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Coherent photoproduction of vector mesons on deuterium at 5.5 Gev~
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Coherent photoproduction of vector mesons p, co, $, and p' on deuterium was studied using the SLAC 82-in.
bubble chamber exposed to linearly polarized photons at 5.5 GeV. The reaction channel @dan.+n d was

studied in detail. Nine independent density-matrix parameters have been determined from the p decay
distribution. p production in this channel was found to proceed almost completely through natural-parity

exchange for
~

t~ ( 0.25 GeV' and conserve s-channel c.m. helicity for
~

t
~

( 0.15 GeV'. A measurement

of difFerential cross section for this channel has been made.

INTRODUCTION

In this article we report the results of an ex-
perimental study of the mechanism of coherent
photoproduction of vector mesons on deuterium
at 5.5-GeV photon energy. The data come from
a study of the following reaction channels:

(a) yd-p'd-w'm d,

(b) yd-~d-m'm m'd,

(e) yd- Qd-k+k d,

(d) yd-p'd-2n" 2m d.

The experiment was performed using the SLAC
82-in, bubble chamber and the Compton back-
scattered laser beam. ' ' These coherent chan-
nels are especially suited for studying the pro-
duction mechanisms for these mesons as only
I=O exchange in the t channel is allowed.

The SLAC facilities with the combined utilization
of the back-scattered laser beam and the bubble
chamber have the following advantages, not all
of which were available in previous studies4 of
coherent vector-meson photoproduction on deu-
terons: nearly monoenergetic photon spectrum,
a highly polarized beam, and a 4v detection ef-
ficiency provided by the bubble chamber.

The recent measurements on p production have
been performed at DESY, ' Cornell, ' and SLAC'
with polarized photons. The SLAC experiments,
using bubbl. e-chamber and almost monochromatic
photon beams, have resulted in a detailed study of
exchange mechanisms involved in the photopro-
duction reactions on hydrogen. They have ob-
served a lower p' mass value and shape-skewing.

So far only a few bubble-chamber experiments
have been performed "'on the coherent photo-
production of resonances in deuterium, and thus
much fewer data exist on the yd interactions. In

this experiment we have made a detailed photo-
production mechanism study of the p' meson on

deuterium. For other vector-meson productions,
the mass distributions are presented. No detailed
study was performed due to limited statistics.

I. EXPERIMENTAL PROCEDURE

TABLE I. Topological events statistics.

Total Poorly
scanned Unmeasurable measur ed No

Topology events events events fits

2-prong
3-prong
4-prong
5-prong
6-prong
7-prong

6917
16 753

3661
6278

579
703

548
1195
278
525
35
56

106
1042
205
548
66
95

331
1001
340
643

88
87

The deuterium-filled 82-in. bubble chamber was
exposed to a nearly monoenergetic linearly polar-
ized photon beam of 5.5 GeV at SLAC. A total.
of 510888 pictures were taken in three separate
exposures.

All the film was scanned for hadronic events
with two or more outgoing charged tracks. The
e'e pairs were also counted on two frames in

sequence at an interval of 50 frames on each rol. l

of film. The event scans and the pair counts were
performed in the same fiducial area. A total of
34 891 events, with two to seven outgoing charged
tracks, were found and classified according to
topology in Table I. The average number of e'e
pair counts was 6.33 pairs per frame.

These events and pairs were measured on the
LBL COBWEB data reduction system. " The num-
ber of events that could not be measured due to
secondary scatters or track obscuration consist
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of 8% of the total scanned events and are shown
in Table I.

The LBL computer program SIOUX (TVGP-SQUAW)
was used to reconstruct the events and e'e pairs.
Events with an even number of prongs (with an
unseen positive track) were fitted assuming the
unseen track to be either an impulse proton or
a recoil. deuteron. In both cases the momentum
of the track was taken to be zero, and the errors
assigned to the momentum were ~ =AP,
=0.756P, =+30 MeV/c for an invisible proton and

4P, =AP, = 086 P, =+40 MeV/c for a missing
recoil deuteron. Z is the direction of the optical
axis.

The photon energy spectra obtained from the
measurement and fitting of e'e pairs are shown
in Fig. 1. The top energy spectrum is the com-
bination of the three spectra which are obtained
from the three exposures. The spectrum peaks
at 5.5 GeV and has a full width at half-maximum
(FWHM) of 0.6 GeV. For subsequent analysis of

events we exclude the low-energy tail of the photon
spectrum, E& &4.7 GeV, which contains about
18% of the photons. The polarization of the pho-
ton beam was calculated, using the formalism
of Murray and Klein, ' to be (91+2) /c.

In fitting, the beam momentum was treated as
unknown, that is, no constraint was placed on

the incident photon momentum, whereas the photon
beam was assigned a dip of —0.3' and an azimuth
angle of 93.1' as determined from the measure-
ments of e'e pairs. Thus hypotheses (a), (c),
and (d) have three constraints in the kinematic
fitting and hypothesis (b) has zero constraint.
All three-constraint fits were required to have
kinematic y' less than 26.

Eighty-seven percent of the total scanned events
passed the SIOUX processing as shown in Table I.
The number of failing events is given in the last
two columns of Table I (events under the heading
"Poorly measured events" could not pass TVGP,
whereas events in the last column could not pass
SQUAW). The number of passing events, fitted
to various hypotheses for 2-5 outgoing tracks, is
given in Table II. These numbers correspond to
only those events with fitted photon energy in the
range of 4.7-6.2 GeV. However, both unique and
ambiguous fits to different hypotheses are in-
cluded.

II. FITTING PROCEDURE FOR THE REACTION 7d ~ 7r'7r d

0

50

or-
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Ist BATCH

451 e+e-

ranch a a a tie h

In the kinematic analysis of two- and three-
prong events, no constraint was placed on the
incident photon momentum and the following final-

TABLE II. Number of events fitted to different hypoth-
eses (not uniquely) for the fitted photon energy within the
range 4.7—6.2 GeV.

IInd BATCH

449 e+e Hypothesis

Number
of

constr aints 2

Number of events
fitted when visible

tracks are
4 3 5
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20
IIIrd BA.TCH
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FIG. 1. Photon energy spectra.
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state hypotheses were considered:

(i) three-constraint reactions

(a) yd-v'v d,

(b) yd-v pp,

(c) yd-E'IC d;

(ii) zero-constraint reactions

(d) yd-v'v pn,

(e) yd-v v'pp,

(f) yd-v'x v'd,

(g) yd-K'E pn

From the 16753 (6917) scanned events we found
365 (603) three- (two-} prong events which gave
3C fits to the reaction

with fitted photon energy, E&, in the interval
4.7 «&& ~6.2 GeV and g' ~15. Owing to the low

binding energy of the deuteron, coherent deuteron
reactions are characterized by a steeply de-
creasing momentum-transfer distribution. Since
deuterons with J'(110 MeV/c are undetected on
the film, a large fraction of the coherent events
will thus have an invisible deuteron (two-prong
topology). These events will generalLy also pass
the corresponding OC fit with an outgoing proton
and neutron (yd-v'v p, n). However, if the event
is really a coherent one, the fitted proton and
neutron both will be moving nearly in the same

A. Mass distributions

Figure 3 shown the m'~ effective-mass dis-
tributions for reaction (1). The top spectrum is

100,
p-NAV . TNTHgSTTv

PARAMZT RTZW FT r S

6o

lo

ALI. ltl

775 EVEJTS

ONt. EVENT OJJTSZD~, ~

direction and their invariant mass will be en-
hanced in the region of the deuteron mass. By
inspecting, therefore, the final state yd-r'n
P, n fits and requiring M(P, n) (1.885 GeV we ex-
pect the two-prong sample to be free of back-
ground.

For our po study we accepted only those two-
prong events which had lf- I=o.003-lfl(0. 0~5
GeV and which also fitted to the hypothesis
yd-x'x p, n with M(p, s}«1.885 GeV, and those
three-prong events which had Itl ~0.025 GeV'.
Here t is the square of the four-momentum trans-
fer from the incoming photon to the dipion mass.
In this r eaction the minimum momentum transfer
is 0.003 GeV, and ltl)0. 025 GeV' corresponds
to deuteron track length~ of greater than 2 mm
in the bubble chamber, and nearly all are three-
prong events with a measured d track. The t dis-
tribution for the sample of 775 events thus ob-
tained is shown in Fig. 2. The coherent p pro-
duction forward peak is clearly seen.
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FIG. 2. t distribution for the events accepted for p
study.

FIG. 3. 11+7J' mass distribution for different t inter-
vale. The helicity-conserving p -wave intensity I& is
shown by the points p. The curves give the results of
maximum-likelihood fits to the channel using the para-
meter ization method.



COHERENT PHOTOPRODUCTION OF VECTOR MESONS ON. . .

for all the events; below, these distributions are
repeated for events grouped into various t in-
tervals. The po production is observed in these
n m mass distributions. It is clear from Fig. 3
that the p enhancement does not have the shape
of a p-wave Breit-signer distribution, "'"and
changes shape as a function of I;.'

In Fig. 4 we have shown the m'd effective-mass
distributions to study the production of d*. The
rd mass distributions, however, show no d* en-
hancement near M(vd) = 2.2 GeV as reported in

some md and Kd experiments. "
8. Parametrization

Hilpert et a/. ,
' in the reaction yd-w'm d, ob-

tained reasonable fits to the m+m mass distribu-
tions. They multiplied the Briet-signer distri-
bution with an energy-dependent width (according
to Jackson" ) for the pe by a mass-skewing factor
(M/M„) from the diffraction dissociation model
of Ross and Stodolsky. " However, in a study"
of reaction yP-m'm P it has been concluded that
the p Bxeit-Wigner distribution should be multi-
plied by (M/M«)"('); the parameter n(t) is greater
than 5 near t =0 but drops to zero around —t =0.5
GeV'. In the absence of any precise theory of

the line shape of a broad resonance such as the
p', we made maximum-likelihood fits to the events
of reaction (1) assuming the density distribution
of events is

dP= [a~BW~(M„)W(cos8„)(M,/M„)""'e"&'+a»]

xd(PS), (2)

M MoI'

q(M) (M'-M, 2}'+M,'I' '

q(M, ) 'f(M„.)' q(M. ) f(M, )
'

f(M) = fq'(M)+q'(M, )]-',
a~, aps =fraction of po production and phase-

space background (apart from suitable normaliza-
tion factors),

q(M) =three-momentum of the pion in the w'v

rest system,
W(cos&„}= & sin'8„describes the experimentally

observed p' decay angular distribution in the helic-
ity frame,

Me, I'e, (tn), A~ =parameters of the fit.

t:. Fitting procedure

3C}

20

775 EVENTS

. . ~Fq
3.4

{GeV}

Computer program GPTIME" was used for fitting
the data. We first determined M„ I;, n(t}, and A ~

from an overall fit in the region -I'& 0.11 GeV'.
With M, l;, and A. ~ fixed at these values, the
quantities az, ars and the final value of n(t) were
fitted for different t intervals (see Table III}. The
fits described the m'n' mass spectra well, as
shown by the curves in Fig. 3. The fitted values
of n(t} are shown in Fig. 5. Over the accessible
I range in this experiment the value of n(f} is in

agreement with the findings of the previous study. '
In Fig. 6 we display the curves corresponding

to n(t} =4 and the best fitted value of n(t} =4.93 for
the region -t&0.11 GeV'. The solid line gives the
fit result of n(t) =4.93 with confidence level =25%.
The dashed line represents the calculated n'n

distribution with the parameter n(t) set to 4. The
confidence level for the latter is less than 0.1%%ue.

In the lowest four f bins (I -0.11 GeV'), which

TABLE III. Values of n(t) and event distribution at
different t intervals.

2.2 2.8 3, 4 Q. o 4.6 (t ) (Ge& ) n(t)
Number of events under

p peak Phase space

N + {GeV)

FIG. 4. ~ d and m'd mass distributions. The final-
state three-particle phase space is shown as the dashed
cur ve.

t min 0.01
0.01-0.02
0.02-0.05
0.05-0.11

3.6 ~ 1.1
4.7 +0.5
5.5+0.4
4.5+0.6

95.6 + 15.6
183.6 + 16.9
145.6 + 15.0
150.2 + 14.0

93.4 ~16.0
15.8 ~7.0
4.4 +4.6

11.8+4.7
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FIG. 5. Fitted values of n (t) as the function of t.

contain about 90% of the accepted events of reac-
tion (1), we obtained from the fit for the p mass
and width the values (766 +5) and (139+11) MeV,
respectively. The value obtained for the exponen-
tial slope, A~, was (35.1 +1.6) GeV

III. COHERENT p PHOTOPRODUCTION ON DEUTERIUM

In this section we discuss the angular distribu-
tion of n'n in their rest system. It will be shown
below that the n'n pairs are in a predominantly
P-wave state, so for brevity we refer to them as
p0

A. Analysis of dipion angular-momentum states

The full description of vector-meson photopro-
duction requires 12 complex amplitudes, or 23
real numbers at a given energy and momentum
transfer. With the polarized beam and using the
full decay angular distribution of the vector meson
it is possible to measure 10 (nine parameters of
decay spin-density matrix and the diffraction cross
section) of the 23 parameters, whereas only four
of these parameters can be determined with un-

polarized beams.
We use the formalism of Schilling et al "' for

the analysis of the p' decay angular distribution
produced by linearly polarized photons. The re-
sults are presented in three frames, namely,
helicity (H), Gottfried-Jackson (GJ), and Adair
(A) frames. The three frames differ in the choice
of the Z axis, the spin-quantization axis. The
helicity frame has its Z axis in the direction of the

p in the overall (yd) c.m. system, the Adair frame
in the direction of the incident photon in the over-
all c.m. system, and the GJ frame in the direction
of the incident photon in the p' rest system. In all
these systems the Y axis is taken as the normal to
the production plane. For forward-produced p'
mesons, all three systems coincide.

In all three systems the decay angular distribu-
tion for p can be expressed in terms of nine in-
dependent and measureable density-matrix param-
eters p~~ (see Ref. 19, Appendix A). Let @ be the
angle between the photon polarization vector
and the production plane, and 6 and P be the polar
and azimuthal angles of the vector c,+ in the po

rest system. Then, for the degree of linear polar-
ization of the photon to be P, the p-meson decay
angular distribution is given as"

6) @
3 [1 O 1 OW(cos8, P, 4') =

4 [z(1 poo) +2(3p,', —1)cos'8 —v2 Rep'„sin28 cosP —p', , sin'8 cos2$

—P cos24 (p,' cos'8+p~» sin'8 —v2 Rep'„sin28 cosP —p,', sin'8 cos2$)

-P sin2@(W21mp'„sin28 sing+Imp„', sin'8 sin2$)]. (3)
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Here pzq are the density-matrix elements for the
unpolarized photons, whereas pf), ), and p2&z are due
to the photon's linear polarization.

Let g'(=Q —4') be the angle between the e and
the projection of c„+ onto a plane perpendicular
to the direction of the incident photon. Then for
po photoproduction in the near forward direction,
the po decay distribution in the helicity frame is'

W(8, 4') = stn'8„(1+P~ cos24„) .

The decay angular distribution of the n'a system
for events in the p mass region, 0.6«M2„«0.85
GeV, and for the small momentum transfer, )t(
«0.15 Geg', from this experiment are shown in

Fig. 7. The cos8„distribution is compatible with

sin'8„, consistent with complete helicity conserva-
tion at, the y~ vertex. The 4H distribution data also
show an excellent agreement with the (1 P+„co&a'„)
curve ensuring that the p' is almost completely
linearly polarized. There is overwhelming evi-
dence for natural 4 exchange in po production in
our experiment. The scatter plot of 4„vs cos6)„
is proportional to sin'8Hz(1 P+„oc2s4„) and there
is no evidence of any correlation between 4'„and
cos OH.

In Fig. 8 we present the moment sums,
Q Re Y', (8, 4'), of the rr'rr system in the helicity
frame as a function of the ~'a mass for -t-0.15
GeV'. There are strong F02 and F', moments pres-
ent in the p' region which follow the asymmetric
hape The Fo, moment shows the behavior ex-

pected for the sin'9 decay of po. No significant
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moments, other than those associated with a P-
wave system, exist in the p' region indicating a
negligible incoherent background in the p' region.

B. Density-matrix elements of the p states

If s-channel helicity were conserved in p' photo-
production on deuterium, all p), )„mould be zero
except

1 2
p1„1 — Impi

Our results for nine independent density-matrix
elements in Eq. (3), determined by moment analy-
sis'e (see Ref. 19, Appendix 8), are given in Table
IV and Fig. 9. Within errors, up to -t=0.25 GeV',
these resul. ts clearly show that in the helicity
frame the contributions from helicity flip are con-
sistent with zero value and po does retain the photon
polar ization.

For completeness we notice that zero flip in the
GJ frame would imply no spin exchange in the t

TABI E IV. p density-matrix elements for the reaction yd p d.

t( (GeU) t;„-0.02 0.02—0.04 0.04-0.08 0.08-0.12 0.12—0.25

Poo

Repi0
0

Pi -i
i

Poo

Pii

Repi 0

1
Pi -i

Impi 0

Impi

0.138 + 0.038

0.036 + 0.020

—0.011 +0.036

-0.059+0.060

0.115 + 0.046

—0.023 + 0.030

0.428 + 0.052

0.019 + 0.031

-0.399+0.051

0.068 +0.058

—0.033 + 0.039

—0.001 ~ 0.065

0.070 +0.094

0.054 + 0.084

0.038 +0.058

0.454 +0.089

(a) Helicity frame

0.074 ~ 0.052

-0.048 + 0.036

-0.056 ~ 0.058

-0.166 + 0.074

0.068 + 0.066

0.030 ~ 0.057

0.372 + 0.076

—0.125 +0.063 0.040 + 0.052

—0.478 +0.095 -0.449 ~ 0.086

0.128 +0.082

0.058 +0.056

—0.022 +0.092

0.140 +0.149

-0.086 + 0.107

0.006 + 0.085

0.477 + 0.135

0.140 +0.079

-0.521 +0.127

0.054 ~ 0.082

0.030 ~ 0.058

0.155 + 0.101

-0.115~ 0.10S

-0.016 + 0.128

-0.119~ 0.094

0.395+0.156

—0.013 ~ 0.090

-0.273 + 0.138

(b) Gottfried- Jackson frame
0

Poo

Repio0

0
Pi -i

Poo

Pii

Impio

Im pi
2

0
Poo

Repi00

Poo

Rep«
i

Pi -i

Impi 0
2

Im pi
2

0.189 + 0.039

0.095 + 0.021

0.014 + 0.035

-0.098 + 0.060

0.134 ~ 0.044

-0.058 + 0.063

0.408 + 0.050

0.091 +0.030

—0.375 + 0.051

0.143 + 0.038

0.047 + 0.020

-0.009 + 0.036

—0.063+0.060

0.117+ 0.045

-0.030 + 0.030

0.426 ~ 0.051

0.030 + 0.030

-0.396 +0.095

0.129 +0.061

0.110 + 0.039

0.029 ~0.063

0.013 +0.097

0.082 +0.078

-0.117 +0.063

0.426 +0.084

0.056 +0.064

-0.498 +0.094

0.063 +0.058

-0.011 +0.039

—0.004 +0.065

0.075 ~ 0.095

0.051 +0.084

0.009 +0.057

0.457 +0.088

-0.097 +0.063

-0.490 s 0.095

0.204 + 0.057

0.171 + 0.033

0.009 + 0.056

—0.168 + 0.092

0.070 +0.067

-0.062 + 0.047

0.371 ~ 0.078

0.235 ~ 0.056

—0.308 + 0.082

(c}Adair frame

0.063+0.052

—0.009 + 0.035

-0.061 a 0.059

-0 ~ 156 + 0.073

0.063 ~ 0.067

0.019 +0.057

0.377 + 0.076

0.076 + 0.052

-0.438 + 0.086

0.405 + 0,097

0.134 +0.053

0.116 +0.083

-0.224 + 0.165

0.096 +0.100

-0.247 + 0.081

0.296 +0.136

0.342 + 0.090

-0.189 +0.116

0.1 61 + O.084

0.092 +0.054

—0.006 +0.093

0.127 + 0.153

-0.080 +0.106

-0.066 ~ 0.083

0.471 + 0.137

0.194 +O.OS2

—0.486 + 0.124

0.316 ~ 0.105

0.077 + 0.054

0.286 + 0.087

-0.483 + 0.172

0.168 ~ 0.116

—0.138 + 0.078

0.211 + 0.154

0.174 + 0.099

-0.157 ~ 0.126

0.079 + 0.081

0.071 + 0.058

0.167 + 0.101

—0.184 + 0.108

0.018 + 0.123

—0.150 + 0.098

0.361 + 0.155

0.025 + 0.092

-0.272 + 0.~ 35
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channel %'hlle zero flip in the Adair frame %'ould

hold if spin direction was conserved. " Since the
matrix elements vary significantly arith t in the GJ
frame, this possibility is ruled out. The most con-
cise way to demonst'rate the apparent conservation
of helicity in po photoproduction is presented in

Fig. 10. Consider a frame in the rest system of
the p', in vrhich the po density matrix most closely
resembles that of the initial photon. Then let P
be the angle of rotation around the normal to the
production plane that transforms the s-channel
helicity frame into this new frame. One actually

ADAIR
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Adair frames.
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minimizes'

2(p) g &fr Q) &~K v (pho"on)
(5}

1.0

where p~~. (photon) is the p' density matrix of
photon [Eq. (5)]. It is seen in Fig. 10 that P is not

far from zero up to -t =0.25 GeV'. Also shown

in this figure are the angles of rotations from the

helicity frame into the Adiar frame (curve A), and

into the Gottfried-Jackson frame (curve GJ). For
)t (

~0.25 GeV, the helicity frame is definitely

preferred.

C. p production properties

It has been shown that to leading order in ener-
gy,

2'2' the overall production cross section,
may be split into noninterfering contributions
o'", cr~ from natural- and unnatural-parity ex-
changes in the I' channel. One could draw stronger
conclusions from the density-matrix elements by
estimating quantitatively the contributions of 0"
and 0 to the cross section. The parity asymme-
try'* parameter is defined as

At high energies

Also the "asymmetry ratio" is given as

1 1~11+P1-1
0 0~ii+ ~~ ~11+~1-1

1.0

0.6

0.2
TCa 0

O

-0.2

't. o

0.5

0
0 0,05 o. 't 0 0. ) 5

It'I (0 ~')

o.20 0.25

FIG. 11. I'~ and ~ as a, function of t.

where cr~~ (&x~) is the cross section for the case when

the p' polarization e, + is orthogonal to the produc-
tion plane and the e„ is parallel (perpendicular)
to 6„+~

In Table V and Fig. 11 we display the quantities

P, and ~. Vfe found the contribution from the un-

natural-parity exchanges to be (5.3 +4.5)'P&& and the

value of ~ as 1.1 +0.2 for the averages over the

momentum transfer ranges of tm~-0. 25 GeV'.
To see whether the P-wave n'n system pro-

duced by natural exchanges and with helicity con-
servation is also seen outside the JG' mass region,
we have plotted in Fig. 12 p0~ and p', , in the helic-
ity frame, and I', as a function of the n'n mass.
In the p0 mass region p' =0 p,', =-,', andI' =1,
but outside of the p' mass region these quantities
change drastically. This is clear evidence for a
background behaving quite differently from the p0.

D. s-channel helicity-conserving p-wave intensity

In order to determine directly the amount of
P-wave dipion production in the p mass region, we

TABLE V. E and Z for the reaction yd —p d.

0. )0 0.15

(a V2)

0.20 Z=
0 ~~+0 i

FIG. 10. The angle P for rotation, about the produc-
tion normal, , of the p density matrix from the helicity
frame in the "minimum flip" system as a function of t.
The curves marked H, A, and GJ show where the data
would lie if the minimum flip system were the helicity,
Adair, and Gottfried- Jackson frames, respectively.

tmin 0 02
0.02-0.04
0.04-0.08
0.08-0.12
0.12—0.25

0.915 + 0.119
0.838 + 0.201
0.910 ~0.i68
0.815 + 0 ~ 308
0.905 +0.330

1.293 +0.185
1.093 *0.286
1.082 ~0.273
0 947 ~0 447
0.603 +0.328
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make use of the result of Sec. III B that the produc-
tion mechanism for P-wave n'v pairs conserves
s-channel helicity at the zr'r vertex for ~t ~

&0.25
GeV, and so yields pion pairs in a well-defined
spin state. This implies that the decay angular
distribution for P-wave n v pairs is given by Eq.
(4}, which may be expressed in terms of moments
as

w(e, 4 }= Y'„(e}— Y;(e)
1

~4m v 20m

i/2

+ 2P Re Y', (8, 4) .

In this equation Re Y', (8, 4) is least affected by
the background due to its 4' dependence and is
used, the ref ore, to determine the s -channel c.m. s.
helicity-conserving P-wave n'm intensity, I~,
defined as'

E Re Y',(8;, g;)Ip= i

(Re Y', (8(, g, ))

ZRe Y',(8;, g, )

JJ d g d(cose) W(8, g) Re Y (8, 0)

After carrying out the integration, we get

)t) ( 0.15 Gev

40~ '~'
f) = — Q Re Y'~(eg, g()

2.5 ~
Z sin'0, cos2$, .

y

Here the summation is over all events. Figure 13
shows the distribution of I~ as a function of t. For
-t=0.1 GeV', the slope of the t distribution and the
slope obtained for I~ agree within errors.

In Fig. 3 the dots marked on the histograms show
the I~ as a function of m'm for different t intervals.
We notice that the I~ accounts for almost all the
events within errors and shows the same skewing
(characteristic downward p mass shift in photo-
production) as the mass distributions.

IV. CROSS-SECTION DETERMINATION

The electron pairs, since they are the principal
background, provide a means to calculate the cross
section with very little bias. The photoproduction
cross section for hadronic events is obtained by
relating the number of hadronic events, N„, to the
number of e'e pairs, N~, obtained in the same
scanning volume, using the known~' cross section,
0~, for e 'e pai r production:

N~&a=N &P.
P

Corrections for scanning losses were applied.
The losses of two-prong events were mainly due

1.0
0

P
00 0.5

0 ~~ r +&+Mba
200

L
T T

t, DISTRIHUTIO&I

p-I&AVE INTENSITY

1.0 100

0
50

1,5
P

1.0

30

20

o.5

0
o.5 0.9

~~- (c v)

1.3 1.7

10

0.04 0.08

ltl (c v'}

0.12

FIG. 12. The density-matrix elements ppp and p f f
in the helicity frame, and P ~ as a function of M2~.

FIG. 13. The helicity-conserving p-wave intensity
I& and t distributions.
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to the high intensity of the e'e pair background,
and due to events having very small yrojected
opening angles and could not be distinguished from
the e'e yairs.

A. Pair-production cross section

Knasel" evaluated, numerically precise to +0.5%,
the e'e pair-production cross section, after ap-
plying various corrections to the theoretical re-
sults of Jost, Luttinger, and Slotnick. " From
Knasel's data we have used an average value of
20.1+ 0, 1 mb for the total pair-production cross
section over the photon energy range of 4.7-6.2
GeV.

3. Correction for photon energy selection

The e+e pairs have been counted without impos-
ing any selection criteria on the incoming photon
energy. But the hadronic events are considered
only within the fitted-photon-energy range of
4.7-6.2 GeV. To correct for the difference be-
tween the energy spectra of the pairs counted and
that of p' events, we have used the photon energy
spectra of Fig. 1. This correction was (18+3)%.

After putting in all these corrections the total
p' photoproduction cross section in this channel
comes out to be (9.1+0.8) pb. The error also in-
cludes uncertainty due to the background. This is
in good agreement with the previously obtained
values. 4

B. Differential cross section for yd ~p d

To the reaction yd-m'm d a total of 1176 two-
and three-prong events fitted within a photon ener-
gy range of 4.7-6.2 GeV. To calculate the total
cross section for p' production in this channel, we
made the following three corrections:

l. Correction for scanning

(a) Due to small opening angles. We have ap-
plied the scanning correction for those events
which has a very small projected opening angle
between the pion tracks and could not be distin-
guished from e'e yairs. Losses due to this were
estimated by determining the deviation from the
isotropy in the distribution of the angle between
the optical axis direction and the projection of the
vector (v' x w ) onto the plane perpendicular to the
beam direction. m is the three-momentum of the
pion in the laboratory frame. The correction was
(33+5)% for this reaction.

(b) Due to high e'e Pai~ background. Losses
due to the high intensity of the e'e yair back-
ground were estimated from the double-scan ef-
ficiencies of two- and three-prong events. This
gave a correction of (8+1)% to the events.

2. Correction for unprocessed events

The unprocessed events consist of those events
which are unmeasurable, poorly measured, and
no-fit events (Table I). We have distributed among
the different channels these two- and three-prong
events in the same proportions as the fitted events.
In case of ambiguity between 3C and OC fits, the
3C fit was given a weighting factor of 1, whereas
for n ambiguities amongst 3C fits the weighting
factor was I/n for each channel. This distribution
gave a total correction of (11+1)% to the events.

7T 7 Igfq

yd K+K d,

yd-2''2' d,

yd m+2m PP.

(11)

(12)

(13)

(14)

For further studies only those events wer con-
sidered which had fitted photon energy in the inter-
val 4.7-6.2 GeV. No attempts were made to re-
solve the fit ambiguities of these channels with the
other channels (Table II).

(a) Photopxoduction of wand. Q mesons. There
are not as many experiments on coherent ~ and P
photoproduction as for p'. These experiments are
more difficult in that we are dealing with a much
smaller cross section, and the decay modes are
more fifficult to isolate. The only bubble-chamber
data at 4.3 GeV on coherent (I) photoyroduction,
yd- Qd, have been published by Weizmann group'
(1972) with rather large statistical uncertainties.
The meson photoproduction on d at 6.2 and 8.25
GeV has been studied only at Cornell" using
counters.

We attempted both hypotheses (11) and (12) for
the three-prong events. For the two-prong events
hypothesis (11) was not tried, because in this re-
action the events with invisible d recoil have two
unmeasured particles which are difficult to handle.
The 3w and 2K mass distributions for the reactions
(11) and (12), respectively, in Fig. 14 are for t-
&0.15 GeV' (momentum transfer from the target to
the recoil deuteron). There are indications of &u

and Q productions in these mass distributions, but
the statistics are insufficient to make mass fits.

C. Photoproduction of w, p, p', A I mesons

To investigate the production of ~, Q, P', and
mesons in the final states 7)

'
w m'd, K 'K d,

2m'2m d, and w'2m PP, respectively, the following
reactions were looked into:
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(b) Photojroduction of p' meson. There are sev-
eral reasons to expect vector mesons to be heavier
than the (I) to exist. The existence of such particles
mould have a great impact on the vector-dominance
model (VDM). It is of general interest, beyond the
VDM, to search for such particles since the quark
model and Veneziano model predict the existence
of states at masses of -1.25 GeV and between
1.5-1.6 QeV. Coherent yhotoproduction of such a
meson, p', has been reyorted by Smadja et a$.27

from the reaction yP-P2m'2m at 9.3 GeV. The
4m mass spectrum showed an enchancement near
1.6 GeV.

All four-and five-prong events mere attempted
for hypothesis (13). The 4w mass distribution is
shown in Fig. 15. Gwing to limited statistics we
cannot dram any conclusion with respect to the
existence of the p' meson.

(c) PhotoProduct(on of the A, meson On us. ing
pion beams in studying the A, meson, a pm en-
hancement at 1.1 QeV, it mas pointed out" that
this could also be due to a Deck-type kinematic
effect. One of the main reasons to perform our
experiment was to study the channel yn- m'w m P.
It was suggested by Poe et al."that in this chan-
nel the A, production would be free from the Deck
effect.

We have tried all four- and five-prong events for

hypothesis (14). The 3s mass distribution in Fig.
15 is for -i&0.15 GeV', and only those events are
plotted here for which at least one of the g'm mass
combinations lies within the mass range of 0.6-
0.85 QeV. In this mass distribution the A, peak is
present, but there is no indication of A, -meson
production.

V. RESULTS AND CONCLUSIONS

We have found that the p' production in the y4- p d channel is shifted to lower masses than found

in interactions using pion beams. We have also
found that the po shape is skewed with respect to a
P-wave Breit-signer distribution, and changes
shaye as a function of t. The prediction of Ross
and Stodolsky that the mass-skewing factor,
(M/M«)', should work at t =0 is not supported by
the data near t =0.

We have been able to determine nine independent
p' density-matrix elements because of the high

degree of linear polarization of our photon beam.
These parameters are given in Table IV and Fig.
9 for helicity, Gottfried- Jackson, and Adair
frames. From these matrix elements we have been
able to separate the contributions for po produc-
tion by natural- and unnatural-parity exchanges.
It has been found that this reaction proceeds al-
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most completely through the natural-parity ex-
change. The contributions from the unnatural-
parity exchanges are only (5.3+4.5)%, and the val-
ue of asymmetry ratio, Z, is 1.1+0.2 over the
momentum transfer range of ~t~ -0.25 GeV'.

The production of the p' in this reaction has been
found to conserve s-channel helicity up to -t
= 0.15 QeV'. We believe that these features may
be general characteristics of diffractive process-
es. '0

From the parameterized fitting to the data we
find the p' mass and width as (766+5) and (139+11)
MeV, respectively. The p' production cross sec-

tion in this reaction channel at 5.5 QeV has been
found to be (9.1+0.8) pb.
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