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: ABSTRACT

We present results on vector meson’ photoproduct:ion v1a 'yp — Vp in the
LBL-SLAC 82" hydrogen bubble chamber exposed toa hnearly polanzed photon
beam at 2.8, 4.7 and 9. 3 GeV. We find p productmn to have the charactenshcs
~ofa diffractive process i.e., a cross section decreasmg slowly w1th energy

and a d1fferent1al cross section w1th slope of ~6.5 GeV 2, Withm errors the
p production amplitudes are entirely due to natural parity exchange. S-channel

helicity is "conserve'd toa high'degree in the vy -—>po transition. VWe find evidence

for small hehcity flip ampl1tudes for T pairs in the p reglon Photoproduction

‘ of w mesons is separated into its natural (cr ) and unnatura.l (cr ) par1ty ex-
change contr1but10ns.- The Ey— and t-dependence and the spin density matrix

of the unnatural parity exchange contribution are consistent withvan OPE process.
The natura_l parity.exchange. tparthas characteristics similar to po production.
At 9.3 GeV the ratio of cr(oo) to crN(w) is ~7. The slope of the & differential

cross section is ~4.5 GeV_2

, smaller than that of p © and w productlon "Natural
parlty exchange is the main contr1butor tod productlon No evidence for higher
.mass yector mesons is found in 7w, 7w or KK final states. The s- and t-
dependence of Compton scattering avs Calcul'ated from p, w and <I>/photoproduction
| ~using VDlVl agree with experiment, but the_-predicted Compton cross section is

" too small by a factor of two.
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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"
hydrogen bubble chamber to the SLAC backscattered laser beam. We obtained
92, 150 and 275 events/ub at the three energies. Here we present data on

vector meson photoproduction in the reactions:

Yp — Ppo

TP — Pw

P —~ p®
For po photoproduction we give new data at 9. 3‘ GeV which are compared to our
previously published results at 2.8 and 4.7 GeV. 1 For wand & photoproduc-
tion we present final results at all three energies. Preliminary data on w
production have been given in Refs. 2 and 3.

4,5,6

Previous bubble chamber "*“* "~ and counter experiments,7’ 8,9

as well as
this one, have shown that po photoproduction has the characteristics of a dif-
fractive process — i.e.; a sharply forward-peaked differential cross section
varying slowly in magnitude with photon energy. Such behavior is accounted for,
for example, in the vector dominance modello (VDM) by a direct y — po
cpupling, followed by a diffractive scattering of thé po from the target. Whatever
mechanism is postulated, however, the use of polarized photons allows us to
study the spin structure of the amplitudes involved by analyzing the po
polarization. |

‘In Ref. 1 we found that po photoproduction proceeds through natural parity
exchange in the t-channel. Similar conclusions were reached in counter experi-

11,12

ments with polarized beams. We showed also that the dominant amplitudes



for the 'Y—po transition conserve the s-channel helicity of the photon. In our new
data at 9.3 GeV we confirm these observations and also observe small helicity
flip amplitudes in the po mass region. 13

In the case of w-photoproduction it has long been assumed from the energy
dependence of the cross section that pion exchange was an important contributor.s’ 6
The linear polarization of the beam allows us to establish that the term in the
cross section with energy dependence ~ E;Z is indeed associated with unnatural
parity exchange in the t-channel. At 9.3 GeV this contribution has become
much smaller than the natural parity exchange part. The polarization of the
beam allows us to study the spin structure of the natural-parity exchange con-
tribution and to show that it is mainly s-channel helicity-conserving as in po
photoproduction.

Photoproduction of & mesons is thought to proceed only by Pomeron exchange

in the t—channel.14 In agreement with previous experimentss’ 8,9

we find a
small cross section, increasing slowly with energy. The decay angular distri-
butions of the & meson measured with the polarized photon beam are similar to
those found for the po meson, indicating predominant natural parity exchange
in the t-channel, and a roughly helicity conserving v — & transition.

The vector dominance model suggests that the photon acts as a superposition

of the vector mesons po, w, and & in hadronic reactions.lo

_ The s- and t-
dependence of Compton scattering calculated from p, w, and & photoproduc-
tion using VDM agrees with experiment, but the predicted cross section is
too small by a factor of two. To save the simple prescriptions of VDM
one may include contributions from higher mass vector states which couple to

the photon. The Veneziano model15 predicts such states as daughters of known

meson resonances. If these higher mass vector mesons decayed into #nw, wnw

-3 -



or KK, and if they retained the s-channel helicity of the photon, we would expect -
decay correlations similar to those observed for po, W, and . We find no
evidence for higher vector mesons in the mass distributions or the appropriate
moments of the decay angular distributions in the reactions yp ——(fr" T, 7 1r-1r°,KI_()p.
Higher mass vector mesons could of course also decay into other final states.

Mass enchancements have been reported in the missing mass spectrum recoiling

against the proton, 8 in the 47 mass spectrum of the reactionl® vp -»p1r+1r+1r_1r_

17 The first two effects

3,18

and in the annihilation of e'e” into four charged pions.

" are also present in our experiment and are reported elsewhere.



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 elec-
tron beam at SLAC. Those photons .scattered through 180° by the Compton
process obtain a substantial fraction of the incident electron energy while main-
taining most of their original polarization. By collimating the backscattered
photon beam to within ~ 10_5 radians of the electron beam direction we obtain
a nearly monochromatic polarized photon beam. For the 2.8 and 4.7 GeV
exposures we used the output of a Q-switched ruby laser (E‘Y = 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 or KDP crystal, and an electron 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. 3,19,20

The film was scanned twice. Measurements were done on a Spiral Reader
at LBL and on conventional measuring machines at LBL and SLAC. The meas-
urements were analyzed with the standard TVGP-SQUAW system. 21 Ionization
consistency 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.



Im. po PHOTOPRODUCTION IN THE REACTION ¢p — p1r+1r- AT 9.3 GeV
AND COMPARISON WITH DATA AT 2.8 AND 4.7 GeV

A. Event Selection and Channel Cross Section

The reaction
+ -
YP—PpT T (1)
yields a 3 constraint kinematic fit. To select events of reaction (1) we require
a kinematic X2 < 30 and consistency with the observed track ionizations. From

3 we find with

simulations of other 3-prong channels with the program PHONY2
the above selections a negligible contamination of reaction (1). A correction
for scanning losses of 7+5 percent is applied to the cross section in the interval
0.02 < It] <0.05 GeV? (t is the 4-momentum transfer squared to the proton).
The cross section for |t| < 0.02 GevZ was found by an extrapolation of the form

eAt of the differential cross section from the region 0.02 < |t} < 0.4 GevZ. The

channel cross section is 14.7 + 0.6 ub. 20

B. General Characteristics of the Reaction yp — p1r+1r_

In Fig. 1 we show the Dalitz plot for the channel yp — p1r+7r_ and the Chew

Low plot for i Figures 2 and 3 give the 1r+1r_, p1r+ and pr mass projections.

The channel is dominated by po production at all |t| intervals below 1 GeVZ2.
There is no evidence for higher mass mesons in the o mass distribution

(Fig. 3). This can be more clearly seen in Fig. .4, where we plot the 1r+7r_ mass
distribﬁtion 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 exclude N production and take all events in the Mmr

interval 1.2 - 1.4 (1.6 - 1.8) GeV, where such mesons are predicted by the

5

Veneziano model. *° The resulting upper limits (98% C.L.) are 0.27 (0. 15) pb

)



“independent of the photon energy. In the momentum transfer range 0.02-0.5 GeV

respectively at 9.3 GeV. It is interesting to note that dcr/der for Mmr >1 deV
drops roughly like E;z (F1g 4).

. As can be seen from the p1r+ mass distribution (Fig. 3), there is some att
production. The crosé section is 0.32+0.04 pb (see Ref. 1 for a deséription_ of
the fit procedui'e). For completeness we give t.he_ att density matrix elements :

(see Ref. 1 for definitions) in Table II. The parity asymmetry, Po-’ is

-0.91 + 0. 24 for Itp / A'H'I <0.4 GeVz, showing that unnatural parity exchange,

e.g., pion exchange, dominates the reactiop Yp — A++1r— at 9.3 GeV.

We now discuss the general characterisfics of the dipion system. As we
observed at the lower energies, 1 the ,_)o,shape changes as a function of t (sée
F1g 2). As in our previous work we have parameterized the po shape by the

n(t)

form Breit-Wigner - (Mp_ /M1r11) The fitted values of n, obtained from a .

B niaximum-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 .po.approaches a Breit-Wigner shape at larger momentum tranvs‘fers.‘ It
is interesting to note that within errors the values of n(t) at 9.3 GeV are the

same as at lower energies, i.e., the t-dependence of the po mass shape is
2

the t-distribution for dipion pairs (given in Table II) is well fepresented by the -

2 _ 2 At ,
form d U/dthmr =d U/dthww_|t=0 e . In Fig. 6a,b and Table III we present

the values of dzcr/dthmTI and A for intervals of M1r1r’ obtained by a maximum

=0
likelihood fit. The rapid change of A with Mmr is directly related to the change

of shape of the w7 mass spectrum with momentum transfer. As was shown in

"~ Ref. 1 this effect can be explained by the Sﬁding model, 24 in which a coherent

background interferes with a diffractive po production amplitude having a t-slope

independent of M1r1r' (See curves in Figs. 2, 6b.)

-7 -



We now turn to the decay angular distribution of the dipion system. We

%, &, the angle of the photon electric polarization

use the following angles
vector with resﬁect to the production plane in the overall center-of-mass sjrstém;
6 and ¢, the polar.and_azimuthal angles of the 7" ii) th.e.dipion rest frame. It -
is also convenient to introduce the anglé p=¢ - ®, since s-channel helicity
cohserviﬁg p-wave dipion pairs have a decay angular distribution. in the helicity
frame gi\_reh by sin2 0 cosz- ¢ (for complete linear.polarization of the incident
photon). | |

In;order to illustrate the dominant helicity-conserving éharacteristics of_
the dipion system in the‘ po region, we sho§v in Fig. 7 the cos 6 and y distribu-
tions in the_ helicity frame for the 'dipion mass region 0; 6 - 0.88 GeV an‘d. for
0.02 < Itl <0.4 GeV2. The curves 6n ﬂie fig'ﬁre are. calculated assuming
helicity c}onse_r'vation in the s-channel and using the calculated photon polariza-
tion of 0.77. The curves fit the data well. |

A further geﬁeral study of ﬂle dipion'sys,tem was made gs'ihg the moments

_ Yf‘(o ,¥) with 6, p defined in the helicity frame. In contrast to our lower energy
0 0 0 0

da.’ca1 in Whvichv significant nonzero Yl’ Y(z), Ré Yg, Y3, Y 4 and Y6 moments
were found, here we find that only the Yg and Re _Yg moments are Significantly

2
_ 7 2’
are shown in Fig. 8 as a function of dipion mass. Note that the distributions of

(2) and Re Yg moments show the same skewing as the 7r mass distributions

different from zero within the bresenf statistics. The Yg, Re Y_, and Yg moments

({
the Y
(Fig. 3), in accordance with our observations at the lower energies. We con-
clude 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 po mass region.

hod
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tering correction to the Dreil terms,.

C. po Cross Sections

1. Procedures
- Experimental studies of po photoproduction have revealed difficulties in

defining and extracting poA cross sections in a unique way. We follow the pro-

‘cedures of Ref. 1 and give four cross sections for po production:

1 A po cross section derived from a fit of the Svding 1f10de124 to our data.
In this croSs ‘section determination we are removing the influence ‘of the coherent
DreH backg'round26 and giving a po cross section proportional to the area of a
rhovBreit-Wigner distribufion; intégrated over the a.vailable phase spaée. We
uée a Séding ‘model witﬁ a Ferrari-Selleri form faétor27 and include a rescat-
28 The model is desrcribed in detail in
Ref. 1.

2 A po crbss section obtained from dza/ dtdM 1 al’ with

| M=M," 2 ""p
Mp =770 MeV and I‘p= 145 MeV as obtained from the Sﬁdir{g model fit above.

This approach of _Yennie29 28

is based on the observation of ‘Pumplin and Bauer
that the rescattering-corfecbed Drell diagram vanishes at the po mass. It té;kes
a consfant—é.rea Breit-Wigner distribution in contrast to method (1), in which the
area under the po Breit-Wigner shape depends on the available phase space .. In
this phehomenological application of the S6ding model we determine 'dzcr/dth |
at M=Mp from a fit of a smooth éurve of thé form Breit-Wigner - (IVIb/Mmr)n(t)

to the nw mass distribution. We refer to crqss sections obtained ﬁsing this

technique as phenomenological Séding cross sections. (See Ref. 1 for a more
detailed discussion.)

(3) A parameterization cross section obtained by fitting the Dalitz ﬁlot to

a matrix element consisting of phase space, At and a po_whose shape is given

n(t).

by the form Breit-Wigner - (Mp/Mm) Basically this~yié1ds a po Cross

-9 -



_section through the assumption that all dipion pairs, other than those originating
from 'AH production and phase-space-like background, are from po production.

(4) A cross sécﬁon for s-channel helicity-conserving dipion pairs (1)

calculated ﬁ_'om

g i LN
_ 0 407 2 "
I 5, VT ZRe Y,(0,9)

A

‘where the sum extends over all events of reaction (1) in the appropriate t interval
and % is the number of ub of cross section pér event. Here wév make use of our
observation that the po production mechanism mainly conserves s-channel c.m. s.

vhelicity at the yp vertex. Consequently the angular distribution of dipion pairs

in the helicity frame has a component proportional to Re Yg(e » ). 1

2. Results and Discussion - ’

In Table IV we give total cross sections determined usihg these four methods.
Differential cross sections are pfesented in Table V and Fig. 9. We also gi{re
in Table IV the extrapolated differenfial Ccross sections at |t| ¥O and the slopes
A from a fit of the differential cross section to the form B eAt in the intérvé.l
0.02 < |t[<0.4 GeVz. For comparison we include the lower energy r'esults1
in Table IV. | | | |

The fits to our differential cross secﬁons do not require a quadratic term
in t. If quadratic contributions orv a break at small [t (like that observed in PP Ry
scattering) are presént, the_' forward cross sections obtained from a linear ' ‘ e
extrapolation may be unreliable (t60 sma-ll). ,

Table IV shows that the Values of the cross sections 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 observe (see Table IV) that the po cross section is decreasing with energy, . '

- 10 -
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bﬁt that thé slopes of the phenomenological S6ding, the parameterizaﬁon and the
11 differential cross sections afe independent of energy within our errors. The
S6ding modél fits give s.maller slopes ‘a__t the lower energies. However, this
energy variation can be largely understood as being due to phase space limits
which cut off the high mass po tail at small |[t| and low ﬁhoton energies. When
the slope is fitted directly in the matrix elemenf we find the values 6.0 + 0. 3,
6.340.3, 6.7+0.2GeV 2 at 2.8, 4.7, 9.3 GeV respectively. As expected,
these values are in agreement with those of method (2). | |

The phenomenological S6ding approach gives a cross section which depends

-~ on Mp and is proportional to Pp_. This introduces a systematic uncertainty of

~20% which is not included in our errors. Effects of p-w interference are largely

avei'aged' out, because da/dth|M=M ‘was determined 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 Mp.
The fitted S6ding model cross sections depend on the form of the Drell back-
ground used. A different Drell background (one that was gauge invariant, for

example) could lead to a different po cross section and a different fitted po mass

' ‘and width. The only cross sections which are independent of the assumed po

mass and width and/or the form of the Drell background are the parameterization
and II cross sections, but as we have emphasized, 1 these are not necessarily
) . '
p cross sections.
Figure 9 gives a comparison of the differential po cross sections with other
experiments. The data of Anderson et al. 8 at 11.5 GeV and Barish et al. 30 at
12 GeV were obtained in missing mass experiments and po cross sections were

extracted by a method equivalent to our parameterization technique. The

results show excellent agreement over the full range of t (Fig. 9a). The 7.5 GeV _

- 11 -
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bubble ci]ambér data of Ref. 6 also agree with vth‘e bresent measuremenfs._ The ' v
Cornell experiment9 at 8.5 GeV detects pion pairs near decay angles 0=¢= 90°
(see Footnote 25 for definitions) in the helicity sysfem and uses method (2) for
extracting the p° cross section. Thus the combination '

0 0 do _ (do ' o , ,
2 (p;l * P1-1) "at (E)Cornell : ' P
_ is measured, which, with our measured values for the density matrix elements
(Table VI) is smaller_tﬁanda/dt at the larger |t| values. This may explain the
somewhat greater slope parameter found by Berger et al. 9

D. Dipion Angular Distribution and po Spin Density Matrix

1. Spin Density Matrix Formalism

The decay angular distribution for vector mesons produced by linearly h

polarized photons can be expressed in terms of nine independent measurable

" spin density matrix parameters p;’f( (31),

W(cos 6, ¢,8) = -4% {% (1-p80)+% (3p80- 1) c0820 - \/2_ Re pgo sin 20 cos ¢ |

0 s 20 1 _. 2 1 2
- pq_qSin 8 cos 2¢ - I_)‘Y cos 2¢I>[p11 sin™ 6 +pgo €08 0

- V2 Re pio sin 26 cos ¢ - pi_l sin? 6 cos 2¢]

e

- P sin 2% [\/é Im p?.o sin 26 sin ¢ + Im pi—i» sin” 6 sin 2¢]}

<

(2)
Here P’Y is the degree of linear polarization of the photon. The contributions
O'N, crU to the cross section from natural parity (P = (- l)J) and unnatural parity

®P=-(- l)J) exchange in the t-channel can be obtained from the densify matrix

- 12 -



v ~ elements. Defining P, by

g ’aN + O'U
one finds to leadmg order in energy31 32
d _ 1 1
o » Pe=2P1.17Pg0 © . o @)
In the limit of h1gh energ1es one can separate the dens1ty matrix p ik into
.components pg{, pg( arising from natural and unnatural parity exchanges in the
t—channel
NU_1 0 ,, i 1 - |
plk -9 Pik ¥ (-1 p—i,k : : _ (4a)
- with the normalization
TrpN+Trpd =1 . | (4b)
The density matrix elements pgk.measure bilinear products of helicity
amplitudes T (see Appendix C of Ref. 1). Here A,, ,A
ey Vi
denote the helicities of the vector meson, the outgomg proton the photon and
‘the target proton respectively. The elements pik are given by31
0 _1, % 2
Poo~ & % &0 lToxN', an (a)
N'"N
‘ .Re;’go - & Re > (Tn ST Toiag,, 1a )TSA 10y | (5b)
N'}‘N N "N TONT TN N"” "N - ,
9
o _1. S o
p1 1=5F 2Re > T _ . T* | (5¢)

-13 -



The element pg o measures the intensity of helicity flip by one unit at the yV "
vertex and p({_l measures the interference of nonflip and double-flip amplitudes.
With a linearly polarized beam one can also measure the interference between:

nonflip and single-flip amplitudes by the combination

=2 T* > . (6)
10 A Aty Dy I O, -1Ay

Re pio—lm p2 L Re <Z T
We note that similar information is obtained from Re pgo (Eq. (6b)) provided
that the double-flip amplitudes are small compared with the nonflip amplitudes.
Finally we consider the combination

1 . 1 ) N 2 U 2 '
pPr1t ™oy =22 )\E N <ITD\N,,-17LN| - lTnN,,-nNI > (7)
: NN '

where TN and TU are the amplitudes due to natural and unnatural parity ex-

change in the t-channel respectively. 31

The combination (7) can be used to
estimate the intensity of helicity flip by two units at the ¢V vertex when either
of the exchanges dorhinates. |
The parameterization of the w7 angular distribution by Egs. (2) - (7) is, "

of course, only valid for p-wave states, but as shown in the moment analysis

of Section ITI. B these are the only important ones in the po mass region.

2. Dipion Density Matrix Averaged over the po Mass Region

| Following our procedures at 2.8 and 4.7 GeV dipion density matrix elements

T

averaged over the po region are first presented in a model independent way. In
Section II. D. 3 below we shall show that the dipion density matrix elements vary
with M1r7r and that their interpretation in terms of po density matrix elements

is model dependent.
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The helicity frame density matrix elements in.the po region were deter-
mined as a function of t by a maximum likelihood fit including a po contribution
with a decay distribution given by Eq. (2) and A™ and phase space confributions
(see Ref. 1 for details). This fitting method removes the effects of incoherent
background under the po which are small at 9.3 GeV but more important at
lowef photon 'energie's... At 93 GeV the combined A" and phase space back-
grounds averaged over the po mass region (0.60 < Mmr < 0.88 GeV) were 7% in
the interval 0.4 < |t| < 0.8 GeVZ decreasing to <2% at small |t|. Figure 10
and Table VI show the résults of the fits. We observe that the production
mechanism is mainly s-channel helicity conserving (SHC), i.e.,

p}—l = -Im pi_l = 0.5 with the other elements in Eq. (2) close to zero. There
are, however, small but systematic deviations from zero in the elements

Re pgo,"pg_l, Re.pi0 vand Im pio.‘ The values of P are close to 1.0 for all

t (P, =0.98%0.04 for 0.02 < It] < 0.80 GeV?) showing that the p° is produced
predominantly by natural parity exchange.

To test fof an instrumental source of the small deviations from zero in the
above density matrix elements we evaluated the pf{{ separately for events with
photon polarizations pai'allel and normal to the optical axis of thé bubble 'chambér
cameras. Since the po decays pre_ferentialiy in the polarization plane, this
effectivelyvrotates- the asymmeﬁy- of the angular distribution by 90° in the chamber.
~ The two samples gave the same result. Thus fhe observed effects do not seem
to originate from an experimental bias.

Next we give the separation of the density matrix into cqntributions from
natural and unnatural parity exchanges in the t-channel, using Eq. (4). Figure 11
shows the density matrices pN’ U at-2.8, 4.7 and 9.3 GeV in the hel_i'city system.

The elements PI:'L are close to zero, again showing that natural parity exchange

-15 -



dominates p0 production at all energies. (We consider the nonzero value of

U
P1 1

al

at 4.7 GeV to be a statistical fluctuation since it violates the condition . |
I pl 1I < pfl ) The deviations from SHC observed in Re pgo are seen to origi-
nate from natura_l parity exchange and do not show a -I_narked energy dependence.
~Finally, we use the p ik and the combinations given in "qus. (6) and (7) (see |
A - Fig. 12) to estimate the magnitude of fhe helicity-flip amplitudes for dipion pairs
in the po region. As discussed above, pgo measures the intensity of helicity
flip by_ one unit at the ynr vertex. As seen frem Fig. 10 and Fig. 16 of Ref. 1,

the values of »pgo are consistent with zero for [t] < 0.4 GeVZ. For It]>0.4 GeV

2
we find sihgle-ﬂip contribuﬁoné to the cross section of 12+ 7% and 28 +6% at
2.8 and 4.7 GeV respectively, At 9.3 GeV one obtains 3 + 5%‘ from 'pgo; e.
: befter estimate at this energy will be given from inferference terms below. We
note from Fig. 11 that at 4.7 GeV pgo ~ pONO showing that the single-flip amph—
- tudes are due to natural parity exchanges in the t- channel. No clear cenellision
can be drawn at 2.8 GeV. |
The combination (01_1+Im pi—-l) 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 eﬁdence for such co.ntribuu“ons. for
It] < 0.4 GeV?; for ] > 0.4 GeV? we obtain 32 + 12% and 16 + 10% at the two
3 energies fespecﬁvely. | |
At 9.3 GeV the intensity terms pgo and Eq. (7) are zero within .errorsr. ' ’ 9
However, tﬁe_interference terms pg—l (Fig. 10) and the combination (Re pio—
Im pZ ) of Eq. (6) (plotted in Fig. 12) show that the double-flip and single-flip
amplitudes are still 10 - 20% of the nonflip ampiitudes at lfl >0.18 GeVz.
Since at 9.3 GeV the flip é.rnplitudes are small, the interference betWeen nonﬂip

and single-flip é.mp]itudes can also be measured by Re p(]).'()' We get the same
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results as from the combination in Eq. (6). From Re p(])_o ~ Re plfo (Figs. 10, 11)

we infer that the single-flip amplitude is due to natural parity exchange in the

' t-channel.

We note that the SHC ﬁolatihg effects seem to be roughly of the same size

at the ywr vertex in po photoproduction as in 7N scattering. 13,33, 34 Both

reactions are thought to proceed mainly by Pomeron exchange. 34

3. Mass Dependence of the Dipion Density Matrix and Interpretation in

Terms of po Density-Matrix Elements

The density—mat’rix elements in the helicity system and Pq 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 < It] <0.80 GevZ. As in the 2.8 and 4.7 GeV exposures, we observe

marked changes of the 77 decay angular distribution with dipion mass. For a

more detailed study of the M1r1r dependence of the dipion density matrix we con-

centrate on the elements pg(, since these have the smallest statistical errors.
In Fig. 14 the elements p?k’ determined by the method of moments, are

shown versus M1r1r for both small and large values of [t|. For

0.02< [t] <O. 2.GeV2 the elements are close to zero up to 0. 9 Ge'V- f‘or

0.2< It < 0.8 Gev? ng is again zero within errors in the p reglon However

Re pgo and pl 1 vary through the p region and change sign around 0. 7 GeV

indicating the importance of background effects. To demonstrate more clearly

. - o S L . :
this variation near the p mass, we show in Fig. 15 the unnormalized moments

0 do 0  _do
Pik " TM—; . Interference patterns are present rn particular in Re P1o° dM
and ) |+ T2 for 0.2 < It1< 0.8 GeV ™.

™
The small incoherent A and phase-space-like background cannot be the -

cause of these strong variations. To explain the effects in Figs. 14 and 15, we"
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must introduce a coherent background. If this background had the same phase o ¥
_ as the po production amplitude and were siowly varying with Mmr, the inter-
ference pattern would be antisymmetxjic aboufthe po mass. The inferferencea -
would therefore average to zero over the po region and we would conclude that
the po amplitude had helicity flip components. If, however, vue wish fo enforce -
SHC for the po axnplitude, the background either would have to be ~ 45° out of
phase with the po or have a strong variation with M1r1r’ We now consider specific
models for this background. | |
‘The curves in Figs. 14 and 15 were calculated from our formulation of the
Soding model24 (see Ref. <1> for details), in which an SHC. po amplitude interferes
with a Drell background. vThe parameters of the model were adjusted to fit the
mass and t-distributions. Although the dipion decay angular distribution is
repreduced quehtatively, there are signiﬁcent differences between the predictions
of the m.odelrand the data in the po region for the larger values of [t]. In the
Slii.ding model the change of sign in Re pgo and Pg-i results from en interference
of the diffractive SHC po‘amplitude with the helicity ﬂipcomponent of the mainly
_imaginary Drell background and thus occurs at Mﬁ = Mp =0.770 GeV. The
“element pgo is predicted and observed to be small throughout the po region.
Averaged over the po mass region (0;6 < Mmr < Ov.88 GeV), a'nd over. the range

0.2< [tl < 0.8 GeV2, we calculate Re pgo = -0.021 and pg_l = 0.00'in the

w0

S8ding model. Experinientaily we find the values Re pgo =0.055+ 0,015 and

0
P1-1 _
We remark that a dual model, 35 which approximates the S8ding model in

= -0.11 + 0.03. -

the po region, also reproduces the mass and t distributions well. The model,
which was constructed to be SHC at the po mass, predicts values for the pﬁ{

which are close to those of the S6ding model.
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Th_us, within the f(_)rmulaﬁon of the above models used by us the observed
wm angular _distribx_ition is not explained quantitatively if s-channel helicity con-
servation is assumed for po production. Since the interference terms predicted
by the.modellsv c;incel out in the po region, the. pﬁ( of F1g 10 represent the
density-matrix elements of po production. However, as we havé vemphasized,
con_siderablé uncertainties exist in the c.zalculation' on the Drell background. » qu
example, the phase of tﬁe Drell term relative to the po is not known, and f.he

shape of the dipibn mass spectrum could be changed by the terms that are re-

_quired to make the Drell background gauge invariant.

In conclusion: .(a‘) We have demonstrated that there are significant helicity

. flip amplitudes for dipion production in the po region. (b) Because of theoretical

unéertainﬁes .in the coherent background we are unable to determine the magni-
tude of s-channel helicity-flip amplitudes in po_ photoproduction.

E. Comparisoh with Models

We compare the S6ding model (fbr details of thé calculation see Appendix B
of Ref. 1) with our data on the reaction yp — p1r+1r— at 2.8, 4.7, and 9.3 GeV.
Wé find é.t all three energ’iesrthat the model gives a good quantitative deécriptiori
of the 7' 1 masé shape and its variétidn with t (Figs. 2, 3, éb). With an s-
channel helicify conservingv p,o amplitude, the main features of the 1r+7r_ decay
angular distribution (Figsi. 8, 13, 14, 15) are also well reproduced, althOugh as
discussed in Section D, in the po mass region some discrepancies exist at
larger It|. At the loWer energies the model predicted the preseﬁce of moments
other than YO

2

particular the Yg

such moments are calculated to be too small to be observed in our experiment,

and Re Yg which were found in thé data (see Fig. 14 of Ref. 1; in

moment was small but significantly nonzero). At'9.3 GeV

and indeed we do not see any significant deviation from zero.
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Photoproduction of po is alsc_i described well by avl_du'aliresqrvxant model. 35 ;
We compared this model with our data aﬁd found_thét it predicts the observed
ACross‘section of 1r+1rT pair pl.'oduction‘ to within 15%. Below M1r1r =1 GeV this

| dual model approximates the S8ding model w1th the normalization of the po |

amplitude fixed by duality. The 7 mass and prbduction angular distributions
are reproduced for M__ <1 GeV, but the model predicts more p' near 1.3 GeV.
than is consiste,bnt with the experimental 7 1" mass and decay angular disfribu-
tion. S-channel helicity conservation was built iﬁto the model for the po region.

It describes qualitatively the 7w decay aﬁgular distribution for M1r1r.< 1 GeV, but,

as for the S5ding model, small discrépancies remain in the po‘ mass region at

larger It]. '

In the model of Kra.mer36 the po is .produced through final state interacﬁon'
of the 1r+1r- 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 predictioﬁ that the
slope parameter A (see Fig. 6b) sﬁould sharpiy dip around M1r1r= 1 1 GeV. Also,

the associated structure in the decay angular distribution is not observed.
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IV. w PHOTOPRODUCTION IN THE CHANNEL 4p — p7 1 7°
AT 2.8, 4.7 AND 9.3 GeV

A. Event Selection

We have studied w photoproduction in the reaction:
¥p = pr T . " ®)
The cross section for reaction (8) is 24.9+1.5 b, 15.1+1.5 pb and 8.0 & 0.6 ub

at 2.8, 4.7,  and 9.3 Gev, 20

respectively. - We now discuss the selection pro-
cedures used to obtain the sample of w 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 de_ztermiﬁed the selection biases by generating with

a Monte Carlo technique (program PHONY23) samples of measurements which

- were then treated in the same way as real events.

. From our 3-prong events we selected a-’lsample that had track ionizations

consistent with the hypothesis
. _
vp—pm 7 + neutral(s)

and which did not fit the 3-constraint reactions yp — p7r+7r_, vp — pK+K—, or

“vp —ppp. We found that < 7% of w events were lost by this selection. Figure 16a

shows the mass squared MM2 of the neutral system calculated assuming E’Y to be
the mean beam energy of the barﬁcular exposure., At each energy we see a clear
peak corresponding to the reaction (8). To remove events with more than one 7
we require MM2 <0.1 GeV2 (loss <5% of w events). The momentum of the °
and the incident photon energy for this restricted sample of events are then
obfained'from a 0-constraint calculation (using.the beam energy in a 1C fit results

in a higher background under the ). For the 2.8 ahd 4.7 GeV exposures we
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required in addition that the .calcula.ted photon energy be in the energy intervals
of Table I. At 9.3 GeV no energy cut was used, because Vthe greater error in |
the determination of E‘Y at this energy was found to remove w eventé withoutv
improving the ratio of w events to background in the ) peak.

B. General Characteristics of the 7 7 1° System

The 37 mass distributions for our final samples at the three energies are
given in.Fig. 16b, and scatter plots of the 37 mass versué t are shown in Fig. 17.
A strong, peripheral w signal is seen and no other prominent mass structure is |
_ fbund.

In view of the possibility that higher-mass vector-meson states may be pro-
duced in the reaction yp — p1r+1r_1r°.we have examined the higher 37 mass region
for other structure. In Fig. 18a we plot the slope A obtained from an exponential
fit to the t distribution in the interval 0.02 < [t| < 0.5 GeVZ; in this It| interval
the proton is identified by ionization. We have calculated the: moments Yg and

2 3

Re Y2 in the helicity system

Fig. 18b,c. Except for clear signals in the v mass regions, we see no evidence

7; these are shown as a function of the 37 mass in

for other vector-meson states.

C. w Cross Sections

As was seén, in Fig. 16b, the  shows a clear signal in the 31f mass above a
small background. This background (typically < 10%) was estimated using hand-
drawn curves.. The w peak has a full width at half maximum of about 25, 50, and
60 MeV at 2.8, 4.7 and 9.3 GeV, respectively. The shape and width of the peak
is well répfoduéed by Monte Carlo simulations with the program PHONY, 23
where we use a Breit-Wignei' distribution with I" = 12 MeV as inpi;f. We used |

these simulations to calculate the corrections for  events lost in the wings of

the w mass distribution, for the missing mass cut, and for the energy cut. The
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combined correction factors afe respectively 1.12, 1.22 and 1.29 at 2.8, 4.7
and 9.3 GeV. The »cbrrection at 9.3 GeV was‘_found to be slightly t—depeﬁdent.
Cross sections were further corrected for other decay modes (11%):38 and
scanning losses. 39 _ ,

Figure 19 and Table VII show the w differential Cross sécﬁons do/dt and
Fig. 20 and Table VIII show tﬁe total cross section, 0. Table VHI and Figs. 19
and 20 also show o and da/dt sepdrated into contributioﬁs crN, O'U from natural
- and unnatural parity exchanges in the t channe131:

N,U_ 1 L
e =5 (1xP)c

In analogy to our analysis of po photoproducﬁon, we fitted the differential  cross
sections do/dt and daN/ dt to an ‘exponential form dG/dt = dO‘/dtl t=0 &XP (At). 'The
valués found are given in Table VIII. We observe from Fig. 20 that -O'U' decreases
rapidly with increasing energy while crN is approximately constant. The slope
parameter,AN has values consistent with those found for the po.

~ Finally, we compare our cross sections with those from previoﬁs experi-
mentss’ 6 and find good agreement (see Fig, 2.0). |

D. w Spin Density Matrix

For w's produced by linearly polarizéd photons the angular distribution

T As for the po,'

of the normal to the w meson decay plane is given by Eq. (2). 3
we introduce the angle ) - &. Figure 21 shows the distributions of cos 6
and y in the helicity system for eveﬁts in the w iné.ss region (0.74< Mir+7r‘7r° <
0.84 GeV) and 0.‘02 <Itl <0.3 GeVZ. At the lower energies we observe little
structure in ¢, but at 9.3 GeV the characteristic cos? ¥ signal observed in po
photoproductibn develops.

Figure 22 and Table IX show the density matrix elements p].c;{ and P_ calcula-

ted by the method of moments in the v mass region for three t intervals. We
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estimate the background to be <5 percent, and no‘ background subtrat:tion was
made{ As indicated by our simulation of w prodnction with PHQNY, our cuts »
exclude some ¢ events when the ° in the laboratory system is close to the beam
| d1rect1on and our mass resolution is poorer Corrections of <1 s.d. »were“ ]
apphed to pgo, pg 1’ pll, and pl 1 at 9.3 GeV but were unnecessary at the
lower energ1es
We now proceed with the separation of the natural andv unnatural parity
exchange components We give in Fig' 23a,b the density matrices pi, pIﬂJ( f-’
these two components (note that p 1k’ p ik are not normalized separately, but
that Tr pN + Tr pU - 1). We have chosen to calculate pI‘II{ in the hel1c1ty system
since it gave the s1mplest form of the dens1ty matr:.x for the p . Flgure 23a
shows that pi is conS1stent within errors with p 00 plf 1= Re prO '0,. plfl
dominant as expected for an s-channel helicity conservmg Y —w tranSition.
The density matrix for natural par1ty exchange is also cons1stent with having
the same fractlon of sma]l hehc1ty flip contributions that-are observed in the p
case.
ln the unnatural parity exchange contribution we expeCt m exchange to be the
dominant process We therefore have evaluated pg{ in the Gottfried-QJackson
system where we expect p?l to be dominant and pgo, pf_l, Re pIIJO ~ 0. At
9.3 GeV the unnatural parity exchange contribution is too small to allow
'concluslons. At 2.8 and 4, 7 GeV we find p?_l,ARe plljo close to zero and
P¥1 large. At 2.8 GeV pgo seems to be significantly nonzero. Th1s dev1at1on
from the simplest expected OPE behavior could be caused by absorpuon effects

or by a breakdown of the high energy approx1matlon involved in separatmg '

natural and unnatural parity exchanges at 2.8 GeV.
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E. Discussion of Results

" From the dafa presented above we observe:

(1) The w cross section becomes apbroximabely constant above
5 GeV. | _

(2) Wnile nafural and unnatural parity exchange centnibutions'are

| comparable between 3 and 5 GeV, natural parity excnange '_
dominates at 9.3 GeV. |

(3) The separation into QN and &U- demonsu*etes that the rapid
decrease of fhe total w cross section at lower energies is
due to the unnatural narity exchange contribution.

(4) The energy and t—depende.nce'of the cross section aN, as
well as f.he spin density .matrix pi , agree within errors with
those found for the po. In narticular, the p?k are compatible

| wiﬂl s-channel helicity(con‘servation at th e v-w vertex.

(5) The energy'variat-;io‘n (~ E;z) of the cross section eU and the
spin density matrix pH{ of tne unnatural parity exchange
c.ont"ribution are consistent with the dominance of one—pion

exchange.

F. A Model for « Photoproduction

, We_ have a;_ttempted"to fit our data at all energies to a simple model. We

- describe w photoproduction by a sum of diffractive and one pion exchange (OPE) )

parts. Specifically, we write for the cross section:

w_wl| AN, e
dt dt vy’

t=0
In the OPE calculation we used the formulation of Wolf4q (using Benecke-Diirr

form factors) end the value of I‘w ey 0.90 MeV (38) for the radiative  width.
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Further, we allow for an energy dependence of Ty of the form:

It———O

Qgt_Nl - =C <1+ E£>
=0 Y
A X2 fit was performed to the differential cross sections and P . at the three
energ'iés in the interval 0.02< [t < 0.5 GeVZ and the results‘are (see éurves
in Fig. 20): __

C=9.3+ 1.7 ub/GeV2

lj =1.4+1.2 GeV

N

AN - 6.7+0.6 Gev2

W=10.97 + 0.09

X2 = 16 for 19 degrees of freedom .

We conclude that the absolute OPE calculation can account for the unnatural
parity exchange contribution in the cross section and the spin denSity matrix

(see C above). The energy dependence of the hatural parity exchange cross

section is consistent with that of p° production.
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V. & PHOTOPRODUCTION AT 2.8, 4.7 AND 9.3 GeV

A. Event Selection

Photoproduction of & mesons occurs in the reactions:
".‘Yp —-'pK+K_ . - . ©)

yp-.pkgxz o SR 1)}
Reaction (9) can be well separated from other 3¥_prong reactions by a 3—c§ﬁstraint
kinematic,lfit and a ‘check of the track ionization. Calculations with PHONY
indicated thé,t the contamihation of (9) by other 3—§rong réactions W.as less than
5% :_a.nd was negligible for & productio_nr Reaction (10) ivs‘ahl_-prong +V° top‘dltogy
in the bubble chamber. The photon energy and K® momentum are obtained from

L

O is identified by a 3-constraint kinematic

S
fit. Requiring the calculated photon energy to lie within the limits of Table I

a 0-constraint calculation, while the K

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 ciear peak at the & mass, ‘withvlittle background, and no evidence
for.higher vector mesons deéaying into K+K—. The inser;c parts of Fig. 24 show
the mass region around the & expanded in 2 MeV bins. Our -calculgted K+‘K_
mass resolution in the & region at 9.3 GeV is + 1.4 MeV. Fit:tin;.:,r a p_—wéve

Breit-Wigner shape,41 with measuring resolution folded in, we ﬁnd

M<I> = 1020.4 + 0.4 MeV

F§=3.810.9 MeV .

We have estimated the systematic error in M & due to the calibration of the

magnetic field by calculating the K° mass from Kg i decays. We found J
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Myo =498.44 + 0. 15 MeV, indicating that the cali_braﬁon of the magnetic field

was 0.25% too high. "The above value of M, should therefore be_reduced by

$
0.1 MeV.

F1gure 25 shows the pK and pK~ mass d13tr1buuons. Apart from some -
possible Y*(1520) production at 2.8 GeV, no strucmre is observed. The W1de
enhancement at large masses is the reflection of the & (unshaded events in
| Fig. 25), which is produced mainly in the helicity states +1, -1

Figure 26 shows ﬁle effective mass distribution of the K%K; system of
reaction (1'0).: Again we observe'a clear peak at the ® mass. At 9.3 GeV the ,
‘scanning efficiency for the l-prong + v° topology was found to be poorer than at
thév' lower ene_rg-ies. , We therefoi'e do ﬁot use this fopology at 9. 3 -GeV in the
following. | -

C. & Cross Sections

We calculate cross sections from the number of events in the & mass inter-

val 1,00 < MKI_(
K decays which were not classified as reaction (9) in our analysis. The cor-
(38)

<1.04 GeV. A correction of ~5% was applied for visible K+,
rection factor for neutral K decays was 1/0. 689 and the average geometrical
correction factor was 1.02. In the t-interval 0.02 < It <0.05 GevZa scanning
correction of 15 + 8 (7 + 5'percent)' was applied at 4.7 GeV (9.3 GeV). The cross
section for [t| < 0.02 GeV2 was found by a linear expenenﬁalﬂ extrapolation of .
the differential cross section. A 3% correction was applied for the tails of the
Breit-Wigner distribution outside our & mass region. The cross sections were
corrected for the u_nobserved decay modes of the & by a factor

Fiot/Te kg = 1/0-798 at 2.8 and 4.7 GeV and L', /T pipe- = 1/0.491at

38

9.3 GeV. For 2.8, 4.7 GeV combined the observed branching ratio of

b — KSKL/@ ~K'K™ was 0.7 0. 2, consistent with the world average. 38
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Figure 27 and Table X show the differential cross secﬁoné. In Table XI
and Fig. 28 we present our total cross sections. ~ The forward differential
cross sections and slopes (éhowh'in Fig. 28 and Table XI) were obtained from
a»ma.ximum likelihood fit of the form do/dt = do/dt | =0 eAt to all events in the -
é mass fegion and in the interval 0. 02 <Itl < 0.8 GevZ. There may be a
slow increase in the cross section and in the slope with ehergy. As seen from .
5,8,9,42,43"

Figs. 27, 28 our results are consistent with those from other experiments.

We give in Table XI also an estimate of the slope due to Pomeron exchangé at

. each energy as ca.lculated34 from an analysis of po photoproduction data

between 3 and 18 GeV. Agreement is found within errors consistent with the

suggestion that & photoproduction proceeds by Pomeron exchangé. 14

D. & Spin Density Mafrix

We analyze the decay of the  meson in the helicity system in the same way
we analyzed the po. The decay angles are defined as' in footnote 25, by replacing
the difectidn of the 7 by the direction of the K" or the Kg. The decay distri-
bution is parameterized by Eq. (2). We also introduce the angle. y=¢-& as

in the po analysis. Figure 29 shows the distribution of cos 6 and y for events

" in the & mass region with 0.02 < [t < 0.80 GeVZ. Because of the low statistics

we combine the 2.8 arvld‘-4. 7 GeV data. We observe distributions similar to

those found for the po. Table XII lists the density matrix elements pg{ and the

-parity asymmetry P > determined by the method of moments. We conclude

from our data that the & meson seems to be produced predominantly by natural
parity exchange in the t-channel. The pg{ are consistent with those found for

po production.
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We calculate the quantity

1,1

- W% _ PuatPig
g +0 0 0

] 1 p11+p1_1

where 0,, 0, are the cross sections for symmetric K pairs produced parallel

and normal to the photon polarization plane. Our values are consistent with

4 and SLAC-Wisconsin g'roups43 (see

the measurements of both the Cornell*
Table XII). We note, however, that Z is equivalent to Pa only if the helicity

flip amplitudes é.re zero (Ref. 1, Appendix C).
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VI. COMPARISON OF VECTOR MESON PHOTOPRODUCTION
WITH THE VECTOR DOMINANCE MODEL

In Sections III-V we bpresented data on po, w and ¢ photoproduction and

showed that in each case there is a roughly energy independent part of the

cross section associated with natural parity exchange in the t-channel. We
will now compare vector meson photoproduction with predictions from VDM.
Within VDM the vector meson (V) photoproduction amplitudes are related to the

amplitudes for elastic scattering of transverse vector mesons on protons:

Var

T(vp—Vp) = . T(V,p —Vp) (11)

"We assume in accordance with the quark model the total pp and wp cross
sectlons to be the same. Usmg Eq. (11) we then f1nd at 9.3 GeV that the rat1o
'y /'y =0 (yp — pp) /0 (vp— pw) is between 6.5 and 7.5 depending on the analys1s
procedure used for the p (the statlsucal errors are ~ 20%) These values are
in agreement with the value 7.2 + 1.2 measured in ete” annihﬂatlon. 45 S1mp1e

SU6 predicts 9 for this ratio, while modifications due to symmetry breaking

~ have been calculated to give 7.5 “6) or 13.8. 4" Our result agrees best with |

the prediction of Ref. 46.

Using the determinntion of o (pop —»_pop) obte.ined from po photoproduction
in deuterium48 or the quark model prediction, values in the range 0.5-0.7 are
found for 'y /47r Such values are con51stent with the e+e storage ring results 45

One can obtain vy & from the forward differential cross sectmn for &
photoproduction. Using the quark model value of 13 mb for the & nucleon total
cross section®? we find from Eq. (11) that 73/4# =6.2+1.3at9.3 GeV
(allowmg a 30% real part in the & forward amphtude reduces this number by

~10%). "As has been noted before, & photoproduction leads to values of 'y &
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which are about twice as large as the one derived from the direct measurement

50 2 46,47

but agrees with SU predictions for the ratio v Q/'y

. ine'e” annihilations 6
' VDM further predicts that the Compton scattering amplitude is related to -
the sum of the transverse components of vector meson photoproductlon amphmdes:

/ - (12)_

Top—w) =T ‘”T(vp —V.p)

In Eq (12) the sum is over all vector mesons. Assuming that all amphmdes
are 1mag1nary and have the same spin structure, Eq. (12) becomes |
' : _ Y2 -1 | 1/2
Lo~ =C - %[Z K{—,ﬁ) %(w‘——vtp)] ] @
: : V=p,w,p '\ _ :

where C is a scale parameter that silould equal unity if ail assumptions are
correct. | |

sting our phenomenological Soding cross sections (Table V) for the po,

together with our v, and 0. results, we have evaluated the R. H. S. of Eq. (13).

®
(We have added oli’ incoherently. Strictly speaking, one should use the trans-
verse part of the vector meson cross sections, but this correction is negligible.) '
~ The values of 7‘2,/4'” were taken from the storage ring experiments. 45,50 The
L.H.S. was obtained from recent Compton scattermg experlments 51 and our |
“total cross sectlon measurements.’ 1,20 We adjust C for best agreement and
haire piotted the resulting values _'in Fig. 30. Asnoted before, 6 one finds
excellent agreement of the R. H.S. with both the s and t dependence of Compton
scattering, but a scale factor_ C~2is 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 maximal interference between the vector

meson amplitudes, the resulting value of C becomes even larger.
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~ 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 contribuﬁdn of ~ 40%
to the amplitude sum of Eq. (13).

A search for p' — 7 1 in several expériments, 6,52 including ours, yielded

an upper limit of the order of 1 percent of the p_o cross section. As shown m
Sections IV and.V, no evidence for higher mass resonances is seen in 1r+1r °
and KK final statés. However, an analysis of our multi-pion final states in
the reactions yp —p + pions indicates t'he presence of broad enhancements in
the mass rax'lge‘ 1.2 - 1.6 GeV in both the (7r+7r+7r_1r-) (18) and (1r+1r- + neutrals)
mass disti-ibutions. 8 These enhancements, which are produbed with small
momenﬁxin vtrans»fers to the proton (t slope ~ 6 GeV_Z) have cross sections of
~10% of o° production. The rm T 1 enhancement has been identified as a
-1 @

= 1" state and is réfexjred to as the p'.__18 Assuming that the ;.)"

nucleon cross section is equal to the po nucleon cross Sectién and the p' decays
only into 1r+1r+1r—1r_,, then from Eq. (12) 'y;,l ~0.3 'y;é (A consistent value of
'yp, can be derived from the e*e” experiments. 17) Thus the p'icontribubes only'

~ 10% to the amplitude sum in Eq. (13).
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VII. CONCLUSIONS'

From our study of vector meson production in the channels yp — p.1r+1r",
p1r+1r'»'1r°v,v pKK we conclude |

1. The shape and t-dependence of the dipion mass distribution in the |
po region is independent of photon energy.

2. At 9.3 GeV dipion pairs in the po region are in a p-wave state. No
evidence exists for highei' partial wavé states in the po rlegion. In contrast
~small but significant contributions from such states were observéd at 2.8 and

4.7 GeV. |

3. vP—wave dipiqn production in the po region occurs through natural
parity excha.ngé in the t-channel. |

4. Dipion productioh amplitudes in the po’reg-ion are predominantly
's-channel. helicity conserving. ,

5. At9.3 GeV the density-matrix elements Re p(l)o and p({_l, studied as

a function of the dipion mass, give evidence for interference between a pre-
‘dominantly SHC po amplitude and a coherent backg'rou'nd.' ' |

6. When averaged over the po region. the helicity-flip dipion amplitudes
at [t] > 0.18 GeV2 are about 15% of the helicity-nonflip amplitudes at 9.3 GeV.
The flip amplitudes at the ymr vertex are of the same relative magnitude as
those_in 7N scattering.

7. Asat tﬁe lower energies the S6ding model describes well the shape of
the dipion maés spectrum ahd its variation with mbmentum transfer. It does
not, however, give a quantitative description of the helicity flip amplitudes in
the rho region. o

8. Theoretical uncertainties in the Stding model preclude a calculation
of the helicity flip background in the rho region. Consequently, the magnitude
of the helicity flip amplitudes for the po cannot be determined.
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9. Because of the theoreticai unéer,taiﬁties in defining the po 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 rcloser agreement

- (within ~ 10%) between the results of the different methods than at thé lower
energies. o

10. Analysis of the reaction yp —pw shows thatynnatu‘rali parity exchange
decreases from ~55% of the total w cross section at 2.8 GeV to ~5% at
9.3 GeV. The unnatural parity cdntribution to w 'pfoducﬁon is well explaihed
by OPE.

- 11. The natural parity exchange cross section in  production does not
vai'y strongly with engrgy; its E‘Y and t dependence are consistent with _thos'e :
~ of the p‘?'.' The natural parity exchange compdnents of the w density matrix
are compatible with s-channel helicity conservation. At 9.3 GeV the ratio of
the cross sections crp/qg is between 6.5 ?.nd 7.5 in agreement with predictions
from SU, and the quark model. |

12. The cross section and slope of & meson phbtop‘roduction may increase
slowly with energy. The sldpe of the .differential cross section is smaller than
that for po énd w production. Natural parity exchange in the t-channel seems
to be the majof process. The r.atio o q)/bp. agrees with the prediction from SU6
and the quark model.

13. In p1r+7r-, p1r+1r_1r°, pKK final states we find no evidence for higher
mass vector inesons.

14. The s and t dependence of Compton scattering as calculated from p,
wand & photoprodﬁction using VDM agree with experiment, but the predicted

Compton cross section is too small by a factor of two.
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TABLE 1

Beam Parameters and Exposure Statistics

Average  Full Width

: Average ' :
Beam at Half Number Linear : E., Limits .
Energy E‘Y . Maximum of Polarization Events Accepted -
(GeV) (GeV) Pictures P, %) Per pb (GeV)
2.8 0.15 294, 000 93+2 9244 - 2.4-3.3
4.7 0.45 & 454,000 9142 15046 4.1-5.3
1,260,000 7742 27546 8.0-10.3

9.3 ©0.60

2Broadened by energy shifts.

about 0.35 GeV.
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TABLE II
. - T N
Reactionyp — A "7 at 9.3 GeV. Density matrix of A

in the Gottfried-Jackson system for Itp A | <0.4 GeVz_

0 :
Pag 0.210.07
" Reo?. 0.020.09
e p31 -0. .
Re o . 16
€pg -0.16x0.07
L -0.34+0.15
P11 . .
. -0.1120.15
P33 : :
o1 o
Repg, 0. 2840. 16
Re py_; | 0.21£0.15
m o2 0.21£0. 11
P31 Ve .
2
Impy -0.04+0. 12
P_ o 910, 24
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TABLE III

: + - : ’ ' '
Reaction yp —pr 7 at 9.3 GeV. A(r/At;AMTrTr in ub/GeVa. Here At is the interval heading the column (no Itl correchon has been made) and AM is the mterval in 7m mass glven
in the first column. Also given are B and A from a fit of the form B- eA in the interval t < It1 < 0.5 GeVz, where t is the larger of |t | and 0.02 GeV &0 /AM__ is the
; ™

cross section integrated from It] = 0.02 to It lmax

(Gle:z) _ ' ﬁ% wb/GeV?) : : A (#b/GeV) from it B- 6™t
M”(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. 3? 0.35-0.40] 0.40-0.50 0.02—|1:|ma_x (ub/gévfi) (Gee‘z)
0.28-0.32 6+ 4 0+ 0 S0 0 4+ 3 0+ 0 0+ 0 0+ 0 0+ 0 2+ 2 0+ 0 0.50.2 4+ 3 8.0+4.3
0.32—0.36 6+ 7 15+ 17 0+ 0 5+ 3 0+ 0 4+ 3 0+ 0 2+ 2 - 0x 0 0+ 0 1.5+0.4 24+11 13.3+3.5
0.36-0.40 36+ 10 18+ '8 22+ 9 7+ 4 4+ 3 2+ 2 2+ 2 5+ 3 0 0 . 1+ 1 3.2+0.5 39+11 10.1+1.9
0.40-0.44 | 55+ 13 25+ 10 11+ 6 T+ 4 7+ 4 0 0 2+ 2 0+ 0 0 0 0+ 0 3.6+0.6 93428 18,.8+3.1
0.44-0.48 81+ 16 . 44+ 13 25+ 10 13+ 5 9+ 4 4+ 3 2+ 2 2+ 2 2+ 2 .21 1 6.0+£0.7 95+20 12.5+1.6
0.48-0.52 71+ 15 73+ 16 44+ 13 15¢ 5 .151 5 9+ 4 9+ 4 4+ 3 2+ 2 0 0 7.8%0.8 111+20 11;5:{:1.3
0.52-0.56 84+ 16 62+ 15 33+ 11 40+ 9 . 22+ 6 T+ 4 9+ 4 4+ 3 4+ 3 0+ 0 9.2:&0.9 120:@20‘ 10.5+1.1
0.56-0,60 | 140+ 21 76+ 17 87+ 18 44+ 9 29+ 7 20+ 6 13+ 5 2+ 2 11+ 4 1+ 1 14.3+1.1 180+24 10.240.9
0.60-0.64 | 156+ 22 109+ 20 113+ 20 58z 10 51+ 10 24+ 7 15+ 5 9+ 4 5+ 3 3+ 2 19.2&1.3 219:0:26 9.6+0.8
0.64-0.6_8 204+ 25 193+ 26 197+ 27 51+ 10 78z 12 45+ - 9 29+ 7 13+ 5 5+ 3 Gii 2 27.9+1.6 304429 - 9.1£0.6
0.68-0,72 | 260+ 28 204+ 27 146+ 23 113+ .14 93+ 13 56+ 10 . 66+ 11 35+ 8 16+ 5 10+ 3 37.6+1.9 310+26 - 7.1£0.5
0.72-0.76 | 354+ 33 269+ 31 233+ 29 189+ 19 124+ 15 104+ 14 62+ 11 42+ 9 20+ 6 15+ 4 53.7+2.2 461+33 7.5%0.4
0.76-0.80 { 286+ 29 240+ 30 204+ 27 129+ 15 122+ 15 87+ 13 60+ 10 35+ 8 38+ 8 15+ 4 47,2+2.1 352427 - 6.6+0.4
0.80-0.84 | 114+ 19 127+ 22 51+ 14 91+ 13 69+ 11 55+ 10 36+ 8 22+ 6 24+ 7 15+ 4 25.9+1.5 149+16 5.1£0.5
0.84-0.88 | 45+ 12 58+ 15 40+ 12 44+ 9 40+ 9 2_7:t 7 15¢ 5 7+ 4 7+ 4 6+ 2 12.5+1.1 76+12 5.5+0.8
0.88-0.92 36+ 10 7 5 22+ 9 20+ 6 22+ 6 11+ 4 T+ 4 4+ 3 5+ 3 . 4+ 2 '6.2+0.7 35+ 8 5.1x1.1
0.92-0.96 10+ 5 22+ 9 4+ 4 13+ 5 7+ 4 5+ 3 9+ 4 4+ 3 4+ 3 1+ 1 3.5%0.6 18+ 5 4.8+1.4
0.96-1.00 ] -13+ 6 11+ 6 4+ 4 2+ 2 9+ 4 9+ 4 4+ 3 2+ 2 4+ 3 3+ 2 3.0+0.5 11+ 4 3. 1x1.5
1.00-1.10 | 3.9+2.2 .7.313.3 7.3+3.3 ' 5.1:1.9 2.9x1.5 3.6x1.6 2.2+1.3 2.2+1.3 4,4+1.8 0.440.4 1,8+0.3 8+ 2 3.8+1.2
1.10-1.20 | 5.2+2.5 10.2+3.9 1.5+1.5 4,4+1.8 2.9+1.5 2.2+1.3 0.7+0.7 2.2+1.3 0.7+0.7 1.» 1:&0;6 - 1.540.2 T+ 2 5.1£1.4
1.20-1.40 | 4.5+1.7 2.9+1.5 3.6+1.6 2.5+1.0 2.2+0.9 3.3+1.1 1.8+0.8 1.1+0.6 1.1+0.6 0.940,4 . 1.2+0.1 - 5+ 1 . 3.6x1.1
1.40-1.60 | 3.9+1.5 4.4+1.8 0.7+0. 7 2.2+0.9 1.5+0.7 0.7+0.5 1.5+0.7 1.5£0.7 1.5%0.7 1.1:£0.4 1.2+0.1 3+ 1 2.7x1.1
1.60-1.80 | 1.9+1.1 3.6£1.6 2.9+1.5 1.5+0.7 1.8+0.8 2.5+1.0 0.7+0.5 1.5£0.7 0.4+0.4 0.9+0.4 0.9+0.1 3+ 1 3.2+1.2
1.80-2.00 | 0.0+0.0. 0.0+0.0 1.5+1.0 2.2+0.9 1.5+0.7 0.7£0.5 0.00.0 0.440.4 0.7£0.5  0.740.5 0.6£0.1 2+ 1 4,6%2.0
2.00-2.20 | 0.0+0.0 0.0+0.0 0.7+0,7 1.8+0.8 1.5+0.7 0.7+0.5 0.7+0.5 1.5+0.7 0.0+0.0 0.440.1 0.420.1 - -
2.20-2.40 | 0.0+£0.0 . 0.0+0.0 0.0+0.0 1.1+0.6 0.4+0.4 0.7+0.5 ~ 0.7+0.5  0.00.0 0.7+0.5 0.2+0.2 0.340.1 - -
2.40-2.60 | 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.7+0.5 0.7x0.5 0.2+0.2 0,3£0.1 ' - -
2.60-2.80 | 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.4£0.4 0.4+0.4 0.4+0.4 0.0£0.0 0.4+0.3 0.420.1 - -




TABLE IV

Reaction yp — p1r+7r— at 2.8, 4.7 and 9. 3 GeV: Dipion total cross sections,

differential cross sections ét t=0 and slope A of the differential cross sections »

(assuming the form do /dt| =0 eAt)fittéd in the interval 0.02 < |t] < 0.40 GeVZ2,

E, 2.8 GeV 4.7 GeV 9.3 GeV

S6ding Model 2

o@b) 18.621.0 15.90. 7 | 13.520.5

4 (—-“b—z) | 1046 9446 - 865

t=0 \GeV ’ -

A(Gév"_z) 5.4£0. 3 5.940.3 6.5:0. 2
Phenomenological |

. Soding &

o b) P ‘ . 235424 18.2:1.6 14.0£0.9
L (—&b—z-) | 148£12 109:8 884
t=0 \GeV | -

A (GeV~2) ' 6.3:0.4 6.046.3 6.3:0.3
Parameterization | | | _ '
o (ub)  21.0£1.0 ©16.240.7 13.340.5
&z (—E-b—E> . 13818 1146 95::4

=0 \Gev | | |

A(GeV-2) 6.620. 3 7.2+0. 3 . 7.3+0.2
I

o (ub) - 18.6+1.1 ‘_14-.‘5;1. 0 - 11 840.5

g (—&2) | 1a4s12. 109+8 8416

=0 \GeV , -

A (Gevd 7.540.6 7.6£0.5 7.1%0.4

4Errors do not include uncertainties in the model (see text).
PCaleulated from: o=(do/dt),_/A.
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TABLE V

Reaction yp — p1r+1f_ at 9.3 GeV. Dipion differential cross sections.

: Sﬁding a Phenome- Param- S-Channel

Model nological #  eterization Helicity
Fit Soding Conserving

' Cross Section Dipion

| : Pairs (1)

It] (GeV?) & ub/Gev?
0.02 -0.05 67.5 +4.5 71.824.3 78.2 +4.5 77.0 6.5
0.05 -0.075 60.2 +3.3 60.8+4. 4 62.2 +3.0 40.0 5.6
0.075-0.10 46.7 +2.8 45.7+3.9 49.9 2.7 54.3 4.4
0.10--0.15 35.4 +1.8 - 38.412.4 34.2 +1.6 33.9 +2.8
0.15 -0.20 30.4 +1.6 30.2+2.2 28.5 +1.5 1 27.2 2.6
0.20 -0.25 21.0 +1.4 . 19.2 +1.2 19.1 £2.2
_ 20.2+1.2 :

0.25 -0.30 15.2 #1.2 14.1 £1.0 11.6 +1.6
0.30 -0.40 8.0 £0.6 . 8.8+0.8 - 7.2 0.5 5.2 £1.0,
10.40 -0.50 3.9 +0.4 4.310.6 3.5 0.4 2.7 40.6
0.50 -0.70 1.5 0.2 1.4+0.2 1.5 0.2 1.7 0.3
.0.70 -1.0 0.43+0.09 0.40+0.08 0.56+0. 10
1.0 -1.5 0.0620.02 0.06%0.08

dErrors do. not include uncertainties in the model (see text).
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| o  TABLE VI
Reaction yp — p7r+1r_ at 9.3 GeV. Density matrix elements in the helicity system and pé,rity asymmetry for
dipion pairs in the po region as determined from a maximum likelihood fit in intervals of the momentum transfer t.

itl (Gev?) 0.02-0.05  0.05-0.08  0.08-0.12 0.12-0.18 0.18-0.25 0.25-0.401_ 0.40-0.80
:pgo ‘-0.02;0.01 -0.06+0.02 -0.010.02 '0.03¢o.ozv -0.02;0.02 6.00&0.93 0;03§o.05'
pi_l £0.020.03 _:Q.O6i0.03 -0.06+0.03 0.01;0.05 -0.08£0.03 =0.1040.03 -o.;6;0.04
Re pgo 0.00£0.02 0.04;0.02_ 0.04£0.02  0.03:0.02 0.07:0.02  0.06£0.02  0.1020.03
p;o - 0.03+0.02  -0.05x0.03  0.03£0.05 -0.050.04 0.010.04 -0.05i6.05- ~0.0410.08
pil ‘ -0.0610.04 0.06¢0;04_ -0.050. 05 -0.02i0.041 0.0260.05  0.0520. 05 -o.deio.oe
pi_l 0.4820.04  0.3820.05 10.48+0.05  0.48+0.05 | 0.4920.05 '0;41¢0.06 0.570.07
ARE pio 0.03+0.03 " 0.03+0.03 —0105i0;63 ~0.01x0. 03 -0.13&0.63 -o.ozio;os, ~0.1540.04
Lﬁlpi_l ', 20.50io.o4 ~0.42+0. 05 -0.57£0.04 -0.480.04 -0.4920. 05 -0.42i0;06 -0.640. 10
Inlpio -0;05i0;93 0.02£0.03  0.03x0.02 0;03i0.03: 0.0820.03 | 0.03+0.03  0.0620.05
P& 0.9340.09  0.80:0.11 d.93¢0.11 1.000. 10 0.9740. 12 0.8620.12  1.1740.15




TABLE vII

Reaction yp — pw at 2.8, 4.7 and 9.3 GeV. Differential cross sections.

do o2
S Wb/GeV?)

It] (GeV?) E, = 2.8 GeV E = 4.7 GeV E,=9.3 GeV
0.014-0.06 - 25.9 +3.1 19.6 3.1 -
0.02 -0.06 - - 10.2 1.4
0.06 -0.10 21.4 £3.0 10.8 +1.8 6.9 £1.0
1 0.10 -0.15 14.7 2.3 8.1 +1.4 6.5 +1.0
1 0.15 -0.20 7.6 +1.6 5.6 +1.1 - . 3.7 0.8
0.20 -0.30 6.4 1.1 2.8 0.6 2.2 £0.5
0.30 -0.40 4.2 +0.8 1.9 0.5
| A 0.8 +0.2
0.40 -0.50 1.2 £0.6 0.8 0.4 |
0.50 -1.0 0.8 0.2 0.3 £0.1 ©0.15%0.07
1.0 -2.0 0.24+0. 12 0.0 £0.03
2.0 -1« 0.18+0. 10 -
2.0 5.5 - 0.0 0.01
5.5 - - 0.9410.04
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TABLE VII

Reaction 9p —pw at 2.8, 4.7 and 9.3 GeV. Total cross sections and forward

differential cross sections

do
t

dt |t=

pry P and slopes A from a fit of the form

do _do

E =9.3GeV
v

E_=2.8 GeV E_=4.7 GeV
y~ o Y

o (ub) 5.340.5 3.0+0. 3 1.940.3
b @b/GeVz) 33.2+3.6 2 22.0+3.2 2 13.7+1.6 2
2l v 2:3.6 % 2.043.2 L.
A (GeV'? 6.8+0.6 * 7.9+0.9 2 7.5:0.8
N (ub) 2.410.4 1.70.3 1.8+0.3
| Q‘f_\l’ mb/devz " 14.545.1° 14.6+4.8 P 11.4:2.12

dt =0 ¥ ) e T T
AN (Gev? 7.322.4° 8.542.4 P 6.6:1.12
o9 (ub) 2.90. 4 1.3£0.3 0.10. 2

%fit interval 0.02 < It| < 0.5 GeV

Pfit interval 0.014 < It] < 0.4 GeV

2

2
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TABLE IX

Reaction yp — pw at 2.8, 4.7 and 9.3 GeV. Density matrix of w in the helicity system.

E, = 2.8 GeV E, = 4.7 GeV ~E, =9.3GeV

Itl Gev?) 0.02-0.06 0.06-0.15 0.15-0.60 0.02-0.06 0.06-0.15 0.15-0.60  (‘)‘.02-0.06 0.06-0. 15. 0.15-0.60

pgo. 0.18+0.08 0.110.06 0.21x0.06 | 0.03+0.06 0.19:0.06 0. 19+0. 07 0.00:0.07 | 0.02+0.06 0.20+0.07

pg_l 0.03£0.09 | -0.07+0.07 | 0.0420.06 | 0.03:0.07 | -0.07:0.06 | -0.03:0.07 0.16;0.08 0.06:0.06 | -0.05:0,07

Re p(I)O -o.oﬁo.os - -0.0520. 04 0.060.04 0.01x0.04 | -0.10£0.05 0.05:0,04 | -0.030.05 0.0120. 04 0.0120.06
p(l)'o 0.28£0.13 0.00=0. 10 0.1240.09 -0.2210.08. ~0.0320. 10 0.1940.11 | -0.080.13 -0.1320.11 | -0.01£0.14

pil 0..02i0.08. | 0.00:0.08 - 0.0040.07 0.15+0.09 0.0040.09 | -0.0740. 08 0.09¢0.12i | 0.1420.10 0.0520. 10

pi_l 0.05£0.13 | -0.1840.10 0.03£0.09 | -0.13:0,12 0.21:0. 10 'o.1i¢0.11 | 0.380.14 0.2920.12 ’0.5410.13"
Re pio ~0.09:0.09 | -0.04:0.06 | -0.06£0.06 | -0.20+0.06 | -0.05:0.07 | -0.20£0.07. | '0.040.08 | -0.11+0.08 -0.02:0. 10

Im pi_l -0.09:0.14 | -0.0420.10 | -0.2260.09 | -0.0120.10 | -0.09:0.10 | -0.0420.11 | -0.19+0.14 -0.29:0.14 | -0.21-0.13
Im pio . 0.03£0.09 0.14:0.05 | 0:1040.06 -0.0520.06 0.090.07 0.02:0.06 0.01x0.09 0.10:0. 08 0.1220.09
P -0.2 0.3 -0.4 0.2 .1%0.2 0.0 0.3 0.4 0.2 0.0 0.2 0.9 £0.3 0.7 £0.3 1.1 £0.3

g
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TABLE X

Reaction yp — p® at 2.8, 4.7and 9.3 GeV. Differential cross

sections. The results from 2.8 and 4.7 GeV have been combined.

1t (GeV?)

&, 2
G Wb/Gev?)

E, =2.8&4.7GeV EY#9.3GeV
0.02 -0.2 1.5 0.3
©0.045-0. 2 1,22¢6.22
0.2 -0.4 0.4420. 12 0.68:0.15
0.4 -0.6 70.17;0;10 0.23+0. 11
0.6 -0.8 0.2440.10 0.15+0.10
0.8 -1.6 0.03+0.02 0.04%0.03
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TABLE XI

Reaction yp — pd at 2.8, 4.7 and 9.3 GeV. Cross sections, forward

differential cross sections and slope of the differential cross svection_

from a fit of the form do/dt = do/dt|,_ e

Ap is the slope expected for i)ure P exchange.

in 0.02 < It| < 0.8 GeV",

34

2

9.3

'E,y (GeV) 2.8 4,17
o (ub) 0.40£0.10  0,41%0.09 0.5520.07
o/ wb/Gevd 1.7 20.7 1.6 +0.6 2.5 £0.5
Lo W T 20. 6 20.6 .5 0.
A (GeV'd 3.7 +1.2 3.7 +1.0 4.6 £0.7
Ap (Gev‘z) Ref. 34 3.2 +0.1 4,1 £0.15 5.3 0.1
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TABLE XTI
Reaction yp — p®: Density matrix and parity asymmetry in the
helicity system for 0.02 < It| < 0.8 GeV2. Values of the asym-

metry I from this and other experiments are also given.

E,_=2.8 &4.7 GeV E_=9.3 GeV

| v | y

. _

oo ~0.040. 06 0. 000. 07
Re g, ~0.000. 06 ~0.01+0.06
0 -0.04+0. 10 <0.14+0.09
pl—l . . . .

1 - '

Poo 20.13+0.09 0.080. 12
1 ~0.0620.11 ©20.1840.13
P11 TR It
Re p1, 0.00£0.09 ~0.2020. 11
1 o 12

P11 0.1620.13 0.44:0.15
m p2, ~0.02:0. 10 -0. 14:0. 09
Im 2, ~0.510. 16 ~0.7340.17
P 10.50+0. 28 ' 0.8040.32
z 0. 25:0. 35 0.72:0. 60
2 Ref. 44 0.55£0.13% at E,=5.7 GeV, |t|~0
S Ref. 43 0.985:0.12 atE,=8.1GeV, It|=0.2 GeV*

4Not corrected for background from inelastic & production

(see Ref. 9).
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FIGURE CAPTIONS

 Reaction yp — pm 7 at 9.3 GeV. (a) Dalitz plot distribution for

It] > 0.02 GeVZ. (b) Chew Low plot for .

" Reactionyp —pn' 7 at 9.3 GeV. Distributions of the 7 7 mass for

different t intervals. The helicity conserving p-wave intensify, o, is

-shown by the solid points. The curves give the result of a maximum like-

- lihood fit to the reaction.using the Séding model.

Reaction yp — p1r+1i_ at 9.3 GeV. Distribution of the'1r+1r_, p1r+ and pm_

- effective masses. The shaded histograms represent events with

2 and M7r”'1r‘ > 1 GeV. The curves give the result of |

It o] < 0.4 GeV
a maximum likelihood fit to the reaction using the S6ding model.

Reactioﬁ Yp —4p1r+5r_ at 2.8, 4.7, 9.3 GeV.v Distribution of 1r+1f_ effective
mass in logarithmic scale. Events in the A+,+ mass region (Mp < 1.38 GeV)_
are excluded. The right-hand ordinate scale gives the cross' section

do/dM e corresponding to the histograms shown.

Reaction yp —»I'p po at 9.3 GeV. Fitted values for n(t) using the parameteri--

 zation Breit-Wigner times (Mp/MW.;_W-_)n(t) for the po shape.

Reaction yp —p7 7 at 9.3 GeV. Results of fits of the form

do2/dtdM = do2/dtdM |, - e™%in the interval 0.02 < [t] < 0.5 GeVZ.
v e mr =0 = - :

The curve in (b) is from the S8ding model.

Reaction yp — bpo at 9.3 GeV. Decay angular distribution of events in the
po- region in the helicity systerh. The curves are calculated for an s-channel
helicity conserving Y — po transition and incident photon polarizatioﬁ of 77%.
Reaction yp — p1r+'ir_ at 9.3 GeV. The dipion moments Yg(o »¥), Re Y;(e » ¥)
and YZ (6, y) in the helicity system as a function of M7r+7r' for

0.02< [ti<0.8 GeV2. The curves were obtained from the Soding model.
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9.

10.

11,

12,

13.

14,

15.

Poo> BeP1gr P11t

Reaction yp — ppo af 9.3 GeV. Differentival'cross sections from :

(a) parameterization method and (b) phenomenological S8ding model.

The points labeled SLAC 11.5 GeV, Cal Tech 12 GeV, and Cornell

8.5 ‘GeV are from Refs. 8, 30, and 9 respectively. | .

Reaction yp — p1r+7r- at 9.3 GeV. Dipion spin density matrix elements

in the helicity system and parity asymmetry as a function of t in the po
region (see ﬁext for fitting procedure).

Reection vp —_»p1r+1r—" at 2.8, 4.7, 9.3 GeV. Density matrix elements of
(a) natural parity -exchange and (l_)) unnatural parity exehange contributions
1n the helicity system. | |

Reaction yp —»p1r+1r_ at 2.8, 4. 7, 9.3 GeV. The combinations

1
P1-1

contributions of helicity flip by two units and the interference between

+ Im pi 1 and Re pio Im pio measuring, respectlvely,the relative

amplitudes with no flip and flip by one unit at the yrm vertex.

Reaction yp —-p1r+1r- at 9.3 GeV. Helicity frame density matrix elements

and parity asymmetry as a function of dipion mass for 0.02 < It] < 0.80 GeV2.
The curves are from the delng model | o |

Reaction yp — p7r T at 9 3 GeV. Helicity frame density matrix elements

0 0 0 as a function of d1p1on mass for 0. 02 < It <0.2 GeV2

and 0.2 < |t] < 0.8 GeV2. The curves are from the Sbding model.

‘Reection vp — >p1r"'.1r— at 9.3 GeV. Unnormalized moments pgo- dcr/der, -

0 - 0 . -
P11 da/der and Re P10 dcr/der as a function of dipion mass for }
0.02< [t] <0.2 GeV? and 0.2 < |t} < 0.8 GeVz. The curves were cal-

culated from the Séding model.
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16.

17.

18.

19,

- 20.

21.

GeV©,

Reaction yp —pr 7 MM at 2..8, 4.7, 9.3 GeV. (a) Distribution of the

square of the missing mass MM2 for 3-prong events not fitting yp '——p1r+1r_,

vp ——pK+K_ or 'yp — ppp. and consistent with yp —-p.1r+1r_1r°. ®) et

mass‘ distx_-ibution from a OC calculation for events in (a) with MM2 < 0.1
2 At 2.8, 4.7 GeV a selection was also made on the calculated photon

energy (2.4 < E’Y < 3.3 GeV and 4.1 < E‘Y <5.3 GeV, respectively).

Reéction vp — p1r+1r_1r° at 2.8, 4.7, 9.3 GeV. Scatter plots of AP

mass versus momentum transfer t. | ‘

Reaction yp— pr 7 7 at 2.8, 4.7, 9.3 GeV. (a) Slope A of the t-distribution

of the 7 7 1° system as calculated fi'omva fit of the form eAt as a function

of i m° mass.v. (), (c) Moments Yg(o), Re Yg(e ,¥) of thé o system

in the helicity system as a function of 7r+1r—1r° mass.

Reaction yp —pw at 2.8, 4.7, 9.3 GeV. Differential cfoSs sections (¢)

and natural parity exchange contributions to the differential cross section

(-3-) - |

Reaction yp — pw. Total cross sections as a function of the incident photon

energy. The points labeled ABBHHM, SLAC Annihilation Beam are from

Refs. 5, 6 respectively. Also shown are the contributions of natural and

unnatural parity exchange in the t-channel. The full and dashed curves

give the contributions of a diffractive process and OPE, respectively, as

obtained from the fit described in the text.

" Reaction Yp — pw at 2.8, 4.7, 9.3 GeV. Decay angular distributions in

the helicity system and parity asymmetry P o for events in the y mass
region 0.74 < M g0 < 0.84 GeV and in the momentum transfer interval
0.02< [tl < 0.3 GeVZ. Curves are calculated from the fitted density

matrix elements (see text).
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22.

23.

24,

25.

26.

217.

28.

29.

‘Reaction yp —pw at 2.8, :.7, 9.3 GeV. Density matrix elements in the

helicity system and parity asymmetry as a function of momentum transfer

“t.

Reaction yp — pw é.t 2.8, 4.7, 9.3 GeV. (a) Density matrix elements of

the natural parlty exchange contmbutlon in the helicity system. (b) Dens1ty
matrix elements of the unnatural parlty exchange contribution in the
Gottfried'—Jackson system.’ |

Reaction yp ——pK+K— at 2;8, 4.7, 9.3 GeV Distribution of f.he K+Kf mass |

for Itl > 0.02 GeVz. The curves in the inset are from ai fit of a p-wave

. Breit-Wigner distribution with measuring resolution folded in.

Reaction yp — pK+K_ at 2.8, 4.7, 9.3 GeV. Distribution of the pK+ and

pK mass for |t| > 0.02 GeV2. Shaded distributions are for Myt > 1,04

"GeV.,

, 0,0 e . o 0,0
Reaction yp — pKSKL at 2.8, 4.7, 9.3 GeV. Distribution of the ,KSKL |

mass. Shaded distributions are for [t| < 1.0 GeV2.

Reaction yp—p & at 2.8, 4.7, 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, Benger et al. and Anderson et al. are from Refs. 5,

42, 9, 8, 43 respectively.

Reactlon P -——pq> Total cross section and exponentlal 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,  9 respectively.

Reaction yp — p& at 2.8, 4.7, 9.3 GeV. Decay angular distribution of
KK pairs in the helicity system in the & mass region 1.00 < My < 1.04

GeV and in the momentum transfer interval 0.02 < [t] < 0.8 GeVZ. The
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30.

-curveé are calculated for an s-channel helicity conserving & production.

amplitude. »

Comparison bétween pho_boprbduction and Compton scatteﬂng at 2. 8,"4.'7,
9.3 GeV. Relation (13) was used with C=2. The errors on the photopro-
duction points include a 15 percent unceftainty due to the differénces in
the .po cross sections derived by different methdds. Compton scattering

data were taken from Ref. 51 and the optical points from this experiinent. L
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
‘United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes .
any warranty, express or implied, or assumes any legal liability or
. responsibility for the accuracy, completeness or usefulness of any
~ information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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