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The reaction pP Pu was studied in a hydrogen bubble chamber using a linearly polar-
ized photon beam. The total cross section was found to be 5.8+0.5 pb at 2.8 QeV and 3.2
+0.3 pb at 4.7 GeV. From the decay angular distributions these cross sections have been
separated into contributions from natural- and unnatural-parity exchange o, o in the t
channel. For (t~ & 1 GeV o =2.5+0.4 pb, o =2.7+0.4 pb at 2.8 GeV and oN=1.8+0.3 pbo"=1.3+0.3 pb at 4.7 GeV. The contributions from unnatural-parity exchange are consis-
tent with the predictions of the one-pion-exchange model.

The energy dependence and the magnitude of
the cross section for ~ production by unpolarized
photons measured" in the reaction

yp pn'n n'-

suggests that co production proceeds partly via
one-pion exchange (OPE) and partly via diffrac-
tion scattering, with the dominant contribution at
low energies (-2-4 GeV) coming from OPE. Us-
ing polarized photons, the contributions from
natural parity [P = (—1)~] and unnatural parity

[P= -(-1)~] exchange in the t channel can be sep-
arated, and the above conjecture can be tested.

We have analyzed ~ production in Reaction (1)
at 2.8 and 4.7 QeV exposing the 82-in. hydrogen
bubble chamber at Stanford Linear Accelerator
Center to the linearly polarized Compton-back-
scattered laser beam. Table I summarizes the
details of the beam and of the exposure. ' '

In Table I we list the number of events which
gave a zero-constraint "fit" to Reaction (1) (the
photon energy F. not being constrained) and
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Table I. Beam parameters and exposure statistics.

Avg. beam
energy, E&

(GeV)

Avg. linear
FWHM~ polarization

(GeV) P)
No. of

pictures
Eventsi

pb

Events
fitting

'yp Pr p 7t

E
&

limits
accepted

(Gev)

Fits to
7P-pr'z m'

within E&
limits

No. of u
events

2.8
4.7

0.15
0.3

94 jp

92%
292 000
454 000

90 +4
149 +6

3950
7660

2.4-3.3
4.1-5.3

2687
3083

411+31
315+24

Full width at half-maximum.
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which satisfied the following criteria: The mass
assignments are consistent with ionization, and
the event has no accepted fit to the hypothesis
yp-Pm'm . Most of the multineutral events are
removed by requiring the reconstructed photon
energy to lie within the limits specified in Table I.

In Fig. 1 the m'z p' mass distributions show

a clear & signal. In order to determine the cross
section for v production, corrections were made
for &u events which (a) were excluded because
they fit the three-constraint hypothesis yp-pm'm
(X'&25); (b) have a reconstructed photon energy
outside the specified energy interval or a g'g
mass outside the &u region (0.67-0.90 GeV);
(c) were lost because of short-recoil protons; or
(d) have a decay mode other than m'm m'. ' Cor-
rections (a) and (b) were determined using the
track and event simulation program PHONY and

amounted to 1.09+0.02 at 2.8 GeV and 1.22+0.06
at 4.7 GeV. For (c), because events with short-
recoil protons connot be measured reliably, we

disregarded all events with lt I
&0.014 GeV' (t is

the square of the four-momentum transfer be-
tween incoming and outgoing proton). At 2.8 GeV
the minimum value of ltl is 0.014 GeV' and no
correction of type (c) was applied. At 4.7 GeV
we estimate the loss to be (6 +2)% by extrapolat-
ing the t distribution according to Eg. (4) below.
The scanning efficiency for events with ltl)0. 02
GeV' was found to be greater than 99%.

The corrected total w-production cross sec-
tions are given in Table II and Fig. 2 together
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FIG. 1. n+m x mass distributions for the reaction
yP Pm+7t 7r at 2.8 and 4.7 GeV. There are 2687 and
3083 fits from 2678 and 2912 events at 2.8 and 4.7 GeV,
respectively.

FIG. 2. Total cross sections for reaction yP —P~,
from this experiment together with the values of Refs.
1, 2, 9-11. Cross section contributions 0. , 0. from
natural- and unnatural-parity exchanges in the t chan-
nel for Itl&& GeV'
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Table II. Parameters of the reaction yP Pco. Cross sections, P, and production angular dependence for 0.02
& ltl&0.4 GeV assuming dv/dt =C exp(4t) for all events, and for the contributions from natural-parity exchange in
the t channel. Cross-section errors include statistical, Qux, background, and loss-correction uncertainties.

E&=2.8
(GeV)

L;~=4.7
(GeV)

Otot
C
A
&a (lt 1&1 Gev')
vN (ltl& 1. Gev2)
o" (ltl&1 GeV')

CN

AN

5.8+0.5 pb
34 +4 pb/Gev
6.2+0.7 GeV
-0.04 +0.13
2.50 +0.37 pb
2.70+0.39 pb
13.1 +4.1 pb/Gev2
5.5 +1.6 GeV

3.2+0.3 p,b
25+3 pb/GeV'
8.0 +0.8 GeV
0.19 +0.14
1.84+0.28 pb
1.25+0.27 pb
15.2+3.8 pb/Gev'
7.5 +1.5 GeV

with those of other experiments. "" The differential cross sections dv/dt are shown in Fig. 3. A fit
of dv/dt for 0.02& ltl &0.4 GeV' by the form C exp(At) leads to the values for A and C given in Table II.

For the analysis of the ~-decay angular distributions we adopt the formalism of Schilling, Seyboth,
and %olf." Results will be presented in the helicity system, which was found to be the preferred sys-
tem for the analysis of p photoproduction. ' In this frame the ~ axis is given by the ~ direction of
flight in the total c.m. system. The angles ~ and p are defined as the polar and azimuthal angles of
the normal to the ~-decay plane in the ~ rest system. The photon polarization plane in the total c.m.
system makes an angle @ with the production plane. " The decay angular distribution of the u in terms
of its spin density matrix is' '~

W(cos8, y, 4) = 3/4s( —,'(1—p„') + —,'(3p„'—1) cos'8 —M2Rep „'sin28 cosy —p, ,' sjn28 cos2y

-P,cos24[p»'sin'8+p»'cos'8-W2Rep»'sin28 cosy-p, ,'sin'8 cos2y]
—P sin24 [v 2 Imp»'sin28 siny+ Imp, ,'sin'8 sin2yo, (2)

where P is the degree of linear polarization.
The nine independent measurable density-matrix
parameters, which were determined by a mo-
ment analysis, are shown in Fig. 4 as a function
of t. In p' photoproduction' we found for ltl &0.4
GeV' that by choosing the helicity frame all p,.„
in Etl. (2) reduced to zero except for two (p, ,'
= —Imp, ,'=0.5) indicating no helicity flip. In
contrast, for u photoproduction our values for
poo show that the re is cons ide rabl e he licity fl ip.

From the density-matrix parameters one can
deduce the parity asymmetry, P, = (vN —v")/
(o +v ), which measures the cross-section con-
tributions 0, v from natural- and unnatural-
parity exchange in the t channel. In the high-en-
ergy limit I' is given by"'"

1
&o 2P~ i Poo .

In Table II the values of P, v N, and 0 "are
given for a& production for ltl &1.0 GeV' (see also
Figs. 2 and 4). Natural- and unnatural-parity
exchanges contribute in approximately equal
amounts. The unnatural cross section 0 " de-
creases from 2.8 to 4.7 GeV, whereas 0 ~ does

100 =
2.8 GeV

100 =
4.7 GeV

$ der/dt

( dv/dt
+

10 $g 10 -$$+

C3

b~
O U

I

0

50)
4.

10 y

1,0 =-+

0. 1
=-

0.01 —'

0

0.2 0.4

I i I i I

2 5 4

~T
0 0.2 0.4

50=

10 4-

t

1.0 =&

:+
0. 1

=-

l

001 i I t I, I; tl, I, I, I

0 I 2 5 4 5 6 7 8

It I (GeV2)

FIG. 3. Reaction yp P. Total differential cross
sections and differential cross sections for contribu-
tions from natural-parity exchange at 2.8 and 4.7 GeV.
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and branching ratio, ' I' „=1.19+0.24 MeV. On
the other hand the absorption-corrected OPE
model" with the absorption coefficient C =0.9 led
to F, =0.58+0.07 MeV for our data.

Assuming that 0 "is accounted for by OPE we
fitted the differential cross section for 0.02 & ~tI

&0.4 GeV' by the form

not change significantly. The natural differential
cross section doN/dt for 0.02 & ItI &0.4 GeV' is
shown in Fig. 3. A fit of doN/dt by the form
CNexp(A~t) gave the values for AN and CN shown
in Table II.

One can compare a with the corresponding
quantity v N for p' production in the reaction yp
-pp'." For ItI &1 GeV', we found the ratio v~ /
0 to be between 6 and 9 depending on the mod-
els used to determine the p' cross section. Us-
ing the combination of vector dominance model,
quark model, and SU(6) this ratio has been pre-
dicted" to be 9. However, there could be a large
positive contribution (-40%%up) from A, exchange to
a which would reduce the value of this ratio"
(the A, exchange contribution to o N is expected
to be small).

Next we compare the contributions from un-
natural-parity exchange with the predictions of
OPE. A similar analysis has been given by Schil-
ling and Storim" for ~ production by unpolarized
photons. The OPE model predicts a decrease of
the ~ cross section for ItI &1 GeV' by a factor
2.5 between 2.8 and 4.7 GeV. This ratio is prac-
tically independent of whether form-factor or ab-
sorption corrections are used. Experimentally
we found a value of 2.2 +0.6 for this ratio in
agreement with the OPE prediction. The mag-
nitude of the OPE cross section is proportional
to the radiative decay width of the ~, I'

„&,
. it

also depends on the vertex or absorption correc-
tions employed. From the values of a "at 2.8
and 4. 7 QeV in the interval It I

& 1 GeV' and using
the parametrization of Benecke and Durr" we ob-
tained I', =0.98 +0.12 MeV. This value is con-
sistent with the value obtained from the ~ width

D exp(Bt) + do /dt

to obtain more information of the t dependence
of 0 ~. The OPE cross section was calculated
using the Benecke-Durr parametrization. The
fitted variables were I' „,D, and 8 and were
assumed to be the same at both energies. The
result of the fit was D = 12.1 a 2. 1 pb/GeV', B
=5.6+1.2 GeV ', and I', =0.98+0.10 MeV. The
value of B is consistent with the slope for p' pro-
duction4 in the reaction yp-ppo.

Finally, we calculate the predictions for the co

density matrix elements assuming that the natu-
ral-parity exchange contributions conserve heli-
city in the total c.m. system as in the reaction'
yp-pp' and that the contributions from unnatural-
parity exchange are due to OPE. As a function
of I; the w density matrix is then given by

(d /d )p;,' '+(d "/«)p; '
do /dt+da "/dt

In the helieity system p, ," ~= -Imp,
all other density matrix parameters in Eq. (2)
are zero; for p,. @ we use the predictions of
elementary OPE which, in the Gottfried-Jackson
system "are p '~ ~=-Imp '~ E~=-2, al1
other density-matrix parameters in Eq. (2) equal
to zero. The absorption corrections for p,.„
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FIG. 4. Reaction yp p~. The spin density matrix parameters in the helicity system and I'~ as a function of t
at 2.8 and 4.7 Gev. The curves are calculated according to Eq. {5).
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were neglected. For der~/dt and do op'/dt we used
the results of the fit by Eq. (4). The curves in

Fig. 4 show the values of the p, , predicted by
Eq. (5).

The co-production cross section decreases from
5.8+0.5 p.b at 2.8 GeV to 3.2+0.3 LL(, b at 4.7 GeV.
Both natural- and unnatural-parity exchanges
contribute to ~ production. The energy depen-
dence and the magnitude of the unnatural-parity-
exchange cross section agree with the predictions
for one-pion exchange. The natural-parity-ex-
change cross sections do not change significantly
from 2.8 to 4.7 GeV.
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