02 - ItI ~0.8 GeV'. There may be a slow increase
in the cross section and in the slope with energy.
As seen from Figs. 27 and 28 our results are con-

yP—Pg

~ This Experiment o ABBHHM & Berger et ol.

oe ~
, O4 &

Q
I t I

LLI
CL
O

i ~

2)
p

0 2 4 6
Ey {GeV)

i~g I

8 10

FIG. 28. Reaction yP PQ. Total cross section and

exponential slope A of the differential cross section as
a function of the incident photon energy. Data points
labeled ABBHHM and Berger et al. , are from Refs.
5 and 9, respectively.

0.01

0. 1

I T I I I

E y = 2.8/4. 7 G eV (0 j

~ This Experiment
~ ABBHHM 2.5-5.8 GeV
~ DESY-MIT 5.2 GeV

I

I

I

I

I

Ey=9.3 GeV (b)

~ This Experirr(ent
~ Berger et al. 8.5 GeV

T
~ Anderson et aI. 11.5 GeV
o Anderson et 01. 12 GeV -'

sistent with those from other experiments. "'~"
We give in Table XI also an estimate of the slope
due to Pomeranchukon exchange at each energy as
calculated '4 from an analysis of p' photoproduc-
tion data between 3 and 18 GeV. Agreement is
found within errors consistent with the suggestion
that P photoproduction proceeds by Pomeranchukon
exchange. "

D. O' Spin Density Matrix

We analyze the decay of the 4 meson in the he-
licity system in the same way we analyzed the p'.
The decay angles are defined as in footnote 25, by
replacing the direction of the ~' by the direction
of the K' or the K~. The decay distribution is
parametrized by Eq. (2). We also introduce the
angle P = P -4 as in the p' analysis. Figure 29
shows the distribution af cos8 and g for events in
the 4r mass region with 0.02 & Itl &0.80 GeV'. Be-
cause of the low statistics we combine the 2.8-
and 4.7-GeV data. We observe distributions simi-

TABLE X. Reactionyp pp at 2.8, 4.7, and 9.3
GeV. Differential cross sections. The results from 2.8
and 4.7 GeV have been combined.

—(pb/GeV~j
do
dt

It~ (GeV~) E&=2.8 and 4.7 GeV E& ——9.3 GeV

0.01
0 0.4 0.8 I.2

ii. i (GeV2)

1.6

FIG. 27. Reaction yp-pp at 2.8, 4.7, and 9.3 GeV.
Differential cross section: (a) 2.8- and 4.7-GeV data
combined; (b) 9.3 GeV. The data points labeled
ABBHHM, DESY-MIT, Berger et al. , and Anderson
et al. , are from Refs. 5, 42, 9, 8, and 43, respectively.

0.02-0.2

0.045-0.2

0.2-0.4
0.4-0.6
0.6-0.8
0.8-1.6

1.22+ 0.22

0.44 + 0.12

0.17+ 0.10

0.24 + 0.10

0.03+ 0.02

1.5 + 0.3

0.68 + 0.15

0.23 + 0.11

0.15+ 0.10

0.04 + 0.03
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2.8 4.7 9.3

TABLE XI. Reaction yp pp at 2.8, 4.7, and 9.3
GeV. Cross sections, forward differential cross sec-
tions, and slope of the differential cross section from a
fit of the form do/dt ='daldt ~t Oe in 0.02 «

I fl —0.8
GeV . A& is the slope expected for pure P exchange
(Ref. 34).

Ey (GeV)

where o'„and 0' are the cross sections for sym-
metric K pairs produced parallel and normal to
the photon polarization plane. Our values are
consistent with the measurements of both the
Corne114' and SLAC-Wisconsin groups" (see
Table XII). We note, however, that Z is etluiv-
alent to P, only if the helicity-flip amplitudes are
zero (Ref. I, Appendix C).

& (Vb)

do'

dt

A (GeV 2)

( p, b/GeV2)

0.40+0.10 0.41+ 0.09 0.55+ 0.07

1.7+ 0.7 1.6+ 0.6 2.5+ 0.5

3.7+ 1.2 3.7 +1.0 4.6+ 0.7

Ap (GeV ) (Ref. 34) 3.2+0.1 4.1+0.15 5.3+0.1

lar to those found for the p'. Table XII lists the
density matrix elements p,~ and the parity asym-
metry P, determined by the method of moments.
We conclude from our data that the Q meson
seems to be produced predominantly by natural-
parity exchange in the t channel. The pP, are con-
sistent with those found for p' production.

We calculate the quantity

VI. COMPARISON OF VECTOR-MESON
PHOTOPRODUCTION WITH THE
VECTOR-DOMINANCE MODEL

In Secs. III-V we presented data on p', &, and
4 photoproduction and showed that in each case
there is a roughly energy-independent part of the
cross section associated with natural-parity ex-
change in the t channel. We will now compare
vector-meson photoproduction with predictions
from the VDM. Within the VDM the vector-meson
(V) photoproduction amplitudes are related to the

amplitudes for elastic scattering of transverse
vector mesons on protons:

In accordance with the quark model, we assume
the total pp and p cross sections to be the same.

Ipiz+ pi-i
0 0

p11 pl -1

yP P$

TABLE XII. Reaction yp pQ. Density matrix and

parity asymmetry in the helicity system for 0.02 » ~t ~

~0.8 GeV2. Values of the asymmetry Z from this and
other experiments are also given.
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53 EVENTS
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I80' 360'
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1
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1

Im pio
2

Imp,2

-0.04+ 0.06

-0.00 + 0.06

-0.04+ 0.10

-0.13+0.09

-0.06+ 0.11

0.00+ 0.09

0.18+ 0.13

-0.02 + 0.10

-0.51+ 0.16

0.50 + 0.28

0.25 + 0.35

0.00+ 0.07

-0.01+ 0.06

—0.14 + 0.09

0 ~ 08 + 0.12

-0.18 + 0.13

-0.20 + 0.11

0.44 + 0.15

-0.14 + 0.09

-0.73 + 0.17

0.80 + 0.32

0.72 + 0.60

E& (GeV}

2.8 and 4.7

FIG. 29. Reaction yp pQ at 2.8, 4.7, and 9.3 GeV.
Decay angular distribution of KE pairs in the helicity
system in the Q mass region 1.00 «M3.g ~ 1.04 GeV and
in the momentum-transfer interval 0.02 ~ )t) + 0.8 GeV2.
The curves are calculated for an s-channel helicity-
conserving Q production amplitude.

Z (Ref. 44) 0.55+0.isa at E =5.7 GeV, ~t~ = 0

Z (Ref. 43) 0.985+ 0.12 at E
&

= 8.1 GeV,
,

~
t

~

= 0.2 GeV

' Not corrected for background from inelastic Q pro-
duction (see Ref. 9}.
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~nv
T(yP —yP) = T(yP —~&p).

yv
(12)

ln Eq. (12} the sum is over all vector mesons.
Assuming that all amplitudes are imaginary and
have the same spin structure, Eq. (12}becomes

„,(yp-&)

Using Eq. (11) we then find at 9.3 GeV that the
ratio y '/y~'=c(yp- pp)/c" (yp- p&v) is between 6.5
and 7.5, depending on the analysis procedure used
for the p6 (the statistical errors are -20%%up). These
values are in agreement with the value 7.2 ~ 1.2
measured in e'e annihilation. " Simple SU, pre-
dicts a value of 9 for this ratio, while modifica-
tions due to symmetry breaking have been calcu-
lated to give 7.5,4' or 13.8.4' Our result agrees
best with the prediction of Ref. 46.

Using the determination of o(p6p- p'p) obtained
from p6 photoproduction in deuterium 4' or the
quark-model prediction, values in the range 0.5-
0.7 are found for y~'/4v. Such values are consis-
tent with the e'e storage-ring measurements 4'

and with results obtained from p' photoproduction
from complex nuclei. 4'

One can obtain y& from the forward differential
cross section for Q photoproduction. Using the
quark-model value of 13 mb for the Q-nucleon
total cross section, "we find from Eq. (11) that
y6'/4v=6. 2+1.3 at 9.3 GeV (allowing a 3(@real
part in the Pp forward amplitude reduces this
number by -1(Y/6). As has been noted before, P
photoproduction leads to values of y~' which are
about twice as large as the one derived from the
direct measurement in e'e annihilations "but
agrees with SU, predictions for the ratio

2/y 2 46, 47

The VDM further predicts that the Compton
scattering amplitude is related to the sum of the
transverse components of vector meson photo-
production amplitudes:

Ofcgl
I

I I I
I

I

0.5 —t0
a 2.8 GeV

4

10 tx

0

4~ 4.7 Gev
o4

a064

0$
0

i.ok.

$050

o. i =

0.05—

VI —rV
I

I
I

I I
I

I I I 1.0

~ Calculated from This
Experiment

a Buschhorn et al. (2.85, 4.6 GeV)

o Anderson et al. (5.5, 8.5 GeV)
0 Anderson et al. (17 GeV)
o Boyarski et al. (8 GeV)
x Optical points from this experiment

— 0.5

= 0 I

— 0.05

= O. l

— 0.05

= 0. 1

— 005

Compton-scattering experiments "and our total
cross-section measurements. ""We adjust C for
best agreement, and have plotted the resulting
values in Fig. 30. As noted before, ' one finds
excellent agreement of the right-hand side with
both the s and t dependence of Compton scatter-
ing, but a scale factor C= 2 is needed to obtain
the Compton cross section. The value of the scale
factor cannot be explained by the uncertainty in
our p cross section. If we assume less than maxi-
mal interference between the vector-meson am-
plitudes, the resulting value of C becomes even
larger.

Agreement with the Compton-scattering cross
sections could be obtained with C= 1 if the sum
over vector mesons in Eq. (13) were extended to
include more states ~ These states would have to
give a contribution of -40%%u6 to the amplitude sum
of Eq. (13}.

A search for p'- m'n in several experiments, '~
including ours, yielded an upper limit of the order
of 1% of the p' cross section. As shown in Secs.
IV and V, no evidence for higher-mass resonances
is seen in n'm m' and KK final states. However,
an analysis of our multipion final states in the re-
actions yp -p +pions indicates the presence of

= C—'n
yp —V~p

(13)

0.01 =

0.005 —.

9.3 Gev

0

— 0.01

— 0.005

where C is a scale parameter that should equal
unity if all assumptions are correct.

Using our phenomenological SMing cross sec-
tions (Table V) for the p6, together with our o~
and o & results, we have evaluated the right-hand
side of Eq. (13). (We have added o~ incoherently.
Strictly speaking, one should use the transverse
part of the vector-meson cross sections, but this
correction is negligible. ) The values of y„'/4v
were taken from the storage-ring experiments. ""
The left-hand side was obtained from recent

0.001 = 0001
I i I i I i I I I I I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
It I (Gev2)

FIG. 30. Comparison between photoproduction and
Compton scattering at 2.8, 4.7, and 9.3 QeV. Relation
(13) was used with C =2. The errors on the photoproduc-
tion points include a 15% uncertainty due to the differ-
ences in the p cross sections derived by different
methods. Compton-scattering data were taken from
Ref. 52, and the optical points from this experiment. '
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broad enhancements in the mass range 1.2-1.6
GeV in both the (v's'v v ) (Ref. 18) and (v'v

+neutrals) mass distributions. ' These enhance-
ments, which are produced with small momentum
transfers to the proton (t slope -6 GeV '}have

cross sections of -10% of p' production T.he
m'n'm m enhancement has been identified as a
J~ i- Ic =1+ state, and is referred to as the p is

Assuming that the p' nucleon cross section is
equal to the p' nucleon cross section and the p' de-
cays only into w'v'v v, then from Eq. (11) zz
-0.3y~ '. (A consistent value of y~ can be de-
rived from the e'e experiments. ") Thus the p'

contributes only -10% to the amplitude sum in

Eq. (13).

VII. CONCLUSIONS

From our study of vector-meson production in
the channels yp-pn'm, pw'm m', and pKg' we con-
clude the following.

(1) The shape and t dependence of the dipion
mass distribution in the p' region is independent
of photon energy.

(2) At 9.3 GeV dipion pairs in the p' region are
in a p-wave state. No evidence exists for higher
partial-wave states in the p' region. In contrast
small but significant contributions from such
states were observed at 2.8 and 4.7 GeV.

(3) P wave dipi-on production in the p' region
occurs through natural-parity exchange in the t
channel.

(4) Dipion production amplitudes in ihe p' region
are predominantly s-channel helicity-conserving.

(5) At 9.3 GeV the density-matrix elements
Rep'„and p', „studied as a function of the dipion
mass, give evidence for interference between a
predominantly SHC p' amplitude and a coherent
background.

(6) When averaged over the p' region the helici-
ty-flip dipion amplitudes at ~t~ & 0.18 GeV' are
about 15%0 of the helicity-nonf lip amplitudes at
9.3 GeV. The flip amplitudes at the yew vertex
are of the same relative magnitude as those in mN

scattering.
(7} As at the lower energies, the S5ding model

describes well the shape of the dipion mass spec-
trum and its variation with momentum transfer.
It does not, however, give a quantitative descrip-
tion of the helicity-flip amplitudes in the p region.

(8) Theoretical uncertainties in the S6ding mod-
el preclude a calculation of the helicity-flip back-

ground in the p region. Consequently, the magni-
tude of the helicity-flip amplitudes for the p' can-
not be determined.

(9} Because of the theoretical uncertainties in

defining the p' cross sections we have derived p'

cross sections by four different methods. The
results are shown in Tables IV and V. At 9.3
GeV there is closer agreement (within -10%) be-
tween the results of the different methods than at
the lower energie~

(10) Analysis of the reaction yp-p&u shows that
unnatural-parity exchange decreases from -55%
of the total &o cross section at 2.8 GeV to -5% at
9.3 GeV. The unnatural-parity contribution to ~
production is well explained by OPE.

(11) The natural-parity-exchange cross section
in & production does not vary strongly with ener-
gy; its E and t dependence are consistent with

those of the p'. The natural-parity-exchange
components of the ~ density matrix are compatible
with s-channel heliciiy conservation. At 9.3 GeV
the ratio of the cross sections cr~/&x» is between
6.5 and V.5, in agreement with predictions from
SU, and the quark model.

(12) The cross section and slope of P-meson
photoproduction may increase slowly with energy.
The slope of the differential cross section is
smaller than that for p' and & production. Natural-
parity exchange in the t channel seems to be the
major process. The ratio a&/c~ agrees with the
prediction from SU, and the quark model.

(13) In pw'v, pv'» v', and pKK final states we
find no evidence for higher-mass vector mesons.

(14) The s and t dependence of Compton scatter-
ing as calculated from p, ~, P photoproduction
using the VDM agree with experiment, but the
predicted Compton cross section is too small by
a factor of 2.
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Strange-Particle Production by w'p at 3.7 GeV/cs
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The results of a study of strange-particle production in m+p interactions at 3, 7 GeV/c are
presented. Cross sections for a large number of strange-particle final states are given; the
over-all strange-particle production cross section is about 1~ 3 mb. Comparison of cross-
section results on two-body and quasi-two-body final states with corresponding ft p data
shows no evidence for exotic exchanges. Comparison of the peripheral cross sections for n+ p

K+ Z+ and n p K+X+(1385) with those for the line-reversed reactions shows reasonable
agreement for K+ Z and gross disagreement for K' Z'(1385). Simultaneous K* (891)Z+ (1385)
production occurs, but, unlike its nonstrange counterpart, it is not dominated by pseudoscalar
exchange. There is significant p(1019) production via the reaction 7t p Qn.+p, but none of it
appears to be associated with b,+'(1236). Cross sections for resonance production in various
three- and four-body final states are presented.

I. INTRODUCTION

Although n'-proton interactions leading to non-
strange final states have been systematically
studied in the multi-GeV energy domain, there is
far less complete information on the production of
strange-particle final states, particularly for 7t'P

interactions. This is a consequence of the fact
that the cross sections for production of such
states are smaller by more than an order of mag-
nitude than those of final states of similar multi-
plicity without strange particles.

In this paper we describe the results of a bubble-
chamber study of strange-particle production by
positive pions of momentum about 3.7 GeV/c. The
events to be discussed, with one major exception,
all involve a topology with a strange-particle
signature, either a kink in a charged track or a
vee decay. The exception, included for complete-

ness, is the final state K'K &'P which, except in
the rare instances in which a K' decays in flight,
has a simple four-prong topology.

In Sec. D, we present experimental details with
particular emphasis on the data-handling proced-
ures. In Sec. III, we discuss the determination of
cross sections for the various strange-particle
final states. In Secs. IV and V, we present some
of the more detailed features, including angular
and mass distributions, of two-body, three-body
(Sec. IV}, four-body, and five-body (See. V} final
states. Finally in Sec. VI we summarize our
results and conclusions.

II, EXPERIMENTAL DETAILS

A. Exposure

The data described in this paper were obtained
in a 180000-picture exposure of the LBL 72-inch




