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at 2.8 and 4.7 GeV* 

By 

Kenneth Charles Moffeit 
I)epc.rtment of Physics 
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Berkeley; California 94720 

November 10, 1970 

ABSTRACT. 

·A nearly monochromatic and linearly polarized photon beam 

produced by Compton backscattering of ·ruby iaser light l'Tas used · 

to study the reaction ;rp -+ 7T+7T-p at 2.8 and 4. 7 GeV in a hydro­

gen bubble.chamber •. The cross sections for this reaction at 

2. 8 and 4. 7 GeV are :rop.nd to be 30.6 ± 1.2-and 19.9 ± 0.8 Jlb, 

respectively. 

Rho production and· decay via ·1'1:> ..... p0 p ·is studied and four~ 

to proceed · almos.t completely t~rough. natural par:i ty exchange.· 

The contributions from unnatural parity exchange at 2.8 and 

1~.7 GeV are 3.1 ± 3.1% and -1.1 ± 2.8%, respectively, for 

momentum transfer ltl < 1 Gev2• The behavior of the density 

* . 
\·lork supported in part "by the U.S. Atomic Energy Commission 
and the National Science Foundation. 
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matrix elements shows that the rho production mechanism con-
. . . 2 

serves s-channel c.m.s. helicity for /tl < 0.4 GeV • The 

dependence of the p0 mass shape on the momentum transfer is 

inconsi.stent \·ri t11 the Ross-Stodolsl~y factor. Evidence is 

presented ·for an interference of p0 production with background. 

The data are compared ui th models including that of Sodin.z, and 

tne total and differential cross sections for p0 production 

are presented. 

1•Te measured the p0 -ru interference· parameters. Assumin3 

the ratio of the 

I A
0
/Apf 

2 
= 7.1 l'Te 

p 0 and ru-photoproduction amplitudes 

find R (oei~) = 2.3 ± 0.9 MeV and e . 

Im(oei,B) = -0.4 ± 0.9 ~.feV, l•rhere 6(~ 2.3 lv!eV) is the mass mixing 

parameter and f3(~ -9°) is the relative phase of the p0 -ru amplj.­

tudes. 

The :production of t.(l236) via -yp ....... 6++7T- (t.0 7T +)" \·Tas studied 
. . + 

in the reaction 'YP ....... 7T 7T-p. \ole present cross sections and .. 
measurement 01' the parity asymmetry p ; for 6 # productiqn lTi th . . a 

~omentum tra~sfer ftt.l < 0.5 dev2 l·re found the values P
0 

= 
-0.27 ± 0.12 and -.0.53 ± 0.15 at 2.8 and 4.7 G~V, respectivP.ly, 

whereas pure one-pion exchange would lead to P
0 

= -1. 

• 
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I. INTRODUCTION 

In this thesis we report the results from a study of 

photoproduction with a linearly polarized photon beam at 

average energies of 2.8 and 4.7 GeY. 1 The backscattering 

1. 

.of an intense ruby laser beam on hi,sh-energy electrons re-

sults in a nearly monochromatic ·photon beam with a de2ree 

of polarization greater than 90%. By exposing the 82-inch 

hydrogen bubble chamber at the Stanford· Linear Accelerator 

Center to.this photon beam we make a clean selection of' 

the reaction 

(1) 

The production of rho mesons in reaction (1) with 

·linearly polarized photons provides an elegant technique to 

study the production mechanism in detail. For example, a 

separation into the orthogonal contributions from natural 

·and unnatural parity (P =±(-1) 3 ) exchanges in the t-channel 

can be made by me~surin~ the p0 decay angular distribution 
2 with re~~ect to the photon polarization plane. 

Diffractive p0 photoproduction (Sect. IV): PreYious.p0 

. . 3-6 t h 0 . photoproduction studies have shm-m hat t e p cross section 

is approximately constant above 2 GeV indicating a diffractive 

character of· the production mechanism. Recent experiments at. 

~ESY7 and Corne118 using polarized photon beams from coher~nt 
bremsstrahlung on diamond crystals together with counter tech-

I 
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2. 
0 . 

niques to measure the p cross section parallel and perpendi-

cular to the polarization plane have shown that the transverse 

part of.p0 production in reaction (1) is dominated by natural 

parity exchange. The DESY bubble chamber experiment, using an 

unpolarized bremsstrahlung photon beam, has indicated that s- ,, 

channel c.m. system helicity is conserved.4 By observing the 

full p0 decay angular di-stributions correlated with the polari­

zation vector of the incident photon we establish that p0 

production is dominated by natural-parity exchange- and that it 

conserves s-channel c.m. system helicity for ltl < 0.4 aev2 
(t is the square of the four-momentum transfer between target· 

·and recoil protons). 

Rho Mass Shift (Sect. IV): The first observation of p0 

photoproduction .on hydrogen9 reported a mass for. the p of 

~ 720 MeV. Bubble chamber experiments performed at the 

Cambridge Electron Accelerator3 and DESY4 confirmed the a.ppar ... 

ent mass shift (lower ·by =:: 4o :t'feV from p production by charged 

pion. beams), and it was shown that the rho shape is skewed with 

respect to the p-wave Breit-Wign~r resonance shape, These ob­

servations have necessitated the use of models to fit the data·, 
0 and because no model has been preferred experimentally, the p 

pro.duc t..lon cross Sf3Ction has been uncertain to about 20%. We 

present model-independent cross seGtions for production of ~+n­

pairs from reaction (1) in the s-channel c.m. helicity-conserving 

p-wave state which dominates in the p 0 region. The high statis­

tics. of this experiment allows us to test the Ross-Stodolsky 

~actor10 by investigating the t dependent of the p0 

I, 
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3. 

mass shape .. · vle . also determined the p0 -production cross 
.• . 11 sections using the Sod1ng. model, \'lhich we found to agree 

with the·data. 

Rho~omega Interference (Sect. V): \·Je .. have examined. 

·reaction (1) for evidence of p0-~ interference. 12 The pos­

sibility of the ro--+- 7r+7T- (G-violating) amplitude interferin-g· 

l'd .. th the p0
--+- 7T+7T- amplitude was proposed some time ago, l3 

but interference effects amounting to two or more standard 

deviations in the 7T+7T- channel have beem reported· only re­

cently.14-20,25 .These experimental results have stimulated 

new theoretical studies of p0 -ro mixing. 21 - 24 The magnitude 

of the observed ro-+-7T+7T- amplitude agrees with these theoreti~ 

cal expectations, and its relative phase, as seen in the de­

tailed shapes of the interference effects, can be interpreted 
0 . 

in terms of simple models for p and m production in quasi- · 

.· t1-m-body reactions. 

Delta-Production (Sect. VI): Previous photoproduction ex-
. . 26 27 28 periments using bubble chambers ' and the SLAG-spectrometer 

have studied 6++(1236) produ.ction in reaction 1, and have shown 

that for photon energies E~ ~ 2 GeV the differential ~ross 

'section do/dt 6 (t 6 is the square of the four-momentum transfer 

between . target proton and outgoinG 6) is proportional to 

1/E~ in common ui th a number of t1'lo-body photoproduction pro~ 

cesses. 29 S~ch ari energy dependence would be expected for pro­

cesses dominated by one-pion exchange (OPE), but·OPE leads to. 
. ~\ a· zero cross sect1on 1n the forward direction in contrast to 

:; 
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4. 

experiment; 28 it is also not gauge invarianl;. These 

difficulties are overcome by a gauge-invariant extension 

of the OPE model proposed by Stichel and Scholz.3° . The 

angular correlations in 6 production by polarized photons 

provide a further check of the gauge invariant OPE model3l 
. I 

and a test of relations based on vector dominance (VDM) .l2 

The evaluation of the data in this experiment was 
. . 

carried out by the SLAC-Berkeley-Tufts Collaboration. 1 

Preliminary results havP. Already been reported in a s~ries 

of publications.1 For completeness this thesis includes the 

results on ~ prn~uction and p0 -ro interferen~e. The treatment 

of the cross sections found in Section III and the p0 produc­

tion results of Section IV is significantly different from 

that presented in publications a and b of reference 1. A 

detailed study of the reactions involving missing neutrals 

(e.g., "YP -mp) can be foun~ in the the~ic: of l'lilli.~.m Puuolsky.33 

;, 
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II. EXPERHIENTAL PHOCEDUHES 

A. Photon Beam 
. . . ' 
6. "lb 34 In 19 2, R. M1 urn, concurrently with F. Arutyunian, 

et al., 35 pointed out that backl·mrd compton scattering of an 

intense polarized laser light beam by high energy electrons. 

would produce useful yields of monoenergetic, polarized 

photons. Such a beam36,37 ~as used for this experiment ~j1ich 
was performed at the Stanford Linear Accelerator Center (SLAC). 

Because the reaction 

is .. a tl,ro-body process, the energy kf of the scattered photon 

depends only on the laboratory.angle, e, as measured with re-

spect·to the incident electron beam. It can be shown that when 

the energies of the incoming photon ki and electron Ee are 

fixed: 

. : ·~·-·--------"" 



1-rhere s is the center of mass enerc;y squared, 

m 2 + 4 k. E e 1. e' k = 
fmax 

4 E 2 k. e l. , and s 

6. 

ki = 1.78 eV. By collimating the backscattered photon b~am 

and incident electron beam vre find 

:::; e 2 
c 

where ac is the collimating angle (z 10-5 radians). 

_Thus, the energy resolution (FHHJ-1) is expected to vary from 

abo.ut two percent for l~fmax = 1 GcV to ten percent for 

kf = 7.5 Ge.V.. AnnthP.r fP..at.ur~ of t·he Compton pror.AEr. :i.r. 
max 

that if the incident light is polarized, after bacl~scattertng 

( e = 0°), it is ·still almust eompletely polarized in th.~ sarne 

ltray. 

Figure 1 shoHs the beam schematic layout. About 1011 

electrons in a 100-nanosecond pulse passed through the five-

meter-long interaction region. The electron beam in the 

interaction re.s;ion l·ras "' 7m..'ll in dia.r:J.eter '''i th a divergence 

of about 10-5 radians. The incident linearly polarized light 

beam i·Tas obtained by Q-svri tching a ruby laser of frequency 

6943 R (ki = 1.786 eV) with a maximum output of two joules, 

nnd pulse lencth equal to fifty n~noseconds. The plane of 

., 
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8. 

linearly polarized lieht could be rotated 90° by insertin~ 

a half-Have plate into the beam line. After the t\'Jo beams 

clashed at a relative angle of 3 milliradians, the electron 

beam l'Tas deflected into a dump. To minir.1ize synchrotron · 

radiation the electron beam first traversed a l'reak magnetic 

field until it was clear of the beam line. The synchrotron 

radiation spectrum resulting from electrons deflected in this 

vleak field \·J'as lm·J' enough to be removed by a high-Z photoelectric 

auourber(lO Uranium foils of 0.015 radiation lengt~thin enoush 

to have a negliGble attenuation of the hiGh-energy photon beam. 

rl'he c;ompton bacl">.scaVcered photon beam vras collimated to ~ 10-~ 

radians by a two-millimeter diameter hole in the final colli-

mater ~ 100 meters dovmstream of the interaction region. The 

signals from scinttllators embedded :i.n this collir.mtor38 were 

used to control the electron beam (and hence the center of the 

photon beam) steerin3 to ~ 10-6 radian~. These signals were 

also used to monitor the photon-beam intens.i ty; control of the 

intensity ~;as accomplished by adjusting the laser output 

(voltage adjustment to the flash-lamps)· o!' the electron beam 

intensity. 



• 
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9. 

B. Bubble Chamber 

Approximately 740,000 pictures l<Tere taken at average 

photon energies of 2.8 and 4.7 GeV in the Lawrence Radiation 

Laboratory (LRL) - SLAC 82-inch hydrogen bubble chamb er r e ­

sulting in 92 ± 4 and 150 ± 6 event s per Mb, respective ly. 

The magnetic field at the center of the chamber was 17.6 kG. 

In Fig. 2, a typical bubble chamber picture conta inin3 

an hadronic interaction is shown. It is noted from thi s 

example: 

1) Bubble chamber pictures permit a clear distinction 

at the scan table bet~oreen electromagnetic and hadronic 

interactions. 

2) Because of the collimator approx imately tvrenty 

+ -meters upstream of t he bubble chamber, an event or e e pair 

falls within ± 1.5mm of a line from the central point of the 

interaction region through the cent er of the final collimator. 

Hadronic events and e+e- pairs that are outside this area do 

not result from primary photons. 

3) In the picture there are e ight e+e- pairs; with more 

pairs, it would be very difficult t o find hadronic events and 

even more difficult to measure them. Therefore, most of t ~e 

pictures were taken with ~ 50 photons per pulse; this corre-

spends to ab out s even pairs per pic t ure . 
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10. 

y 

XBB 708-3776A 

Fig. 2. Typical bubble chamber picture with an event of 
+ 

the reaction yp -+ 1T 1T p. The background tracks are 
electron-positron pairs. 
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C. Energy Spectrum 

11. 

In Fie;. 3, the photon energy spectra are shovrn for the 

two energies. The spectra were obtained from the events 

which satisfy a three~constraint fit to the reaction 

1P ~~+~-p. Because the cross section for this reaction 

is dependent on the photon energy, we weighted the events 

by their relative production probability, 

where E
0 

is the average energy of the spectrum. The low­

energy dependence of the cross section 1·.ras taken from a 

previous experiment.4 Because of the kinematical cutoff 
+ .,.. + -.for. -yp ~ 7T 7T p, e e pairs l•Tere used to determine the photon 

flux below 0. 5 GeV. The triangular shaped peaks vd th lm·rer 

boundaries at about 2.4, and 4~1 GeV (for average peak ener.csies 

2.8 and 4.7 GeV, resp~ctively) contain more than 90 percent 

of the photons. In addition, there is a small tail of a few 

percent e~tending to low energies. 

The energy determination was checked by measuring K6 

decays; and as shm·m in Fig. l~, the ~ mass is correct to 

0.2%. The 7T+7T- mass resolution at the ~ mass is ± 5 NeV. 

The combined data for the tuo enersies are given in Fis. :Jt; 

\·Te find no si[;nificant differences b€t1·1een the tHo samplEs. 
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Fig. 3. Photon-energy spectra <;>btained from events fittiJ;lg the 

reaction '.YP ·_.,/ 1(-p; weighted by their relative production cross 

sections. Below 500 MeV the e+-e- pair spectra were used to obtain 

the photon spectra. ,_. 
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'•• Fig·. 4. Fitted dipion mass from 514 K0 decays (combined data 

of' the two energies). Provides test of momentum determination 

and mass resolution. 
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D. Polarization Properties 

A result of Comptori scatterine polarized light from 

electrons iG that the backscattered photons retain their 

polarization (left circularly polarized light beccnes ri3ht 

circularly pol.arized). This is a simple result of censer..,. 

vation of angular momentum in the case of cir6ularly polarized 

light. However, for linearly polarized light there is a 

depolarization effect that is important at highe~ energies; 

the effect comeE from a sign difference bctv1ccn the J "" 1/2 

and 3/2 amplitudes for left and right circu·larly polarized 

light. Aside from this effect for linearly polarized light, 

there is a decrease in polarization for photons out of the 

ex·act backward direction. A complete treatment of polariza­

tion in Compton scattering can be found in Ref. 3ll·-36. 

The first third of the pictures were taken by alternately 

switching the plane of polarization from horizontal to vertical. 

This was done pulse-to-pulse by flipping a half-wave-plate in 

and out of the laser beam path. These planes were chosen to 

maximize any chamber related environmental biases that could 

occur. After it Has found tha,t the half-1'/ave-plate attenuated 

the laser light intensity by approximately 30 percent, the plane 

of polarization was alternated only at every magazine chan:e 

(about 2hoo frames); the intensity of photons· at· tl1e b.ubble 

chamber. vlas then r.J.aintained at a constant value by ad~: '~lstin;_~ 

the amount of laser light "VIhen the ·ha 1.f-vrave·-plate 1-ms in the 

lq.ser beam path. No detectable differenceG were found in the 

~ I 
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scanning efficiency for vertical vs. horizontal polarization. 

The half-wave plate used during the first run at the 

accelerator was found to be defe~tive. Approximately 18 per­

cent of· the pictures '\'Tere taken With this 11half-wave 11 plate, 

and from its characteristics we found the backscattered photons 

involved had their plane of polarization 45 degrees from the 

vertical and the degre~ of linear polarization ~ 81 percent. 

For the remainder of the photons (82 percent) the degree of 

linear polarization as calculated for the C.ompton scattering 

process was 95 and 93 percent for 2.8 and 4.7 GeV, respec­

tively; averaged over the photon energy spectra. 

The alignment and transport of the laser beam introduces 

an uncertainty in the polarization direction of the high energy 

photons at the bubble chamber. Although the polarization of 

the laser light was measured to an accuracy of one degree at the 

laser, we estimate total uncertainity from all effects to be· 

± 3° for the polarization state without the half-wave plate. 

For the half-wave plate data we estimate a further uncertainty 

of ± 5° in polarization direction. These uncertainties intro­

duce a systematic uncertainty in quantities such as the parity 

asymmetry P (see Section IVC, Eq. 7) and the total helicity a 

conserving p-1'/ave 7l"Tr intensity II (see Section IVB, Eq. 5). 

For the combined polarization states these uncertainty are 

less than 2%. 

The average polarization and a summary of the beam and 

exposure are given in Table I. 
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B~am Parameters and Exposure Statistics 

Avg. beam 
energy, E· 

( GeV) 'Y 

2.8 

4.7 

FHHM 
(l-1eV) 

Avg. Linear No .. of 
Polari~aLlun PlcLure~ 

p'Y 

93% 292,000 

91% 454,000 

E limits Evtsj'~P 
a.~cepLeu 

(GeV) 

2.4-3.3 92 ± 4 

4.1-5.3 150 ± 6 
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E. Scanning Procedures 

The purpose of the scan was to find the hadronic inter­

actions and to determine the photon flux. An interaction 

was defined as a number of outgoin~ particles resulting from 

a gamma-proton collision. The ont[';oing particles had to be 

hadrons such as the proton, pion, kaon, etc. Because the 

initial state is of positive charge, the number of out[!;oing 

tracks "prongs" from the primary vertex normally is odd with 

net unit of positive charge. Rare exceptions occur when a 

negative prong annihilates (e.g. n-p ~n°n) before it travels 

a visible distance, or when the outgoing proton has less than 

80 MeV/c momentum, corresponding to about lmm of range in 

hydrogen. Strange particles are often recognized by their 

decay signature. The electromagnetic background is easily 

id~ntified by one of the following characteristics: 1) elec-

tron-positron pairs have even charge-balance and are normally 

of zero opening angle (rare wide-angle pairs can be confused 

with 2 prong events at the scan table), 2) triplets, where 

the e± pair was produced off an electron, have negative charge 

balance, and 3) Compton electrons, resulting from elastic 

photon-electron scattering, are identified by a sinsle negative 

track. 

The determin<ltion of photon flux 1'/as made by countin::; the 

electron-positron pairs within the fiducial area of the events. 

This area on the film is well-defined because the diameter of 

~he photon beam is less 
1 

than 3m .. :n in the bubble chamber. 
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ar~a was determin~d during the ~can by placing a straight 

edge on the scan table so that it iritersected the average 

of the pair vertices; an event's primary vertex or a pair 

vertex was required to fall within ±2.5mm of the straight 

edge. The length of the scanning area was chosen so as to 

allow m~asurement of the tracks of all events to a suffi~ 

cient length (a minimum of 35 em for forward tracks and 8 

em for backl'Tard tracks) • Frames which met any one of the fol-

lowing requirements l·Tere not scanned but recorded: A missing 

view, abnormally light tracks, overlapping viel'ls, and blank 

areas due to illumination failure. 

The film '\'1as ·double-scanned Hith discrepancies resolved 

in a third pass. The combined double scan efficiency 1·ms· 

found to be greater than 99% for all events except those 

fitting reaction (1) ('YP -+ n+n-p) with short recoil protons. 

Both wide-.angle pair production (HAP), simulattn~ · htHi:ronic 

events, and a low scanning efficiency present difficulties 

here. The number of HAP events which could have been confused 

with events of reaction (1) has been calculat~d uting the 

Bethe-Heitler cross section formula.39 Wide an~le pair candi­

dates contaminating the events of reaction (1) were foGnd to 

be 1.6% at 2.8 GeV and 2- at 4.7 GeV, the majority of which 

have recoil proton momentum less than 140 MeV/c (ltl ·< 0.02 

Gev2, t. is the square of the momentum transfer betv.reen the 

target and recoil protons) . For. It I > 0. 02 GeV2 only h H:'\P 

Gandidates at 2.8 GeV and 15 at 4.7 GeV l·rere found .. After 
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removing the 'tvAP candidates the t distribution '\vas examined 
. 

for scanning losses as a function of ~71'· Assuming that the 

distribution is of the form exp(At) and allowing A to vary 

with l-17T7T' the scannin·g losses were found to be 1.2 ± 0.3% at 

2.8 GeV and 5.4 ± 0.4% at 4.7 GeV. The double-scan efficiency 

was calculated as a function of t and found to be greater than 

99% for those events of reaction (1) vrith t > 0.02 Gev2 • In 

summary, corrections to the cross section for -yp - 71'+71'-p due 

to WAP contamination and scanning losses amount to -0~4 ± 0.5% 

. at 2.8 GeV and+3.4 ± 0.5% at 4.7 GeV. For other topologies 

scanning losses due to short recoil protons were found to be 

negligible. 

Discrepancies between the two scans in counting the 

electron-positron pairs occurred on about 19% of the pair 

counts. These were resolved in a third pass; and it was 

found that the normal mistake ~las for one scanner to record 

one too many or one too few pairs (see Table II). There-

sulting corrected combined double scan efficiency for counting 

pairs was z 100%. Because the evaluation of the cross sections 

for hadronic events is normalized to the e+e- pairs, consider­

ation must be given to possible differences in the scanning · 

procedure for events and pairs. Ue estimate uncertainties in 

the pairs counted (as compared to the events) to be ±2~. 



TABLE II 

Under-and over-counting of e+e- pairs.n 

o1· = +N means scanner 1 recorded N pairs too many, 

andsimi1ar1y for o2. Thus in 2265 frames, there 

were 99 in which scanner 1 recorded correctly and 

scanner 2 recorded one too few. 

::_4 -3 -2 -1 0 +1 +2 •? -r- _, 
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--h I"' 1· 

-3 -~~ 
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-2 "" 6 

·-J. 1 I~ OQ 
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aNumbers ba:::>cd on UCLRL scans only (507~ of tote.l film). 

At SLAC, where individual pai~ vertices were recordGd, 

descrcp~ncie~ tlere resolved on a one to one b2sis. 
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Both laboratories scanned a common subset of the film 

(10%). Comparison ·or the scan results·indicated that the 

scanning procedures for the different laboratories gave 

~onsist~nt results exc~pt for events of the re~ction 

Y.P· ~ 7T+7T-p l·rith short .recoil protons (It I <·d. 02 GeV2). 

For the· different laboratories these events were found i·Ti th 

varying degrees of efficiency·(the average double scan 

efficiency ~1as found to be ~ 87%) • 

F. Measuring ahd Kinematical Reconstruction 

Half the events i·rere measured· on conventional measurin.~ 

machines at SLAC.and half at LRL. The last two-thirds of 

the.first measurements at LRL were processed by the Spiral 

Reader IIi the passing rate \•ras comparable to conventional 

measurihc; machines. Further information of the performance 

of the Spiral Reader can be found in the thesis of \v. Podolsky .33 

At both laboratories the events i·Tere analyzed using the programs 

TVGP and SQUA\v. 40 

After two measurements the failingevents.were looked at 

onthe scan table, where the event.type and other identifi-

cation was checked before sending the event back for a third 

measurement. After the third measurement ~ 2% of the 3-prong 

events remained to be measured. The fraction of 3-prong events 

which could not be measured du~ to secondary scatters or track 

obscuration was= 5% (see Table III). 

The fit hypotheses .made in SQUAvl are given in Table III. 
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TABLE III 

Numbers of Events 

Topology 

'YP - 7r+7T-p 

_ p7r+7r-7ro(1117To)a 

_ 1'17r+7T+Tr-(lmro)a 

+ - b -px x 
Marks 2, 3 ambiguous 

Marks 1, 4 ambiguous 

No fit 

Remeasurable 

Unmeasurable 

Total 3-prong 

·.w - pn+7T+n-7T' 

-pn+Tr+7r-7r-7ro(mrro)a 

- n 3n+ 271"- (1D11o)a 
+..- + - b -pK·A7r7T 

Marks 2, 3 ambiguous 

Marks 1, 4 ambiguous 

No fit 

Remeasurable 

Total 5-prong 

Number Number of Events 
Constraintlt;-y- <!,o ve~ t;'Y- ... r uev 

3 

0 

0 

3 

3 

0 

0 

3 

2936 

3238 

1707 

7q 

681 

5 

35 

183 

387 

9251 

354 
260 

€4 

1 

40 

0 

5 

41 

65 

3281 

4688 

2286 

lo4 

2900 

19 

73 

308 

737 

795 
1194 

429 

115 

528 

1 

8 

101 

?3u 

3335 

1 'YP - p 371"+ 371"- 3 5 44 

2 - p 31r+ 3n- 1r
0 (1D11°)a 0 o 113 

3 - n 4n+ 31r- (mrr0 )a 0 0 11 

No fit 

Reme!!.surable 

UniTJ~asurable 

Total 9-prong 

Pairs counted 

Frames (Pa1rR <:<:>\JI'lt.erl on) 

0 

0 

0 

0 

12,294 

1,808 

19 

"2 

13 

9 

1 

22,010 

C,784 
---- ------------------------- ----------- ------------ --~---------

Good Frames 292,927 452,239 

am = o, 1, 2. 

bThc number of events for Milrk 4 do not include those events 
w1tt1 a \'isible K-dccny (11 "'t 2.8 eev and 18 at 1,,7 CcV for 7P -•K+K-p). 
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No constraint vms placed on the incident gamma energy. Hence, 

marks 1 and 4have 3-constraints in the kinematical fit and 

marks 2 and 3 have no constraints. Selection of fits vras 

accomplished by accepting fits compatible \•lith bubble density 

and 3-conDtraint fits with kinematic x2 
< 30 (see alDO Thesis 

of \V. Podolsky) . 3 3 

2 We have investigated those events with X greater than 

30 for possible losses of genuine ~p -n+TI-p events. The 

momentum ·and energy distributions of the charged particles 

in the 3-pronged events shows this loss < 1~ (see also 

Appendix A). He have also looked for possible biases in the 

kinematic reconstruction and event identification by generating 

Monte Carlo events vli th the pro:3ram PHONY
41 and app lyin.:; t:.1e 

same selection criteria as fbr real events. This study indicates 

+ - c!. the loss of ~p - TI TI p events to be < 11o and the contamination 

from oth~r 3-prong everits to be < 1%. We also estimate mistakes 

made in processing events to be < 1%; hence the total systematic 

uncertainty of reaction (1) is ± 2%. 

The x2-distribution for the events giving a 3-constraint fit 

to 'YP - TI+7T-p (reaction 1) allows one to checl<: the treatment of 

errors in TVGP. If the error treatment is correc:t and the measure­

ments have a Gaussian distribution, the x2 distribution for the 

events should follow the theoretical x2 distribution for t~rce 

degrees of freedom. Hm1ever, it is more com.1non for bubble char.l-
h2 . 2 

ber experiments' to find their X distributions too wide by a 

factor of a 2, and to have too many events at high x 2 . In Fig. 
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5, we giv~ the x2 distribution for the events of reaction (1). 

For comparison v;e give (full curve) the theoretical x2 dis­

trib~tion f6r three degrees of freedom. The z 7 percent too 

many ev.ents for x2 
> 10 is primarily due to non-gaussian tails 

which are not taken into account. This percentage is not 'un-

reasonable. If we assume that all input errors are equally 

too small by o,, the x2 distribution 1-·rould scale by a 2 . Out-

put errors are then assumed to scale also by a. We selected 

those fits With x2 
< 10 to determine a

2 ; thus vTe avoided the 

excess of ~vents with large x2 that are associated with errors 

having, for example, non-gaussian tails and not an under-

estimation of the gaussian width itself. We then made a fit 

of th~ remainins events to the x2 function shape 

This corresponds to the theoretical 3-constraint distribution 

at a = 1. We obtained for a 2 the values 1.09 ± 0.02 at 2.8 

GeV and 1. 08 ± .0. 02 at 4. 7 GeV. It follm-1s with the assumptions 

discussed above that the output errors from TVGP are too 

small by a factor a = 1.04 ± 0.01. 

As discussed earlier (see Fig. 4), effective masses and 

their errors . + -been checked by observ1ns the TI TI mass 

distribution for K0 decays. Agreement was found for the mass 

of the K0 and the calculated error f1 om SIOUX (K0 mass correct 

to 0.2% and 6~~ _ = ± 5 MeV). From the celculated error in 
lT I! 
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SQUAi·J for the events of reaction ( l) '\'Te find 6M7T7T = ± 5 It!r=V 

in the p mass re.:,ion. A further check i·;as rnade by comparin::.; 

events measured at SLAC and also at LRL on the Spiral Reader 

II. Details of this comparison can be found in Appendix t4.. 

The results of the measurement and reconstruction for the 
I 

events processed at SLAC and LRL Here found to be in good· 

agreement. 

J •. 

,, 
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III. TOTAL AND PARTIAL CROSS SECTIONS 

Thephotoproductioh cross sections were obtained by 

relating the number of.hadronic· events Nand the number of 

e+e- pairs N (pairs)·produced in the same chamber volume to 
. . . . . 

tne known e+e- pair-production cross section cr . : . pa1r 

cr(·yp- hadrons) 

Pair production cross sections on hydrogen used in thi~ 

paper result from the theoretical work of Jost, Luttinger, and 

Slotnick (JLS). 43 Their covariant calculation, utilizing the 

unitarity of the S-matrix, has 

the advantage that electron screening of the proton is included. 

Knase144 evaluates by numerical means the formula of JLS to an 

accuracy of 0.1% above 20 MeV. The values of Knasel agree in 

both the high energy and lot-1 energy limits ·with the Be.the and . 

h i lt 45 ·Bet e-He tler resu s, . respe9tively. The formula of Bethe 

and Heitler neglects electron screening of the proton and 

is therefore good only at small photon energies (belqw 50 MeV). 

The form·ula of Bethe· has approxima.tions of the order 1/k and 

is thus only eood at high energies (greater than 10 GeV). 

Knasel applies variou? corrections to the result of the JLS 

cross section to account for retardation effects .and r~diative 

correction using the ·i'Tork ·of Hark and Mark and 'olsen. 46 The 
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Table IV: Cross sections for pair production on hydrogen 

according to Knasel as a function of photon energy k. 

{MeV) a (mb) k (Mev) a (mb) 

100.0 11.66 1000.0 18.29 

150.0 13.15 1250.0 18.65 

175.0 13.69 1500.0 H~.91 

200.0 14.15 1750.0 19.11 

300.0 15.45 2000.0 19.26 

4oo.o 16.28 3000.0 19.65 

500.0 16.85 4000.0 19.tn 

6oo.o l'f .2e 5000.0 . ~0 .0'.2 

700.0 17.62 8000.0 20.25 

8oo.o 17.88 10000.0 20.33 

900.0 18.10 

ti'· 
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cross section values determined by Knasel for pair production 

on hydrogen are given in Table IV and are precise to ±0.5%, 

well within our statistical errors of ~ 1.6%. Recent experi­

mental ~ork at DESY has determined the total paii production 

cross section in-hydrogen with errors of about 1~. 47 These 

results are in agreement with the 1-wr~~ of Knase l. 
. + -The number of e e pairs uas determined by counting the 

pairs in the fiducial area on four frames per roll yielding 

~ 30 pairs per roll compared with ~ 25 events per roll. 

Corrections were made for pairs produced outside the 

energy selection (see Table I) and fiducial volume. The 

energy correction 1·ras made using the photon-energy spectra 

of Fig. 3 (weighted by the relative pair production cross 

section). The fiducial volume correction for the pairs ~as 

made from the photon energy spectra obtained from the events 

of reaction ( 1) v;hen the· vertex falls outside an el1ipse de·-
1/2 

fined by [(6x) 2 + (llz/2) 2 ] = 2mm; M (horizontal) and llz 

(vertical) are the distances the vertex is from the central 

beam line. The beam line was determined from a least squares 

fit to the events of reaction (1). The factor two dividins 

llz.is to account for the larger measurement uncertainty in 

the vertical direction. These corrections are given in TabJ.e V. 

Corrections were made for hadronic events outside the 

fiducial volume from the distribution of the pri~ari vertices. 

For the enerGY correction we used the photon-energy spectra 



Table V: Corrections to be applied to the events 

in Table III. 

Corrections a in percent for E {GeV) y 

TOJ20lo~~ 2~8 . 4. 7 

a) -0.4 + 0.4 +3.4 ± 0.5 
+ -yp -+rc rc p t3) -1.3 ± 0.2 -2.8 ± 0.3 

·y) -2 ''3 ± o. 3 -9.6 ± 0.6 

s) 0 + 2 0 + 2 

Pt.her 3-prnne; (3) -0.6 + 0.1 -0.9± Q.l 

a. 

y) -l.l ± 0.3 -1.0 ± 0.5 

s) 0±1 0 + 0.6 

5-prong 13) -0.1 + 0.1 -0.3 ± 0.1 

y) -0.6 ~ 0.) -4 ·5 ± 0.4 

7-prong y) -3.2 ± 0.2 

a) 0+ 2 0 + 2 

Pairs f3) -1.2 + 0.4 -2 .i + 0.4 

y) -1.9 ± 0.4 -1.0 ± 0.6 

The entries a, ~~ y, s denote corrections for: 

a) scanning efficiency and wide-angle-pair 
contamination, 

~) for events outside the fiducial volume (see. 
text), 

y) for everrs outside the energy selection 
(2.4 < E < 3.3 GeV and 4.1 < Ey < 5.3 GeV 
at Ey = 2.8 and 4.7 GeV respectively), and 

t) uncertainty in the kinematic reconstruction 
and ev~nt identification {+ 2% error in 
yp -+ rc rc-p and~ in other 3-prongs are correlated) . 

30. 

•, 
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of Fig. 3~ weighted by the relative- topology cross sectibn. 

These_corrections are given in Table V. 

For the calculation of cross sections, the unmea.surable 

and remeasurable events of Table III Here distributed arnont; 

the different channels in the same proportions as for the 

measurable events. In Table VI l·Te give the cross sections 

by. topology and for reaction (1). In Fig, 6 the ~ross section 

for reaction (1) as measured in this experiment is shown as a 

function of the photon energy together i'ri th the results of 
' 2 48 ·55 Ja previous experiments. ' ' Using the previously published-

1 prong cross sections found in this experiment(based on~ 10% 

of the exposure),we obtain the total cross sections given in 

Table VI. The results are in agreement with the prelJminary 

values redorted for this experiment. 1a 



Table VI: Cross Sections 

Cross sections by topology at the average photon energies 

E = 2.8 and 4.7 GeV for events selected in the intervals r . . 
2.4< E < 3.3 GeV and 4.1< E < 5.3 GeV at 2.8 and 4.7 GeV, . r r · 
respectively. Errors include systematic uncertainties 

( '.% for 'YP ~ 1/ rr-p, 2% for other topologies). 

Cross Section in llb 

Topology For E = r 
2.8 GeV 4.7 GeV 

FWHM = 0.15 GeV 0.45 GeV 

+ - 30.6 ±. 1.2 19.9 ±. 0.8 YP ~rrrrp ' 

OTHER 3-prong a 61.1 + 1.9 61.5 ±. 1. 7 -
5-prong 8.4 + 0.4 19.6 ±. 0.6 -
7-prong 0.05 ±. 0.03 0.84 + 0.08 -

with strange b 

particle decay 8.1 ± 0.5 8.5 :!: 0.5 

1-prnng c 
~~.7 ± 1-5 15.6 ±. 1.2 

·- -- - -----

Total 131 ±. 3 126 + 3 -

32. 

a An n-prong event has n charged particles without detected strange-
particle decay. 

b Cross sections for events with strange particle decay based on 
5o% of total flux. 

c Cross sections for 1-prongs taken from ref. la Which is based on 
lo% of the data. 
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IV. p0 PHOTOPRODUCTION IN THE REACTION 'YP -. 7T+7T-p 

In sections IV A through D l<Te give results. for p0 pro­

duction and decay in the reaction 

{1) 

vle find this reaction dominated by p 0 production in the .quasi­

two body final state reaction 

A less significant feature of reaction {1) is 6++(1236) pro­

duction which is discussed in section VI. The effects of 

contamination by wide-angle pairs and scanning losses of events 

with a short recoil proton in reaction {1) have been discussed 

in previous sections. The corrections were found to be negli­

gible fo~ events with ltl > 0.02 GeV2 (t .is the square of the 

four-momentum transfer between incoming and outgoing proton) 

and consequently, for all further studies only events with 

ltl > o.o2·aev2 \'l~re considered. 

~. Dalitz and Chew-Low Plot Distributions 

Figure 7 sho11s the Dali tz plot distributions at the t'\'ro 

energies for M2 {1r+p) ~· M2 {7T+7T-), in reaction {1). A dis­

tinc.tive p0 band is clearly visible at low :t-1{7T+7T-). The 
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sin2eH decay distribution of the p0 
( se.e Section IV-C) is 

related to the non-uniform density of events in the p0 band 

as a function of M2(11'+p); ·at low ·and high M(11'+p) there are 

relatively fe\'rer events than for intermediate values. The 

6++(1236) is significant at 2.8 GeV, and is less important 

at 4.7 GeV (see also Section VI). There appears to be no 

significant contributions from other resonances in the dipion 

or the + proton-71' system. Little 6°{1236) production is 

found in the proton-11'- system as seen in Fig. 7 . 
... 

The "Chew-Lo1'T plot" distributions (at the two energies) 

for jtj ~· the square of the dipion mass are shown in. Fig: 

8. The distinctive p0 band is concentrated at low ltl. The 

p0 mass shift to lm·r M71'71' is seen as a higher concentration of 

events at masses belo't'T Mp. It is also apparent that as It I 

increases the density distribution becomes more symmetric 

about the rho mass. 

B. Cross Sections and the p0 Mass Shift 

1 .. Parameterization and Model-Independent Results. 

Figure 9 shows the 71'+71'- mass distributions. The top 

spectrum shm'ls all events of reaction (1) at 2.8 GeV and 4. 7 

GeV; below, these distributions are repeated for the events 

grouped into various t intervals. The dominant feature is 

p0 production, \'Thich has the characteristic down~·1ard p0 mass 

shift found in previous photoproduction studies at CEA3 and 

DESY. 4 l·le have looked in the 71'+71'- mass distributions for the 

!' 
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production of higher-mass mesons, in particuiar the vector 

mesons p' and p" with mass of~ 1.3 and ~ 1.7 GeV predicted 

by J. Shapiro49 using the Veneziano model. The· upper limits 

(1 a) on their production cross sections at 4.7 GeV are 0.5 p.b 

a.nd 0.4 p.b, respectively, assuming for both p' and p" a "ttidth 

of 200 MeV and decay into ~+~- only. These upper limits agree 

with other experiments6 but are still consistent with a re­

cent Veneziano model calculation by Satz and Schilling.5° 

In the past, good fits to the ~+~- mass distributions were 

obtained (ABBHHM) 4 by multiplying the Breit-Wigner distribution 

with an energy dependent width according to Jackson51 for the 

p0 by a mass-skewing factor [M /M J4 from the diffraction . p - "'lT7r 

dissociation model of Ross and Stodolsky. 10 In. order to test 

the Ross-Stodolsky factor we have multiplied the p-wave Breit­

Wigner for the p0 by the factor [Mp/M
7
rn.]n(t). Maximum likeli­

hood fits were then made to the events of reaction (1) assuming 

the density distribution 



. 4o.· 

(2) 

+ (1-f -f )·N ~1] d (Phase Space) · 
6 p PS 

+ where M7T+p = 1r p invariant mass, t 6 = square of the momentum 

transfer betw·een incoming proton and the outgoing (n +P) Gystem. 

The ·parameters fA and f are the f'ractions of events of 6++(1236) 
. L.l p 

and p0 to be determined. BI·T6 (Mp7r+) and BWP(M7T+7r-) are the 

resonant distributions for 11++ and p0
, 

BWx(M) 
H r(~1) (2 .1) . = q (t1) ,. 

(M?-M 2)2 + M 2r 2 (H) 
0 0 

r(M) = ro (~fll~d *r-p t;J . (2. 2) 



.,, 

0 . ·. 
p ·production: 

X= p· 

Mo = M p (parameter) 

·r 
0 

= r p (parameter) 

q(M) = 3-inomentum of the 7T+ 

in the 7T7T rest ·system 

(q2(M) 2 -1 
p(M) = + q (Mo)) 

41. 

6++ production: 

X =.6. 

M = M + p7T 
M

0 
= 1236 MeV 

r
0 

= 120 MeV 

q(M) = 3-momentum of the proton 
in the p7T+ rest system 

2 -1 
p(M) = (2.2 M7T + q2 (M)) 

M.,y. = pion mass 

The normalization N6 , Np' and NPS were determined by Monte 
2 . 

Carlo integration. W(coseH) = 3/4 sin eH describes the e 

dependence of the p0 decay distribution in the helicity system. 

The factor exp(7.1 t
6

) approximates the t
6 

distribution of.the 

6.++{1236). A brief description of the maximum liklihood fitting 

program can be found in Appendix B. 

The contributions from the 6.++, p0 and phase space together 

with the parameter n(t) were determined in the fi.t as a function 

of t. The fits described the 71'+7T- mass spectra well, as shol'm 

by thedashed curves in Fig. 9. The fitted values for n(t) 

are shown in Fig. 10 and Table VII. In contrast to the pre·­

diction of Ross and Stodolsky, namely n(t = 0) = 4, the para­

meter n is> 5 near t = 0; it drops to zero around !tl = 0.5 
2 GeV • 
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Table VII: The parameter n(t) in the factor 

{Mp/~~~n(t) at 2.8 and 4.7 GeV. Results 

are also plotted in Fig. 10. 

-t (Ge~) 2.8 GeV 4.7 GeV 

O.a2 - 0.08 5-.3 ±. 0.3 5-3± 0.3 

o.o8 - 0.18 4.5 ±. 0.3 4.9 ±. 0.3 

o,18 - o.lt · 3·:J :!:. 0,4 2.8!. 0.3 

0.4 - 1.0 1.0 ±. 0.9 0.3 ±. 0.6 

42. 
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Fig. 10. Fitted values for n(t) in the paraineteriz~tion (Mo/Mrrrr)n(t) 
. . . . . 0 

as the mass skewing factor for the reactio~ ·YP. ~P p. For numerical 
.. 

vaiues see Table VII. 
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For comparison, the curves corresponding to n(t) = 4 and 

the fitted value n(t) = 5.3 (see Table VII) are shown in Fig. 

11 for the lowest t bin (0.02 < I tl . < 0~08 .aev2). The dashed 

line gives the fit results of n(t) (confidence level= 30%), 

·and is far better than that obtained with the factor n(t) = 4 

shown as a s?lid line (confidence level< 0.1%). 

The parameter n( t) wao det.ermined again al"lowing for 

p 0 -w interference (see Section V) by modulating thP. p0 ampli­

t~de by the ~actor t.of Eq. 11 Section V. The· mass mixing 

parameters were set at the values 6 = 2.5 MP.V and~ ~ 0 degrees. 

No change was found for n(t) (for 0.02 < It! < 0.08 Gev2 

n ( t) = 5. 25 ± 0. 3) • This result is not surprising because 

the·p0 -w interference only af:fects appreciably the mr mass 

d1stribution from 750 - 810 MeV, However, the factor (M I p 

M.,rn) n(t) ).s most s·trongly ·influenced by the signals fnr 

~ < 650 MeV and > 850 MeV. 

A test was made to determine what influence the energy . 

dependent width had on the de~ermination of n(t). Replacing 

the Jackson form of Eq. 2.2 by a constant widLh in the Breit­

W1gner of Eq. 2.1 we determined again the values of n(t), Mp' 

and rp. For the lowest t bin (0.02 < ltl < .o.o8 aev-2) t•re obtain 

·n(t) = 4, however the predicted 7T'+7T- mass spectrum does not 

agree with the data (confidence level < O.Ol%); too much 

signal is predicted at low ~· 

' I 

I 

I 
. I 

I 
; 

,.I. 
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. Fig. 11. Reaction yp _1f+1f-p: M1f+1f- at 2.8 GeV for events with 

0.~ <ltl< O.o8 Ge"' (data of Fig.9). The curves show the results of 

maximum likelihood fits using Eq. 2 with the parameterization (Mp/l·iJm)n(t) 

'for n(t) = 4 (Ross-Stodolsky factor) a~d the optimum value n(t) = 5.3. 
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To determine the rho mass and width we approximate the 

n(t) dependence of Fig. 10 at 

2.8 GeV by n(t) = 5.6 + 8t for ltl < 0.7 Gev2, 

n(t) 0 for ltl > 0.7 
2 

= GeV ; 
(2.3) 

4. 7 GeV by n( t) 6 + lOt for I tl 0.6 2· 
= < GeV , 

n(t) = 0 for ltl > 0.6 Gev2 • 

The parameters MP, r P and AP of Eq. 2 ('t-ri th the Jackson. form 

for. the p \·ridth, Eq. 2.2) were then determined in the maximum 

likelihood fit f'or events in the lowest three t bins 

(0.02 < ltl < o.4 Ge~)'which contain:::: 75% of the events of· 

Reaction (1). vlc obtained for the rho maBs awl wlLll.ll !..he 

values ·(766.± 3), (145 ± 6) and (762 ± 3), (141 ± 5) MeV for 

· 2.8 and 4.7 GeV, respectively. The values obtained for the 

exponential slope, Ap, were (6.36 ± 0.30) and. (6.31 ± 0.26) 
-2 . 

GeV fOt the two energies. 

In Fig .. 12 ll..re give the exponential t.ilupe of the t dis­

tribution as a function of the 7T'+7T'- mass. 4 The slope, A, 

w·as obtained by fitting the events in a given 7T'+7T'- mass bin 

wi.th 0.02 < I tj < 0.4 Gev2 to the form 
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Fig. 12. Reaction r.p -+n+n-p: Exponential Slope of the t distribution 

as a function of the n+n- mass taking all everttsin a given n+n- mass 

bin with 0.02 <ltl< 0.4 GeV2. The curves show the prediction of the 

.. Soding Model, Satz and Schilling (Ref. 50), and A(Mnn). of Eq. 3. 
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cr e 
A(M,rn)t 

The strong variation of A with the 7T+7T'- mass is related to the 

. t dependence of the 7T+7T- mass distributions, i.e. n(t)'. This 

can be seeri-by writing the density distribution of Eq. 2 in 

the form 

. M n(t) A t 

M (t,M,rn) = B(M,rn)G~) e P + 

contributions from 6++ and·constant background. Assuming 
-2 

Ap .= 6.3 GeV , n(t) = a. + {3t, neglecting contributions from 

6++ and constant background, ancl 'Lal\.lng tt1e ln; we find 

The linear term in t is 

. (3) 
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Using {3 obtained from the ·approximate n(t) behavior found 

in thi~ experiment (see Eq. 2.3 and Fig. 10), we show by the 

dashed curves of Fig. 12 A(Mmr) obtained from Eq. 3. A(r-17T7T') 

describes well the dependence of the exponential slope of the 

. t distribution on the :rr:n- mass. 
0 .· 

The total p production cross section in Reaction (1) ob-

tained by fitting with the parametrization (M ./M )n(t) and 
. p 7T7T' 

correcting for the interval I tl < 0.02 Gev2 is g.iven :i.n Table 

VIII(middle). 

The analysis of the p0 decay in this-experiment shows 

(see Section IV-C) that for It I < 0.4 Gev-2 t.he p0 .decay angu­

lar distribution is 

(4) 

The angles are sketched in Fig. 18; e is the polar angle of 

_ the decay n+, ~ is the polarization angle defined as t = ¢-~, 

where¢ is the azimuthal angle of the n+with respect to the 

production plane, ~ is the angle between the photon electric 

vector and the production plane, and P is the degree of linear 
'Y 

polarization of the photon. All angles are calculated in the 

+ - h ] . "t t 1r w e .. 1c1 y sys em. 

of the moments Y~(e), 

Equation 4 can be expressed in terms 

Y~(e) andRe ~(e,~): 

' 



Table VIII: 
. + - . 

Total cross sections for yp -+p~ ~ ; total and 

forward differential cross sections and slope A for produc­

tion of~·~- pairs in the a-channel c.m. helicity conserving 

p-wave state (IT) and for p0 production as determined from 

fits with the parameterization (Mp/Mrcrc )n( t) and the Soding 

model. 

~ E a da(t=O) A ., 
dt 

(GeV-2) (GeV) (~.tb) (~/Gey2) 
. . ~ .. --

bel. eons. p-wave (TT) 

2.B 18.4 + 1.1 144 + 12 1·' ± 0.6 - -
4.7 14.0 + 1.0 99± 1 7-1 ± 0.5 

0 production with parameterization [Mp/M~rcJn(t) p 

2.8 20.8+ 1.0 138 ±. 8 6.6 ± 0.3 

4.7 15.6 ± 0.7 lo6 + - 5 7-0 ± 0.3 

~0 production with Ooding model 

2.8 18.3 ± 1.0 97± 7 5·3 ± 0.4 

4.7 15-3 ± 0.7 88+ 5 5.8 ± 0.3 -

50. 
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W(B,t/1) ~ _!_ Y0 (8).- .l .Y0 (6) 2 P f3 R Y
2 (e ) (4.1) . .J4; o ../ 207r 2 . + 'Y \1 4C5rr e . 2 , '1/1 

Because of its '1/J dependence, Re Y~(B,l/l).is the least 
I 

· affected by background and therefor~ has been used to deter-

mine the s-channel G .• m. helici ty - conserving p-wave 7T'7T' inten-
2 . . . 

sity IT. Integrating Re Y2 over Eq. 4 (or 4.1), we find 

(5) 

where the summation is over all events. The dots marked on the 

histograms· of Fig. 9 show II is a function of M7T'7T' for different t­

i.ntervals. ~ve notice that a) in the p region II accounts for 

almost all events and shows the same skewing as the mass dis­

tributions; b) above M7T'7T' = 1 GeV, n is zero within errors, 

again emphasizing the absence of higher vector mesons; this 
' 

also shm·.rs that the backgro.und which is present above 1 GeV 

does not contribute to Re ~· The total helicity-conserving 

p-wave cross section (corrected for the interval ltl < 0.02 

aev2) is given at the top of Table VIII. 

lve have also studied the 7T+7T- mass dependence of other 

~(e,l/1) moments. In Fig. 13 we shmt the moments Y~ to Y4 and 

Y6. The Y~ moment shm'ls the behavior· expected for the sin2e 

decay of the p0
• The slightly positive values of Y~ above 
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Fig. 13. (b) Reaction rp -+n+n-p: The moments Y~(e), Y~(e,w), and 

~(e 1w) ~~the helicity frame .as a function of Mnn for 0.02 <ltl< o.4 

· · Ge". ·The curves show the results o:f the Soding Model. 
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Fig. 13. (c) Reaction 'YP _, :/,c-p: The moments Y~(e), Y~(e, 1/r), 

Yj<e, 1/r), Y~(e, 1/r), Y~(e), and Y~(e) in the helicity frame as a function 

of M for 0.02 < t < 0.4 Gev2. The curves show the results of the nn 

·soding Model. 
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1 GeV are due to the 6 reflection. 

56 .. 

The moment Y0 shows a 4 
distinctive interference pattern in the_pregion at 4.7 GeV 

which can be interpreted as an interference betl'leen the . p0 
· 

and a 7T'+7T'- partial 't'lave state of spin J ~ 3. At 2.8 Gey the 

.moment Y4 does not show a ·statistically significant inter­

ference effect. This is due to the large .1 ++- production, 1·rhich 

plays only a minor role at 4.7 GeV. 

Figure 14 and Table IX show the differential cross sections 

dcr/dt for p0 production from an independent maximum likelihood 

fit separately for each t-interval with the den~ity distribu­

tion of equation 2. For these fits. the exponential t-dependence 

for the p0 and 6++ \'Tas removed, and we used for n(t) ·the linear 

beh~vior of Eq. 2.3. Also shown ih Fig. 14 and Table IX are 

the differential- cross sections for the helicity-conserving 

p-l'Tave state, IT. Fitting the differential cross section values 

for ltl < 0.4 Ge~ to the form 

dcr = dcr/(t = O) eAt 
t.l'L t.lL 

,.,.e obtain dcr/dt (t = O) and A as given in Table vrrr.56 For 

ltl < 0.4 Gev2 the differential cross se~tions and the slopes 

obtained ·for rr(t) and for the p0 fitted with the parameteri­

z~tion (Mp/N7T'7T')n(t) agree l'lithin errors. 
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+ -· Table IX: Differential cross sections· for production of n n pairs in the s-channel c .m. 

helicity conserving p-wave state ~7) and for p0 production with the parameterization 

.[Mp/~n1n(t} and p0 production using.the ~oding model• at 2.8· and:4.7 GeV. Results are 

plotted in Fig. 14. 

I. 

d.a/dt (~b/Gev'2) 

E = 2.8 GeV E = 4.7 GeV .., .., 
-t (Gev2) 0 . t~ p0 (Soding) Po wit~ p0 (Soding) n p Wl 

'll ~M /Mrc )n t) · (Mp/Mnn )n t) I'' p 1T . 

0.02 - 0.05 120 + 11 121 :!: 9 80 :!: 7 73 ±. 7 85 ±. 6 71 :!: 4 

0.05 - 0.075 88 + 10 92 :!: 8 69 :!: 7 63 :!: 7 72 :!: 5 61 :!: 5 

0.075 - 0.10 67 :!: 10 74 :!: 7 . 63 :!: 7 51 :!: 6 54 ±. 4 51 :!: 5 

0.10 - 0.15 56 :!: 6 55 :!: 4 50±. 5 44 + 4 45 :!: 3 45 :!: 3 -
0.15 - 0.20 36 :!: 5 43 ±. 4 42 + 4 36 ±. 4 35 ±. 2.5 36 :!: 3 -
0.20 ..: 0.25 29 ±. 4 33 ±. 3 28 + 4 16 :!: . 3 11::!. 7 ±. 1. 6 21.3 :!: 2.1 

0.25- 0.30 19 :!: 4 21 :!: 3 24 ±. 4 13 ±. 3 .17·7±.1.5 20.6 + 2.2 

0.30 .- 0.35 15 ±. 4 17 :!: 2 18 ±. 3 9-0 ±. 2.2 11.0 ±. 1.1 13 ·5 :!: 1.6 

0.35 .- 0.40 1·1:!: 3.0 12 + 2 13 :!: 2 6.7 ±. L8 8.4 + 1.0 9.2 ±. 1.5 

0.40 - 0.50 4 ·3 ±. 1.5 5.6:!: l.l 7 .? ±. 1.3 5·5 ±.' 1.1 5·7 ±. 0.6 6.5 :!: 1.0 

0.50 - 0.70 3.2 :!: 0.8 2.6 + 0.6 2.9:!: 0.7 0.6 :!: 0.5 2.2 :!: 0.3 2.6:!: 0.5 -
0.7 - 1.0 1.0 :!: 0.6 2.2 + 0.4 0.9 ±. 0.3 0.71 ±. 0.16 -
1.0 - 1.5 0.7:!: 0.4. 0.74 :!: 0.22 0.15. ±. 0.20 0.33:!: o.oB 

1.5 - 2.5 o. :!: 0.17 0.17 ±. 0.09 0.20 :!: 0 .09 0.066 ±. 0.027 

2.5 - \we o. + 0.11 0.23 ±. o.oB 0.015 ~. 0.013 o.o16 + o.ooe 

• The differential cross sections forjtj > 0.7 Ge~ were determined by describing p0 

production by a p-wave Breit-Wigner. 



Fig. 14. + -Reaction n> -+ 1t' 1t' p: 
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Differential cross sections as a 

function of t for the helicity-conserving p-wave contribution TT, 
for p0 production as obtained from fits with the Soding model and 

·using the parameterization (Mp/M1t'1t')n(t). The shaded regions are 

shown on.an expanded scale at the top. For numerical values see 

Table rx·. 
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2. The Soding Model 

We have compared our data t-Ti th the model of Soding, 11 

which explains the p0 mass shift in terms of an interference 
0. . 

between the p amplitude (Diag. I of Fig. 15}. and a Drell-

. ty-pe background amplitude (Diag. II and III}. In adding the 

Drell background terms to the p resonance production amplitude, 

one stands in danger of iidouble counting". For example, if 

one thinks of the pas being formed by repeated~ exchange 

then Diag. II, III correspond to just one term in the ·sum of' 

diagrams ~o.rresponding to -YP ... p0 p followed by p 0 
... 7T'+7T- .53 

T. Bauer52 and J. pumplin53 'avoid double· counting by multi­

plying the Drell term in the p-wave state54 by ei6 coso, where 

6 is the rho phase -shift. In terms of a Brei t-lvigner form 

The followingjustificationfor this factor is an a~gument.of 

J. Pumplin.53 In the lab frame the lifetime for forward p0 is 

= E~/MP~r at high energies, which is long compared to·the time 

associated with production and scattering 2 E'Y/Mp2 • It is 

·therefore natural to treat the p as a stable elementary object 

in considering the dynamics of its production. Pumplin then 

adds to the·Drell terms, a rho resonance production term, and 

' .. 



II 

SODING MODEL: 

RHO DRELL 

+ 
p p 

(I) <m) 

+ 

RESCAT.TERING 
Y "'\A. ""' · · . . . P0 

.. V\,1\.--~ ' , . ' , 

p p p 

{IV) 

XBL 7010-6686 

·. 
+- ~ · Fig. 15. Diagrams for the reaction rp -+1t 1t p corresponding to the i:>Oding Model. 

Diagram (IV) is added to account for double counting when adding the rho (Diag. I) 

and Drell .(Diag. II-III) amplitudes. 0\ 
t-' . 
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a rescatterihg term (Diag. IV of Fig. 15) and ·shows that 

adding the absorptive part of the rescattering term (corre­

sponding to the pions which fprm the p being on the mass 
.· 

shell) to the Drell terms is equivalent to multiplying the 

Drell terms by eio coso. 

The results for this experiment for the Soding model. 

without the rescattering correction can be round in reference 

1-b. 
lo 

'T'hP. predictions of the Soding. model. have been calculated 

using a Monte Carlo program written by P. Soding, but modified 
. . 5? t)3 . 

by us to all0\11 !'or the Bauer and Pumplin' rescatterlng Lerm 

and to permit. noninterfering constant background and additional 

.1++(1236) amplitudes. A descriptibn of the S<5ding model as 

used in this experiment can be found in Appendix C. 

The lowest three t bins (0.02 < ltl < 0.4 Gev2) were used 

to determine the rho mass and width appropriate for the SBding 

model; we find Mp = 778 ± 3 (769 ± .3) MeV and rp = 146 ± 10 

- (146 ·± 10) MeV at 2.8 (4,7) GeV. As shown in Fig. 16 the S6ding 

model (full curves) describes well the n+n- mass distribution. 

The additional curves of Fig. 16 give the contributions from 

the rho, Drell, interference (p 0 and Drell), constant background, 

and extra .1 ++ ( 1236) terms. From these curves \<Te note the 

fo llo\'ring: 
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Fig. 16. The 1lrc- mass di stri bu tions for the reaction rp -+ rc + rc-p 

(data of Fig. 9). The full curve gives the predictions of the 

Soding Model; the other curves represent the individual contributions 

-making up the.Soding Model. 



a) At ~1P the p0 production accounts for almost all 

the n+n- si_znal. 

64. 

b) The shape of the 7T+7T- mass distribution is a con-

sequence of th~ interference term being positive 

belovr HP and negative for M > M • 
. 7MT p 

c) The Sodin~ model describes Reaction (l) well .as in­

dicated by the small contributions from constant back-

ground 5(3.3)% and extra 6++ 2(0.7)% at 2.8{4.7) Gev. 

The fitted values of aDRELL/opo are shoYm in Fig. 17(a) 

as a function of t. The curves give the t dependence of·. 

oDRELL/o 
0 

as calculated from the. Soding model. The Soiling 
p 

model describes the t dependence of the n+:r- mas~ distributions 

(solid lines of' F'ig. 9) and of crDRELL/opo,and consequently, 

the related dependence of the exponential slope of the t dis­

tribution on the n+7T- mass4,55 (solid lines of Fig. 12). The 

shape of the interference pattern observed fo.r Y4 and other 

.. ,Y!!! o.f Fig. 13 is also correctly predicted. The total p0 

L 

production cross sections obtained by fitting the·Soding -model 
. . 2 

to our -data (and correcting for the interval ftl < 0.02 GeV) 

are given in Table VIII. 

In Fig. 1L~ and Table IX we c;ive the differential cross 

sections obtained from fits with the S5ding model. From the 

differential cross section values for ftl <. O.h Gev2 we obtain 

dcr/dt (t = 0) and the exponential slope, A, as given in Table 
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Fig. 17. (a) Ratio of the fitted nr·ell to rho cross sections "nR~1/a P 

as a function of t. The curves show the predictions of the Soding Model. 

(b) Ratio of "INTERFEHENr.F./ap as calculated from the s"oding Model where 

. "INTERFERENCE is the integral of the interference term over phase space. 
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VIII. These values are smaller than those for the para­

meterization (Mp/Mnn)n{t) or for IT by 25% (17%) at 2.8 (4.7) 

GeV for the forward differential cross section and = 20% for 

the slope. The smaller values of the Sffding.niodel are a con-

. sequence of two effects: 1) the interference term is strongest 

at small ltl and 2). the integral over the interference term 

aiNTERFERENCE :rrom ·Mnn = threshold to Mnn = ~ {t) decreases 

and becomes negative with increasing ltl. This behavior is 

seen in ~ig. 17{b) where we give the t dependence of 

as calculated from the Soding model. Thus 

the differential cross section for p0 production will be smaller 

than the parameterization values which counts almost all the 

n+n- signal as rho at small momentum transfers. Conversely, 
0 at larger momentum transfers the p production as determined 

by the Soding model may become larger than the parameterization 

values. 

We note that there are theoretical difficulties with the 

· Soding model, namely: 

(1) The S~ding.diagrams are not gauge invariant. 

{2) There are uncertainties in the of:r~mass shell correc­

tion. 

{3)· The resonant p0 production amplitude is assumed to 

be purely imaginary. 

However, as has been shown the model does explain well React·ion 

(1) and de.scribes many important features or the data. · 

,, 
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3. ·Comparison with the Vector Dominance Model 

The optical theorem can be used to relate the total 

photoproduction cross section, oTOT('YP), . to .. the forward Compton 

scattering .. do/dt(·yp-+- -y
0

p )t=O' which in turn can be related 
> 

. by the vector dominance model to the for\'rard diffractive photo-
. 8 

production cross sections,57,5 

' 

where V0 is a vector meson •. In addition to p
0 we have 

contributions from ro and ¢; their contributions are shown in 

Table X and together·contribute less than 20 ~b to oT(-yp). 

Assuming that each of these contributions has the same phase, 
')' 2 

we can determine ~·from our values for oT('YP) (see Section 

do ( o ) III) and.~ 'YP -+-p p t=O Using the forward differential 
- 0 cross section for p production determined by the Soding model 

')' 2 
we obtain 4~ = 0.26 ± 0.04 at 2.8 and 0.28 ± 0.04 at 4.7 GeV. 

2 . 
')' . 

This should be compared to the value ~ = 0.52 ± 0.03 deter-

mined by the Or say Group. 59 Also in disagreement \'Ti th. the 

Orsay value is the result. for 'Y p 2/47r using for the p0 for\lrard 

differential cross section the s-channel c.m. helicity-con-
. ')' 2 . 

serving p-wave 7MT contribution, II: . zJ.t- = 0.37 ± o.oL~ at 2.8 

an~ 0.32 ± o.o4 at 4.7 GeV. 

'I 



'l'able X: Vector dominance calculation for rn and ~ 

contributions to aTOT(rp) at 2.8 and 4.7 GeV. 

vD 
2 (a) da vD (b) 'Yv E dt( ')'p-+ p)t=O Contribution 

4ri r to aT(-yp) 

GeV llb/Gey2 llb 

'-
2.8 13 ± 4 11 1- 2 

m 3·1 i 0.7 
4.7 15 ± 4 12 + 2 
~.8 1.5!. o.6 .!. (!i .!:. 1) 

,; 2.8 + 0.4 -
4.7 2.6 ± 0.5 + (6 ±. 1) 

(a.) Ref. 59. 

(b) For rn see Ref. ld (this experiment) and for rp see 

Ref'. 4, 6u. 

68. 
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C. Conservation of s-Channel Helicity in p0 Photopro­

duction • 

. We now discuss the p decay angular distributions. The 

analysis uses the formalism of Schilling et a1. 2 We present 

.the results in three refer~nce systems which differ in the 

choice of the spin quantiz.ation axis. ( z-axis) (see Fig. 18) : 

the Gottfried-Jackson system, where the z-axis is chosen as 

the direction of the incident photon in the p0 rest system; 

the helici ty system \'There the z-axis is opposite to the direc- · 

tion of the outgoing proton in the p0 rest system; and the 

Adair system, \'There the z-axis is along the direction of the 

incident photon in the overall c.m. system. The y-axis is 

alw~ys normal to the production plane. For forward-produced 

p0 mesons, all three systems coincide. 

We define the following angles (see Fig. 18 and footnote 

61): ~is the angle of the photon electric polarization vector 

with respect to the production plane and is the same in the 

-total c.m.s. and the p0 rest system; e and¢ are the polar and 

azimuthal angles of the w+ in the p0 rest system. The decay 

angular distribution W(cose, ¢, ~) for rho mesons produced by 

linearly polarized photons can be expressed in ter~s of nine 
2,62 

independent measurable spin density matrix parameters p~1~: 
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Fig. 18. De~inition o~ decay angles and quantization axis ~or the 

0 ·three re~erence system used to study the p decay. 
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r; 0 0 2 - ~2 Re _p10 sin2e cos¢ - p1_1sin e cos2¢ 

. {6) 

r; 1 1 2 J - ~2 Re p10 sin2e cos¢ - p1_1sin e cos2¢ 

- P 1' s in24> [ .v'""2 2 Im p10 sin2e sin¢ 

+ Im p2 sin2e sin2¢Tl 
1-1 JJ 

Here, P"Y is the degree of linear polarization of the photon, 

which is calculated· from the Compton scattering process to be 

. 93% at 2.8 Gev· and 91% at 4.7 GeV (see Section II-D). The 

matrix elements p~k describe the rho decay in the case of an 
1 2 unpolarized beam; the additional terms pik and pik result 

from the linear polarization of the photon. 

Matters are simplified if we use the angle t = ¢~4> 
(see Fig. 18) which for forward p production, is the angle 

between .the photon-polarization and p0 decay planes. If the 

rho is ·transverse and linearly polarize~ (just as the photon) 

then it can be shown in the helicity system that 



1 1 
pl-1 = 2 ' 

all other p~k = 0 in Eq. 6. 

metry shows that 

72. 

Im 2 = 1-
Pl-1 - ~ ' (6 .1) . 

In this case a little trigona-

(6. 2) 

For a decay distribution of Eq. 6,2 we intuitively define t 

as the azimuthal angle of the decay 'IT'+ with respect to the 

plane of pol::t.riza.tion of the transverse Rnd llneRrly polRrized 

rho. 

Figure 19 shows the ~istributions of the polar angle e 

and the angle * in the helicity system for events in the rho 

mass r~gion with 0.02 < ltl < 0.4 Gev2 where t is the \quare 

of the four-momentum·transfer between· incoming and outgoing 

proton. The coseH distributions are proportional to sin2eH;· 

i.e., the rho mesons are produced in Reaction (1) with c.m~s. 

helicity ±. 1. The t distributions areproportional to 
2 . 

(1 + P'Y cos2tH) (this equals 2 cos t for P'Y ~ 1) and sho\'TS 

. that the rho is almost completely linearly polarized. The 

density distribution shown in the scatter plot of coseH versus 

~H is proportional to sin2eH cos2~H and indicates an absence 

of correlations in coseH and '¢'H. 
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Fig. 19 •. (a) Reaction rp -+p0 p at 2.8 GeV: Rho decay angular 

distributions in the helicity system without background subtraction. 

The curves are proportional to sin
2e and (1 + P cos 2w). 
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0 1 2 The matrices pik' pik and pik can be used to examine the 

production mechanism; for·example, the contributions aN, au 
J . . 

from natural parity (P = (-1) ) and unnatural parity 
. J 

(P = -( -:1:-) ) exchanges in the t-channel can be obtained with 

the parameter Pa' defined by 

(7) 

To leading order in energy Pa is given by2,78 

P 2 1 1 
a = P1-1 - Poo (8) 

The expression (8) for Pa is an invariant under rotations 

around the normal to the production plane. 
. p + ( p -For the special case of J = 0 e.g. Pomeron) and J = 0 

(e.g. pion) exchanges. the relationship of Eq. 8 is easily shown 

to be valid. We expect for o+ exchange and forward p0 production 

that the rho polarization direction will be the same as the 

incident photon 
"' "' 
e:p = E."Y 

Then the decay matrix is ·proportional to 

"'+"' M a: '7T' •t. 
p 
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which resuits ·in the decay angular distribution 

(8.1) 

and we know from Eq. ·6 .1 and 6. 2 that if the. flip terns are 

zero and Im_ PI-l = -pi_1 Eq. 8.1 follows for pi_1 = ;. 

Using Eq. 8 we find that indeed P = +1 for the natural 
(] . +. 

parity exchange 0 • However, in order to conserve parity 

and angular-momentum for 0~ exchange, the rho polarization is 

90° from the incident photon polarization direction. 

T~eh the decay matrix is proportional to 

..... .... ..... + ..... ,.. 
Mtt71' .6: -=7T ·{c x k) . p -y 

which results in the decay angular distribution 

2 2 0 W(cose,*) cr sin e cos (90 + ~) (8.2) 

In th:i.n r.n:10 ...,,,e find Eq. 0. 2 fullo\·Jn from the general decay­

distribution of Eq. 6, when the "flip" terms are zero (including 
1 2 . 1 1 

P
00

), Im P1_1 = -p1 _1 , and p1 _1 = -1/2. Using Eq. 8 we find 

that indeed Pa = -1 for the case of the unnatural parity 

-. 
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exchange o-. 

We studied the influence of possible background by 

determining the p~k as a function of· the n+n- mass Mnn with 

+ -the method of moments,_.using all events in a given n 'V" mass 

interval. 0 1 Fig. 20 shows the Mnn dependence of p
00 

and p1_1 
in the helicity system and that of P • There is a pronounced 

(J 

difference between their values inside and outside of the rho 
. 0 

region. The values p
00 

~ 0.5 and P
0 
~ 1 in the rho region 

are clearly associated with the production of the rho. 

We took the background contribution into account by deter­

mining the rho density matrix parameters through a maximum 

likelihood fit including p0
, 6++ and flat background contribu­

tions using the density distribution of Eq. 2 but replacing 

W{coseH) with W(cose,~,¢) of Eq. 6. 63· This method was checked 
a. by evaluating the pik insid~ and outside of the rho region 

and interpolating the. contribution from the background. "Hi thin 

errors, the same result was obtained. Even if all events in 

the mass region 0. 60 < Mnn < 0. 85 GeV are used l'i'i thout back-
a. ground subtraction the values of the pik do not change by more 

than one standard deviation. A further check of the influence 

of the background on the values of the p~k \'las made by using 

the Soding model. We have evaluated the Soding model assuming 

for the p0 production the values obtained from the maximum 

likelihood fit for the density matrix parameters. An analysis 

of the resulting n+n- angular distribution shows that the Drell 
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Io,ig. 20. Reaction 'YP -+TC TC p: The two density matrix elements 

p~0 and pi_1 in the a-channel helicity system, and the parity 

asymmetry, P 1 as a function o£ MTCTC• . . a 
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term does·not significantly alter th~ decay anglllar distribll-

tion of the rho. 

ot'. p 3.-. and z lO,v J = 

. At 4. 7 GeV · the Drell term is z 90% p-1-'rave 

l'le conclude that the ·rho density matrix 

parameters are insensitive to the assumed .form of the background. 
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In Fig. 21 and Table XI P is shown as a function of t. a . 

We see that rho production is completely dominated by natural 

parity exchange up to ltl = 1 GeV2 . Averaging Pa over the 

range It I ~ _1 Gev2 l'le find the contribution from unnatural 

parity exchange to be 3.1 ± 3.1% at 2.·8 GeV and ...;1.1 ± 2.8% 

at 4.7 GeV. 

In F~g .. 22 and Table XI we display the quantity ~ defined 

I = (9) 

which has been measured in counter experiments. Here a
11 

and 

a
1 

are the cross sections for the pions from symmetric rho 

decay (e ~ ·~· ,' ~ = ;) 64 to ·emerge in the plane of the photon 

polarization ( <t> = ;) . or perpendicular to it ( <t> = 0). Our 

values uf L at 2.8 uev are in agreement with measurements at 

2.4 GeV made by Criegee, et a1. 7 and at 3.5 GeV by Diambrini-
. 8 

Palazzi, et al. 

Before giving the density rn~trix parameterc, we remark 

that the p~k's can be expresse~ in terms of bilinear combina- · 

tions or (.,he heliei ty or spin amplitudes T A. oA. r, >.. X w·here 
p p 'Y p 

the A. 1 s denote helicities or spins of the respective particles 

of the reaction 'YP ~p0p. 2 For example, 
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. 0 
Table XI: P and E for the reaction yp -+p p. Results are plotted in a 
Figs~ 21 and 22. 

N u all - a1 a - a E Pa = 
aN + au 

= 
t {GeV) all + (11 

2.8 GeV 4.7 GeV 2.8 GeV 4 .7 GeV 

o.~ - 0.05 1.11 + 0.10 1.18 + o.oa - 0.96 ± 0.10 1.12 + 0.11 

0~05 - o.oo 0.89 ± 0.12 0.79 ± 0.11 0.84 + 0.15 0.85 ± 0.14 

0.08 - 0.12 0.99 ± 0.09 1.09 ± o.oB 0.96 ± 0.13 1.13 ± 0.11 

0.12 - 0.18 0.87 ± 0.12 0.91 ± 0.09 0.86 ± 0.19 1.01 + 0.12 -
0.18 - 0.~5 0.93 :!: 0.13 1.07:!: 0.12 l.o8 + 0.26 0.93 ± 0.17 

0.25 - 0~40 0.54 ± 0.15 0.92 ± 0.12 0.66 ± 0.17 1.16 +I 0.16 

0.4 - LO. 1.00 + 0.21 0.92 ± 0.15 1.1 + 0.4 1.25 ± 0.27 -
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Fig. 21. Reaction yp -+p0 p: The parity asymmetry P
0 

as .a function 

of t. P is the same in all three systems(Gottfried-Jackson, Helicity, 
a 

Adair). See data in Table XI. 
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Reaction rp -:-+ p p: The asymmetry E as a function o~ t. 

· E is the same in all three systems ( Gott~r.ied-Jackson, Helici ty, Adair). 

See data in To.blc XI. 1he DESY·and Cornell values are from Ref. 7 and 

8, respectively. 



0 1 
Poo·= :2'N I 

A. r,A. p p 

:i 
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where N .is a normalization factor, receives only contributions 

£rom helicity-flip or spin-flip amplitudes. However, 

T* J -lA. ,,-lA. p p 

has contributions £rom both flip (1st term) and non-flip 

(2nd term) amplitudes. 0£ the nine independent measurable 

spin density matrix parameters of Eq. 6 only 1 and 2 
pl-1 pl-1 

receive contributions from helicity (or spin) non-flip ampli-

tudes. 

Finally, Fig. 23 and Table XII show the density matrix 

parameters thems~lves, evaluated in the Gottfried-Jackson,· 

helicity and Adair systemsas a function of.t. 



Ta.ble XII: . Rho-Density Matrix Elements for the Reaction YP-:-PP 0 • 

Results are plotted in Fig. 23 

a) E')l = 2. 8 GeV, Gottfried-Jackson system 

2 

~ o. 02- o. 05 o. 05- o. 08 o. 08- 0.12 0.12- 0.18 0.18- 0.25 

0 o. 079 ::1: o. 030 o. 119 ::1: o •. 035 Poo o. 298 ::1: o. 041 o. 431 ::1: o. 047. . 0.'455 ::1: o. 051 

·o 
Rep10 0.143 ::1: o. 019 0.195 ::1: o. 023 o. 180 ::1: o. 020 o. 158 ::1: o. 024 o. 146 ::1: o. 027 

0 o. 151 ::1: o. 037 o. 112 ::1: o. 035 0.111 ::1: o. 033 0.161 ::1: o. 035 o. 160 ::1: o. 037 p1-1 

1 
-0. 140 :1: o. 056 -0.057 ::1: o. 048 -0.231 ::1: o. 071 -0.328 ::1: 0;. 081 -0.390::1: 0.085 Poo 

1 o. 091 ::1: o. 040 o. 048 ::1: o. 045 Pu o. 092 ::1: o. 040 o. 114 ::1: o. 037 0.208 ::1: o. 042 

1 
ReplO -0. 085 ::1: o. 035 -0.170::1: o. 033 -0. 167 ::1: o. 029 -0.113 ::1: o. 037 -0. 111 ::1: o. 042 

1 o. 505 :1: o. 045 o. 414 ::1: o. ~55 o. 358 ::1: o. 039 o. 270 ::1: o. 046 o. 258 ::1: o. 047 p1-1 

2 
lmp10 o. 136 ::1: o. 035 o. 249 ::1: o. 040 o. 229 ::1: o. 032 o. 274 ::1: o. 034 o. 259 ::1: o. 042 

2 . 
lmp1-1 -0.462 ::1: o. 036 -0.417::1:0.053 -0.254 ::1: o. 058 -0.240 ::1: o. 054 -0.244 ::1: o. 058 

0.25- 0.40 

o. 525 ::1: o. 052 

-0. 002 ::1: o. 027 

o. 267 ::1: o. 038 

-0.359 ::1: o. 094 

o. 212 ::1: o. 045 

-0. 059 ::1: o. 042 

o. 125 ::1: 0~ 060 

o. 341 ::1: o. 033 

-0. 046 ::1: o. 040 

0.4-1.0 

0.476::1: 0.071 

-0. 089 ::1: o. 046 

0. 0".11 ::1: O. 057 

-0.483 ::1: 0.118 

o. 134 ::1: o. 067 

o. 119 ::1: o. 067 

o. 246 ::1: o. 088 

o. 094 ::1: o. 073 

-0. 095 ::1: o. 091 

CX> 
IJI . 



Table XII (continued) - 2 

b) E'Y= 2.8 GeV, heliclty system 

2 

~ o. 02 - o. 05 o. 05- o. 08 

0 
-0. 045 ± o. 030 -0.034 ± o. 033 . Poo 

0 
ReplO o. 013 ::1: o. 018 -0.032 ::1: o. 020 

p1-1 0. 078 ::1: o. 037 o. 02'i ::1: o. 040 

1 
-0. 061 ± 0. 056 o. 018 ± o. 059 . Poo 

1 o. 042 ::1: 0. 046 o. 001 ± o. 050 . Pn 

1 
Rep10 o. 015 ± o. 030 o. 071 ± o. 030 

1 o. 539 ::1: o. (~4 o. 453 ::1: o. 052 p1-1 

2 
Imp10 -0. 050 ::1: o. (1,34 o. 012 ±. o. 040 

2 
Imp1-1 -0. 496 ::1: o. 039 -0.551 ::1: o. 053 

o. 08- 0.12 0.12 - 0.18 0.18- 0.25 

o. 021 ± o. 029 o. 026 ± o. 036 0·. 016 ::1: o. 042 

o. 008 ::1: o. 003 o. 026 ::1: o. 027 -0. 028 ::1: o. 02t3 

-0. 02f ± o. 041 -0.045 ::1: o. 040 -0.052 ::1: o. 043 

-0. 036 ± o. 047 -0. 015 ± o. 055 o. •:>41 ::1: o. 05'3 

-0. 008 ± o. 042 -0.049 ± o. ·050 -0.011 ± o. 054 

o. 026 ± 0. 007 -0. 009 ::1: 0. ·039 o. •)04 ± o. 037 

o. 458 ± o. 043 o. 427 ::1: o. 050 0·. 484 ::1: o. 064 

o. 012 ± o. 004 o. 016 ::1: o. 037 -o·. on ::1: o. 044 

-0.427 ± o. <1>4 -0.445 ± 0.049 -0·. 424 ::1: o. 05.3 

o. 25 - 0.40 

-0. 071 ::1: o. 042 

o. 112 ::1: o. 027 

-0. 001 ::1: o. 047 

0.172 ± o. 063 

-0. 050 ± o. 061 

-0. 037 ::1: o. 042 

o. 355 ::1: o. 062 

o. 036 ::1: o. 031 

-0.465 ± 0.043 

0.4- 1. 0 

0.173 ::1: o. 064 

o. 14.0 ::1: o. 043 

-0. 079 ± o. 060 

-0.088 ::1: 0.108 

-0.073 ::1: o. 079 

-0. 138 ± 0. 062 

o. 457 ::1: o. 085 

-0.070 ± o. 064 

-0.157 ::1: o. 101 

CX> 
0\ . 

'> 



Table XIl (continued) - 3 

c). Ey= 2.8 GeV, Adair systems 

It I(GeV
2

) 

------ o. 02- o. 05 o. 05- o. 08 o. 08- 0.12 

0 -0. 023 :!: o. 029 -0.029:!: 0. 033 o. 066:!: o. 032 Poo 
0 

ReplO o. 063 :!: o. 019 o. 060 :!: o. 019 o. 104 :!: o. 022 

0 
o. 088 :!: o. 037 o. 030 :!: 0. 040 -0.002:!: o. 039 pl-1 

1 -0.071:!: o. 055 o. 0"39 :!: 0. 054 -0. 052 :!: o. 054 Poo 

1 o. 048 :!: o. 044 -0.009 :!: o. 049 o. 001 :!: o. 042 P11 

1 
ReplO -0. 026:!: o. 033 -0. 019 :!: 0. 031 -0. 064 :!: o. 034 

1 . o. 531 :!: o. 043 o. 464 :!: o. 053 0~ 450 :!: o. 043 pl-1 

. 2 
Imp10 o. 008 :!: o. 035 o. 096 :!: o. 041 o. 099 :!: o. 032 

2 
Impl-1 -0.499:!: o. 038 -0.531 :!: o •. 051 -0.405 :!: o. 056 

0.12- 0.18 0.18- 0.25 

o. 114 :!: 0. 043 o. 084 :!: o. 040 

o. 141 :!: 0. 023 o. 129 :!: 0~ 030 

-0. 001 :!: o. 039 -0. 020 :!: o. 045 

-0.084 :t: 0. Oil -0. 054 :!: o. 056 

-0.015:!: o. 049 o. 038 :!: o. 050 

-0.114:!: o. 034 -0.148:!: o. 044 

o. 392 :!: o. 049 o. 438 :!: o. 059 

o. 132 :!: o. 035 o. 063 :!: o. 044 

-0.404 :!: o. 051 -0.427:!: o. 058 

0.25- 0.40 

o. 238 :!: o. 040 

o. 237 :!: o. 030 

o. 152 :!: o. 045 

-0.027 :!: o. 071 

o. 051 :!: o. 048 

-0.202 :!: o. 046 

o. 258 :!: o. 063 

o. 195 :!: o. 035 

-0.372 :!: o. 035 

0.4- 1. 0 

o. 512 :!: o. 073 

o. 115 :!: o. 041 

o. 091 :!: o. 055 

-0.442 :!: 0.123 

o. 105 :!: o. 066 

·0.168 :!: o. 062 

o. 276 :!: o. 087 

o. 007 :!: o. 074 

-0. 155 :!: o. 086 

()) 
-.J . 

~ 



Table XII (continued) - 4 

d) Ey = 4. 7 GeV, Gottfri~d-Jackson system 

lti(GeV
2

) 

~ o. 02- o. 05 o. 05 - 1). 08 

0 o. 143 ± o. 029 o. 227 ± •). 036 Poo 
0 

Rep10 o. 158 ± o. 01.6 0.234± 0 •. 020 

0 o. 066 ± o. 029 o. 082 = o •. 033 p1-1 

1 
-0.172 ± o. 041 -0. 187 ± •). 054 Poo 

1 
(t. 061 ± o. 03·7 o. 083 :: •). 038 Pu 

1 
Rep10 -0.117 ± 0.028 -0.179 ::l: 1).029 

1 o. s21 ± o·. 037 o. 302 :1: ·). 044 p1-1 

2 
Imp10 0.152 ± 0. 026 o. 202 :1: •). 029 

2 
Impl-1 -o. 326 ± o. 044 -0.413:1: ·).042 

(1. 08- 0.12 0.12- 0.18 0.18- 0.25 

0. 312 ± o. 03:8 0. 357 :1: O. C33 o. :l-74 ± o. 047 

0. 148 ± 0. OZl 0.167 :1: o. 09 o. il4 ± o. 022 

0. 133 ± o. 032 0.148 :1: O. CoSO o. 229 ± o. 036 

-0.245 ± o. 060 -0.315 :1: o. (•56 -0. 5.54 ± o. 063 

a. 119 ± o. 036 0.147 :1: o. 031 o. 193 ± o. 035 

-0. 159 ± o. 029 -0.196 ± o. 033 -0.1.96 ± o. 028 

0.416 ± o. 038 o. 302 ± o. 037 o. 259 ± o. 049 

0 .. 277 ± o. 033 : o. 301 ± o. 025 o. 305 ± o. 036 

-0.343 ± o. 043 -0.278 ± o. 037 -0.158 ± o. 047 

o. 25- 0.40 

o. 577 ± o. 044 

o. 017 ± o. 027 

0.199 ± o. 026 

-0.338 ± o. 085 

o. 195 ± o. 036 

-0.111 ± o. 045 

o. 273 ± o. 041 

o. 249 ± o. 039 

-0. 090 ± o. 051 

0.4- 1.0 

0. 476 ± o. 064 

-0. 029 ± o. 036 

o. 077 ± o. 048 

-0.377 ± o. 095 

o. 15'1 ± o. 048 

o. 064 ± o. 051 

o. 269 ± o. 059 

o. 256 ± o. 051 

o. 164 ± o. 076 

CX> 
CX> 
• 



Table XII (continued) - 5 

e) Ey = 4. 7 GeV, helicity system 

lti(Ge~) 
~ o. 02.- o. 05 o. 05- 0. 08 0.08- 0.12 

0 -0. 009 % o. 022 -0. 037 :!: o. 025 o. 027 :!: o. 031 Poo 
0 

Rep10 o. 009• :!: o. 018 o. 001 :!: o. 019 o. 010% o. 023 

0 -0. 001 :!: o. 031 -0. 064 % o. 041 -0.003% o. 035 p1-1 

1 -0. 087 % o. 038 o. 052 % o. 032 -0. 051 % o. 043 Poo 
1 o. 018 :!: o. 039 -o. 035 : o. 041 o. 025 :!: o. 039 Pn 

. 1 
Rep10 o. 033 :!: o .. 027 -0.022% o. 028 -0.001% o. 037 

1 o. 548 :!: o .. 039 o. 420 :!: C). 054 o. 521 :!: o. 036 p1-1 

2 
IrnplO o. 014 % o. 024 ..;o. 023 : o. 030 -0. 002 :!: o. 027 

2 
Imp1-1 -o. 388 : o. 047 -0.475 :!: o. 042 -0. 508 :!: o. 047 

0.12- 0.18 0.18- 0.25 

o. 021 :!: o. 029 -0.002:!: o. 035 

-0. 024 :!: o. 019 o. 031% o. 023 

-0. 031 :!: o. 033 • -0.006% o. 044 

-0.001% o. 045 o. 054 % o. 045 

-o. 020 :1: o. 039 -0.105 % o. 047 

o. 008 % o. 028 -0. 007 :1: o. 028 

o. 484 :!: o. 038 o. 563 % o. 050 

-0.028 :1: o. 028 o. 009 :1: o. 031 

-o. 510: o. 038 -0.470:!: o. 051 

0.25- 0.40 

o. 062 :!: o. 028 

o. 067 % o. 027 .. 

. -0. 052 :!: o. 042 

. -o. 049 : o. 057 

o. 048 :1: o. 048' 

o. 018 :!: o. 046 

o. 434 _:!: o. 051 

-0. 007 :!: o. 039 

-0.344:!: o. 054 

0.4- 1. 0 

o. 208 :!: o. 054 

o. 043 % o. 037 

-0.048% o. 056 

-0.140 % o. 078 

o. 040 :1: o. 055 

-0. 076 :1: o. 053 

o. 390:!: o. 065 

o. 099 :1: o. 056 

-0.366:!: o. 069 

00 
\0 
• 

., 



Table XII (continuei) - 6 

f) E'Y = 4. 7 GeV, Adair Er,IBtem 

~) o. 02- o. 05 0 .. 05- o. 08 . o. oa- 0.12 0.12- 0.18 0 .• 18- 0.25 0.25- 0.40 0.4- 1.0 

0 
o. 005 ± o. 023 -0. 014 :1: o. 028 o. 0,59 :!: o. 0!:2 o. 044 ± o. 030 o. 079 ± o. 038 o. 207 ± o. 041 o. 320 ± o. 056 Poo 

0 
Rep10 o. 056 ± o. 017 o. 078 :1: o. 019 o. 031 - o. 023 o. 074 ± o. {118 0.135 ± o. 023 0.170 :1: o. 021 o. 092 ± o. 035 

0 o. 005 ± o. 031 -0.054 :1: o. 040 o. 014 ± o. 034 -0. 022 ± o. 033 o. 036 :!: o. 042 o. 021 ± o. 040 o. 002 ± o. 056 p1-1 '>.· 

1 -0. 086 ± o. 03;8 o. 017 ± o. 038 -0.013 ± o. 045 -0.032 ± o. (·50 -0. 030 :!: o. 047 -o. 012 ± o. 077 -0.296 ± o. 078 Poo 
1 o. 017 ± o. 039 -0.019:!: o. 041 o. 035 ± o. 038 -o. oo3 ± o. C39 o. 059:!: o. 045 -0. 061 ± o. 047 o. 120 ± o. 052 Pn 
1 

Rep10 -0.008 ± o. 028 -0.085:!: o. 028 -0. 067 ± o. 036 . -0.084 ± o. C27 -0. 162 ± o. 028 -0.072 ± o. 040 -0. 105 ± o. 048 

1 o. 550 ± o. 038 o. 405 :!: o. 053 o. 507 :± o. o:n o. 466 ± o. 038 o. 519 ± o. 050 o. 419 ± o. 050 0.306 ± o. 072 p1-1 

2 
Imp10 o. 049 ± o. 024 o. 006 :± o. 030 O. O"f8 : O. 029 o. 070 ± o. 027 0.114 ± o. 031 o. 091 ± o. 040 o. 225 ± o. 056 

2 
Imp1-1 -0.382 ± o. 047 -0.472::!: 0.042 . I -0.498:!: 0.046! -0.499 ± 0.040. -O.-t41 ± 0. 050 -0.320 ± o. 052 -0.233 ± o. 072 

I 

\.0 
0 . 
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Fig. 23. {a) Reac­

tion YP -+ p 0 p at 2.8 

GeV:. The spin density 

matrix parameters as 

a function of t in the 

Gottfried-Jackson, 

helicity and Adair sys-

tems. Helicity {spin 

for Adair) conservation · 

a 
requires all pik=O 

except those indicated 

by a dashed line at 

fpi~~ I= lj2, see Eq. · 

6.1. For numerical 

values see Table XII. 
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Fig. 23. (b) Reac­

tion rp -+ p 
0 at 4. 7 

GeV: The spln dtmsi ty 

matrix parameters as 

a ~1nction of t in the 

Gottfried-Jackson, 

helioity and Adair ay3-

tems. He1icity (spin 

for Adair) conserva-
. a 

tion requires all P;k=O 

except those indicated 

lJi t1. uashed line at 

lpi~il= 1/2, see Eq. 

6.1. For numerical 

ve..1nes see Table XII • 



93. 
·we conclude from the behavior of the p~k: 

1. The density matrix parameters vary rapidly in the 
. . 6 . 

Gottfried-Jackson system.3' 5. Thet-channel helicity-flip 

amplitudes increase rapidly with increasing It!. This be­

havior rules out t-channel hellcity conservation and nence · 

excludes a zero spin particle exchange \'li thout absorption 

as the only contributor to rho production. 
a 

2 •. The pik in the Adair system·also vary significantly 

with t (see also Fig. 24). This excludes4 the hypothesis of 

spin independence in the total c .m. sy.stem for rho production. 65 

3. In the helicity system the helicity-flip ·contributions 

are .zero within errors up to ltl = 0.4 GeV2, i.e., the rho 

behaves like a photon with the spin aligned along its direc­

tion of motion. In other words, the rho production mechanism 

conserves s-channel c.m.s. helicity. The fact that the flip 

contributions are minimum in the helicity system is further 

demonstrated in Fig. 25. The rho densi'ty matrix as calculated 

in the helicity frame was rotated by an angle ~ around the 

production normal and a least squares fit made to find that 

value of ~ for 't'Thich flip terms become minimal, that is, l•Te 

minimized 

a. where pik (photon) is the rho density matrix of .the photon 

{Eq. 6~i). Fig. 25 shows~ as a function of the rho c.m.s. 
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+ HELICITY 
~ADAIR 

2' Im P10 
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Fig. 24. Rear.tion 'Y'P-+ 0°P! f.lomrarison uf the Dpin, density 

. matrix parameters p~0 , Rep~0, Repi0, and Im Pio in the helicity <+) 
and Adair C?) system as a function oft (data of Fig. 23). Helicity 

(spin for Adair) conservation requires all these p~k to be zero. 
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productionangle ecm together with lines indicating where the 

data points should fall if the flip terms are minimal in the 

Gottfried-Jackson {G.J.), helicity (H), or Adair system {A), 

respectively. For ecm ~ 25°, the helicity system is clearly 

preferred. 
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Fig. 25 •. The angle -~ {mea.~;ured from the helicity ayatcm) for 

rotation into the "minimum flip"·syatem as a. function of the c.m.s. 

rho production angle e . For the curves labeled GJ, A, and H, 
. . . em 

see text •. 
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D. OTHER MODELS 

·The p0 mass shift and decay density matrix elements for 

p0 photoproduction have been dtscussed by.others.5°; 66~68 

In particular, Mannheim and Maor68 utilize the 

t-channel kinematics of a two-body reaction and obtain a t 

dependence of the p0 mass shape. However, at t = 0 they have 
· · n(t) n(t) = 4 in the factor (Mp/M.,rn). , in contrast to the data 

(see Figs.l0-11). They do predict a-channel helicity conserva~ 

~ion at low It I, but not at large It I '\'rhere helici ty-flip 

terms become important. Their predictions about helicity 

conservation are compatible with this experiment. 

The study by Satz-Schilling5° presents a dual resonance 

model which, at high energies, describes the whole of Reaction 

(i). The three-particle final state description includes both 

resonance and multi-peripheral aspects as well as any 11back-. 

ground''. Their model describes the 7T' +7T'- mass distribution 

and predicts signals for the higher mass vector mesons p 1 (1250) 

and p 11 (1550) (see Section IV-B). The flattenins of the diffrac­

tion peak with increasing l\rn is also predicted by this model 

and is shown at 4.7 GeV in Fig. 12. The behavior of A for 

M.mr < 0. 9 GeV describes the data ·Hell. However, the increase 

in A for M7T'7T' > 0.9 GeV due to the p 1 is not supported by the 

data, indicating a weaker p 1 production than predicted by the 

model. 
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The model of Kramer and Quinn67 describes, at high 

energies, Reaction (1) .in the p0 -resonance region where the 

production proceeds by diffraction-dissociation of the photon 

into a pion pair which. interacts strongly in the p-wave state. 

They also include the effects of initial and. final absorptive 

interactions with the proton. They obtain s-channel helicity 

c.onservation for p0 production which is dependent on the dipion 

mas·s as terms proportional· to M2-M 2 in the helicity amplitudes 
mrp 

become important. For low masses they describe the decrease in 

the diffractive slope with increasing ~~ and consequently the 

related t-dependence of the p0 mass shift. In constrast to 

the data near t = 0 they predict the Ross-Stodolsky exponent 

n(t) = 4 at t = 0. 
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V. THE p
0 -ro INTERFERENCE PARAMETERS IN DIFFRACTIVE PHOTO-
.. 

PRODUCTION OF VECTOR MESONS ON HYDROGEN 

The-discussion below differs from that of Moffeit et a1. 1f 

only 1~ that some introductory material has been removed. 

Clear evidence for p0 -ro interference has been observed 
"20 in photoproduction on carbon by Biggs et al. at Daresbury 

with 140,000 events, at a mean photon energy of 4.2 GeV. 

The p0 -ro interference is inferred-from the shape of the n+n­

mass spectrum near M ; they obtained constructive interference 
. . (1) 

for M · < l-1 and destructive interference for M > M in 
-~ ru ~ ro 

agreement l·ti th the prediction of A. Goldhaber, Fox, and 

Quigg (GFQ). 21 The interference is determined by measuring 

the relative phase,~' of ru~n+n- and p0 ~n+n- amplitudes. 

For photoproduction of p0 and ro, the value ~ = 0 is predicted 

assuming the vector dominance model (VDM) and that the photon 

transforms as the U-spin singlet member of an SU(3) octet. 

The Daresbury experirn.ent obtained the value f3 =, 2.0 ± 5.1°. 

Horn23 and GFQ21 have pointed out that the p0 -m phase 

should. be the same in p0 and ro production from e+e- colliding 

beams as in diffractive photoproduction (see also Ref. 20, 

69). This follows from the observation that the production 

amplitudes shm·m in Fig. 26a,b, differ mainly by the presence 

or absence of a diffractive process, \•Thich does not distin­

guish betw~en p0 and ru. For e+e- ~n-~- the Orsay storage 
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Fig. 26. (a) Production mechanism assumed for r.p -+rr rr p. 

(b) F~ynmo.n diagram for e + e- -+ 1t + 1t-. 
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·'16 
ring group reported {3 = 55 ± 28°, hot'lever, the disagree-

ment \'Ti th {3 = ·o is not statistically compelling. 

l'le have analyzed events of the reaction 

o· in terms of p -m interference. For the present study we 

combined the 285L~ events at E = 2~ 8 GeV and the 2910 events 
'Y 

at E'Y = 4~7 GeV that fit Reaction (1). 

In Fig. 27 we show the 7T+7T- mass distribution for the 

events of Reaction {1) in the region of the- p0
• He shot·T by 

the dashed curve the results of a maximum-likelihood fit to 

the events of Reaction (1) using the density distribution of 

Eq. 2·to.account for p0
, 6++, and phase space production. 

Although. the dashed curve accounts for the gross skeiving of 

the p0 shape, there is an excess of events just belm·T M and 
(l) 

a depletion of events just above :l-1 • 
m 

To analyze our data we chose the mass mixing theory and 
21 adopted the notation of GFQ. Here we briefly re-derive 

their result. The informed reader may skip to Eq. 11. 

In the spirit of the vector dominance model \·Te assume 

that, before mixing, the p and m are produced (by diffraction 

scattering of the intermediate vector meson) in pure states 

which conserve G parity, i.e., 
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+- +-Reaction rP -+~ ~ p: ~ ~ mass distribution for the 

combined data at 2.8 and 4.7 GeV. The curves give the results of 

maximum-likelihood fits with (---) and without (----) p
0 -m interference. 
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I Ap) .· -+ 2'lr only} 

I A a) -. 31T only 
initiaL st~te. 

These states are then mixed by the G-violating term 

6 (assumed to be rea121 ) in th.e propagator matrix P·. 

103. 

Using the usual abbreviation for the Breit-Wigner 

denominators, ~p = mp - m-i rp/2, ~w = similar, and m for 

the dipion mass, we have 



1. 

lo4. 

Jlp. -6 -1 
~ J.LCJ.) 

1 p = = . 2 
-6 J.LCJ.) J.L p J.L CJ.)- 0 +6 J.Lp 

Dropping tbe o2 term gives 

1 0 
J.L· . 

J.LpJ.Lc.U 
p = p 

0 1 

J.Lpj.i.ID J.L· ·CD 

After mixing, the 2rr amplitude is 

where the· T' are decay amplitudes in the absence of mass 

mixing [we take T(ID ~ 27r) = o], and the A's are the vector 

meson production amplitudes, 

A T 
s( + _) = e e . . 7T7T . r 

· · . (mp-m-1~) 

A . ID . e if3 
x; (10) 
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That is, in the presence of p0 -w interference, the 7!' +7!'­

mass distribution is given by the p line shape. (including 

kinematical dependences), multiplied by a modulating factor, 

f, which characterizes the interference: 

= jl + IAwlei~ 6 12 
x-P m -m-ir /2 (.!) (.!) 

(11) 

On the other hand, the Daresbury group analyzed the 

p-w interference using the phenomenological parameterization 

.(12) 

Factoring out the p Breit-Wigner and comparing Eqs. 12 and 

10, one obtains 

. Evaluating the right side at the w mass yields the convenient 

approximation . 



. where tan ¢p = rP 
2(m - m,.J ' p ..... 

A r 
6 ~ ~~~~ ~ and ~ = 

w 

The Daresbury groupobtained ~ = 0.0097 ± 0.0008, 

Mp = 767.7 ± 1.9 

M~ = 783.2 ± 1.6 

A 2 ·12.1 
rJfl = 7-0-1.5. 

co 

MeV, rP = 146.1 ± 2.9 

MeV, Ct = 104.0 ± 5.1 

These values, along 

6 = 1.9 ± 0.25 MeV, 

~ = 2.0 ± 5.1 deg. 

MeV,. 

deg, and 

with Eq. 13, 

106. 

(13) 

give 

To investigate p0 
... co interference in Reaction (1) we 

assumed that. the density distribution of Eq. 2 adequately 

repr.esents the kinematical effects in p0
. production. vle 

then made a· ma.Ximum-lilcelihood fit, modulating the p0 ampli­

tude nf El}. 2 by the factor "'Fof Eq. 11. Since J3 is unde­

fined for 6 = b, 't'Te fit the real and imaginary parts of exp ( i/3) . 



For convenience ~1e define 

A 
T _ 3 lrl 6 • 

p 
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(14) 

The solid line in Fig. 27 gives the 'best fit obtained \'Tith 

this form, which is better than that obtained without the 

factorr-'by::::: 2.5 standard deviations. The fit gives 

T cos~ = 2.6 ± 0.9 MeV, 

T si~ = -0.4 ± 0.9 MeV, 

resulting in a value of T = 2.6 ± 1.0 MeV. Figu~e 28 shows 

contours Of equal x2 in the T COS{3 and T. sin~ plane, \'There 

b.X2 = -26 [ln (likelihood)]. 

In order to relate T to the p0 -m interfererice parameteri 

6, we must make assumptions concerning the amplitudes Am and 

Ap. Figures 29 a-d shows the diagrams for the p0 and m photo­

production amplitudes resulting from natural.;.parity exchange 

[P = (-l)J] and unnatural-parity exchanges [P = (-l)J+l]. 

Analysis of the p0 decay in this experiment· (see Section IV-C) 

has shmm that the reaction 1'P --+- p0 p proceeds almost completely 

through natural parity exchange; i.e., the amplitude correspon­

ding to Fig. 29c can be neglected. Because the natural- and 

unnatural-parity e~change amplitude~ are orthogonal, only the 
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natural-parity exchange amplitude for the ru interferes \•rith 

the p0
• 

Using VDM and assuming that the p and ru elastic scattering 
l 

amplitudes on protons are equal gives IAru/Apl = 'Ypi'Yru, '\'There 

'Yv-l is proportional to the photon-vector-meson coupling con­

stant. Augustin et al.,59 using the Orsay. Storage Ring, 
. 2. 2 70 
obtained 'Yrui'Yp = 7.1 ±. 0.7. With this value and Eq. 14 

our result for T gives 

6 = 2.3 ± 0.9 MeV. 

In comparing the results for diffractive photoproduction 

on carbon and on hydrogen, consideration must be given to 

nuclear effects. An indication of whether coherent nuclear 

effects are important in the interpretation of the Daresbury 

experiment can be obtained by comparing their determination69 

of the ratio -y~/-y~ with the Orsay storage ring re~ults,59 

where nuclear effects are not present. As previously mentioned, 

the Daresbury group obtained -y2/-y2 = 7.0 +2
1 •4

1 , whereas the 
(.1) p - • 

Orsay results are -y~/-y~ = 7.1 ± 0.7. Hence, neglecting 

differences in p0 and ru coherent nuclear scattering appears to 

be justified within errors. If incoherent processes are ~lso 

ignored, the Daresbury result for the mass-mixing parameter, 6, 

may be compared vri th the results from diffracti ve photoproduc­

tion on hydrogen and from colliding e+e- beams. 20 
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, Fig~ 29, Production diagrama for p0 and m amplltudes resulting 

from {a,b) natural-parity exchanges, and (c,d) u~atural-parity exchanges. 
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Given.in Table XIII are the values for 6 and~. Because 

our value of 6 is about 2.5 standard deviations·from 6 ~ o, 
,. 

we do not give an error for ~. The res~lts for 6 and ~ as 

determined by the colliding-beams experiment. and by photo­

production. from carbon are given in Tabl.e XIII for comparison. 

. [ CJ.) ~ 27r Our determination for 6 corresponds to BR w-all]= 1 3+1.2~ . -0. 970. 

The parameter 6 has been estimated by GFQ from the Coleman­

Glashow model72 to be about 2.5 MeV; this corresponds to 

BR[ CJ.) ~ 27i ] - 1 45rJf. . w~ all - · ~· 



Table xi:II:· Values of the phase angle (~) 

and mixing parameter (5). 

Source ~ (deg) 5 (MeV) 

.Theory 0 2.5 
.(Re:fs. 21, 23) ', 

+ - + - 55 ±. 28 3.5 ::!: 1.3 e e -41( 1(' 

(Ref. 16) 

+ -;-c -:rr n c 2.0 ± 5.1 1.9 ±. 0.25 
(Ref. 20) 

+-a 
~ -9 2.3 ±. 0.9 i'P -n T!' p 

(this expt.) 

·. a No error quoted on ~; Re(81~} = 2.3 ::!: 0.9 MeV 

and Imag (5 ei~) = -0.4 ±. 0.9 MeV. 

112. 
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Vt. 6 PRODUCTION IN THE REACTION -yp ..... 1r+1r-p 

± In Fig. 30 we show the 7T p mass spectra for Reaction (1). 

At both energies a clear 6++ signal is found; some 6° pro­

duction may also be present. The shaded distributions are 

for events selected with lt6 1 < 0.4 GeV2 (t6 is the square of 

the four momentum transfer between target proton and out­

going p7r+ system), and M + - > 1.0 GeV so as to remove most 
7T7T . 

of the p0 reflection and to minimize other backgrounds. 

Corrections for 6++ production due to contamination from wide-

. angle electron-positron pair production and for scanning losses 

of 6++ events with short recoil protons (proton momentum 

< 0.14 GeV/c) were found to be less than 1% (< 4 6++ events) 

from a Monte Carlo simulation.73 

Maximum likelihood fits were made to the Dalitz plot 
++ 0 • ·' assuming 6 , 6 , p productJ.on, and a constant background. 

The parameterization of equation 2 was used to describe the 

· p0 production. The Soding model (see Section IV),·which also 
. + -fits the 1r 7T mass distributions well, was not used because 

the Drell terms in this model already contain contributions.to 

6 production. In order to state a total 6 cross section, 

a(67r), we must choose a reasonable parameterization of the 6 

production amplitude T6 • In place of the usual Breit-Hie;ner 

fo~ms, e.g., those discussed by Jackson,51 which describe the 

6 shape vrell near resonance but fail far av.ray, 74 we (l=el it is 

more meaningful to use a purely phenomenological form73 derived 
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Fig. ·30. (a) Reaction r.p -+rr+,r-p: Effective mass distributions 

+ -f'or the prr and prr systems. The shaded histograms represent 

·events with ltb.l< 0.4 Ge..j and Mn+-rr- > 1.0 GeV. The curves are the 

result of' the fitting with Eq. 2, using the experimental phase shif'ts 

a
33 

to describe the b. shape. 
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f~om the experimental phase shifts 6
33

: 

2 
2 sin 633 .IT AI u a: . r(M) (15). 

where r(M) follm·rs from tan 633 = Mllr(M) I ( M~;..M2) and 

Mil = 1.236 GeV. The values of 6
33 

have been taken from a phase 

shift an.alysis. 75 The full curves of Fig. 30 were obtained from 

the ma.Ximum likelihood fit with Eq. 15 describing the 6, signal. 

If inste~d the second part of Eq. 15 is used together with a 

conventional parameteriiation for r(M) as was done, e.g., by 

Boy~rski et a1., 28 one finds a value of cr(lln) larger by~ 20%. 

Fig. 30(b) shows by the dotted curved the fit to our data with 

this same parameterization for r(M) (Mil= 1236 MeV, r
0 

= 120 

MeV). For comparison ·v1e have included the full curve of Fig. 

30(a~ obtained from the 6
33 

phase shifts. Clearly, the pheno-

·menological form derived from the experimental phase shifts is 

preferred. Furthermore, if we fit Mil and r
0 

in the usual Breit-

Wigner form using the same parameterization for r(M) as 

Boyar ski et al. 28 vre find M~ = 1217 ± 3 MeV and ro = 72 ± 8 

MeV in the 2.8 GeV data. 

In Table XIV the total cross sections for production of 

ll++ and ll0 (pn- decay mode only) are given for the two energies. 
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Ey= 2.8 GeV 

M,7T ) 1.0 GeV 215 evt 

lt6 1 < 0.4 GeV 2 

, 
I 
I 
I 
I 

,, 

-WITH 833 PHASE SHIFTS 

--- BREIT-:-WIGNER (JACKSON ·r) 
MAc:l.236, f4c0.120 GeV 

o~~~~~~~~~~U-~--~~~~ 

1.0 1.4 2.2 

Fig. 30. (b) Rea'ction rp -4rl rc-p: M + at 2.8 GeV for events 
pre . . 

with tt6 J < 0.4 Gey2 lllld Mrc+rc- > 1.0 GeV (shaded area of Fig. 30(a). 

top-left with expanded scale). The curves give the comparison of .the 

. 6. shape with the o33 phase shifts and a Drei t-Wigner shape (Eq •. 2 .2). 
- . 
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Tab1.e XIV: Cross Sections for )'P -+.&r and Parity 
++-

Asymmetry P a: for 'YP -+!:::. n • 

E (GeV) a++ - at:::.o + p 
'Y D. 1{ 1{. a 

I. pn-

(t-Lb) (t-Lb). ltJ< .5 Ge,r 

. 2.8 3.6 ± 0.4 0.5 + 0.2 -0.27 ± 0.12 

4.7 1.0 ± 0.1 0.16 ± 0.09 -0.53 ± 0.15 

·' 

117. 
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Figure 31 shows the differential cross sections dcr/dt6 for 

6++ production obtained from the same maximum likelihood 

fit (using Eq. 15) as de.scribed above for each t-interval 

separately. Also shol'm are the measurements of Boyarsld et 

al. 28 at E = 5. 0 GeV. Measurements in the back\'lard direction 
.- . 'Y 
have been made by Anderson et al.76 

. The 6 ++ angular distributions have been .at\alyzed in terms 

of the 6 spin density matrix in the (6++) Gottfried-Jackson 

frame. The z axis is taken as the direction of the incident 

proton in t.he 6 rest frame; the y axis is defined as the normal 
" " " to the production plane (y cr-y x n-). The electric vector E 

of the photon makes an angle ~with the production plane: 
" ~ " " " 

cos~= -y.(Exy), sin~= Y•E. The decay angles e and~ are 

tne polar and azimuthal angles of the outgoing proton in the: 
A ~ ~ h h A ~ 

6 rest system: cosS = p·z, cos¢= Y·(z x p)/jz x PI~ 
A A A A A A 

sin~= ~(y·x z).(z x p)/lz x PI. The decay angular distribution 

W(coaO,q.,,¢.) is Lb~u glven by:77 
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Fig. 31. Reaction rp -+6++rr-. Differential cross sections dcr/dt
6 

from this experiment <+) and from Ref. 28 for Er =·5 GeV (~). The 

shaded regions in (b), (d) are shown on an expanded scale in (a), (c) • 
. · 

The curves are the predictions of the gauge-invariant OPE model with 

· absorption cor:rlections for C = 0.8 (--:- ) and C = 1 ( ----) • 



120 •. 

-. 2/.J3 Re p0
. cosrp sin2. e - 2/.J3 Re p0 cos2rp sin2e 31 3-1 

1 1 2 ; 
- 2/.J3 Re p31 cosrp sin2e- 2/.J3 Re p3 ~1 cos2rp sin ej 

[ 
. 2 

- P)' sin2<I> 2/.J3 Im p31 sinrp sin2e. 

2 1 r-3 I 
2 

· i 2 sin2eJ} . + 1v~ m p3_
1 

s n ~ (16) 

where p'Y·is the·degree of linear polarizat1on; P)' = 93% at 2.8 

- GeV and P ·. = 91% at 4. 7 GeV. l·le define the polarization asym-

. metry I ~Y .. · · 

(17.1) 
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where W{<t>) is the <l> distr:lbution integrated over.e and cp. 

Performing the integration of Eq. 16 and evaluating W{<l>) 

at ~ = o, ~/2 we find 

(17.2) 

A related quantity is the parity asymmetry, P
0

, defined in 

terms of the cross sections for natural and unnc~tural parity 

exchange in the t-channel, aN and au:. 

{18) 

At high energies P
0 

= \p§
3

·+ pi1),78 and the polarization 

asymmetry ~ which is ~asily measured by counter techniques be­

comesthe negative of the parity asymmetry. 

To obtain the nine measurable density matr:Lx parameters, 

events were selected vrith Mp7T'+ < 1.32 GeV and the method of 

moments was used vri th the Eberhard-Pripstein procedure 79 to 

remove the p
0 reflection: ·only events with coseH < 0.3 (0.7) 

at 2.8 GeV (4.7 GeV) were used, where eH is the angle in the 

c.m.s. of the 6 between the decay proton and the 6 line of 

flight in the total a c.m.s. Fig. 32 shows the pik and P
0 

obtained this ,.,ay. The values of P averaged over !tAl < a . u 
0.5 

. I 
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Gev-2 are given in Table XIy. It is clear that OPE alone 

cannot explain the data since it would require P = -1. 
CJ 

Qualitatively the same result was obtained in an experiment 

done at low energy.8o 

Comparison 't'Ti th Theory. vie calculated the predictions 

of the minimal gauge invariant extension of the OPE model 

(GIOPE) 'l'li th absorption corrections. Gauge invariance in 

this model is achieved by adding to the OPE diagram (Fig. 33-I), 

the s-channel nucleon exchange (Fig. 33~II), the u-channel ~ 

exchange (Fig. 33-IV), and the contact graph (Fig. 33-III) 
. 30 

according to the prescription of Stichel and Scholz. The 

decomposition of the Born amplitudes into helicity amplitudes 
. 81 

was taken from Locher and Sandhas. In contrast to these 

authors, following the idea of vector dominance, l'Te applied 

absorption corrections in both initial and final states82 by 

multiplying the helicity amplitudes for spin J by the factor83 

where q is the c.m.s. momentum, A is the slope parameter, C is 

the absorption parameter (c = aT/4nA, aT is the total cross 

section for scattering of. either the initial or final state 

particles) and the indices "in", "out" refer to the initial 

and final states respectively. I·Je assumed that Ain = Aout = A · 

and Cin = Cout = C; A was taken from elastic np scattering to 
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OPE model. 
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be 8 Gei-2; for C a .value of 0.8 was usedr The finite width 

of' the 6 was taken into account by integrating over the n+p 

mass range using the (3,3) elastic scattering cross section. 

The solid curves in Fig. 31 sho\'1 the predictions of 

GIOPE for dcr/dt6 (1P- 6++n-). For comparison we also give 

The predictions for C = 1 (dashed curves). Except for the· 

very lo"Vr It,. region, too much 6 ++ is predicted. 

In Fig. 32 \·Te compare the predictions of GIOPE ui th the 

measured density matrix parameters and P as calculated from . cr 
these. It can be seen that the additional diagrams of Fig. 33 

.simulate some natural parity exchange contributions in the 

t-channel. Altbough there is agreement for_lt6 1 ~ 0.1 GeV
2 

in an average sense we cannot test the strong variations pre­

dicted by GIOPE for lt6 1 ~ 0.02 GeV2 • For lt6 j > 0.1 Gev2· 
a. 

some of the pik and P cr are not reproduced l'lell. The GIOPE. 

predicttons for the p~k are essentia,lly independent of the 

value of the absorption parameter c. The density matrix para­

meters predicted by the OPE graph_alone, namely, pi1 = - 1/2, 

all other p~k'in Eq. 16 equal to zero, bear no resemblance to 

the data. 

It is also interesting to determine the ratio 

R = cr(1P - 6++7r-) /cr(1P - 6°n+,t:-.0 
..... pn-). If there is only · 

t-channel I 0 = 1- (e.g., 1r) exchange, then R = 9. Stichel and 

Scholz in their version of GIOPE keep only contributions equi­

valent to this IG = 1- exchange in the t-channel and hence 
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predict R = 9. 81 84. Other versions of. GIOPE ' drop this 

restriction to IG = 1- t-channel exchange and R becomes a 

function of t 6 •· .If this R ~ 9 is then interpreted in terms 

bf t~channel effects alone it can be taken as evidenee for 

IG = 1+ (e.g., B) or IG = 2- (exotic) exchanges. Our data 

on R (see Table XIV) are consistent with either version of 
. 84 . 

· ·. +I· 0 -GIOPE. The data of Boyarski et al. for 6 , 6 , 6 produc-

tibrt offprotons and deuterons are inconsistent with the 

assumption of I = 1 exchange alone and led to r-;pArnl.;:~.t.ions 

on the existence of exotic exchanges. 29 We point out that 

these clata may be understoou in terms of the GIOPE modei. 85 

Vector dominance (VDM) relates the reactioh."YP-+ 6++7f­

to the reaction 7rp-+ t:.V0 where V0 is p0
, co or</>. Cotsman32 

has fitted the latter reactions to a sum of Hegge exchange 

amplitudes in order to perform the line reversal needed for 

the comparison. ·l-lith -y~/47T ""' 0.5 ('Yp describes tt1e -y-p 

coupling strength), his. predictions for 5 GeV are in fa.ir 

agreement with our qcr/dt6 for lt6 1 > 0.1 aev2 . vlhile his 

predictions for some of the p~k ancl for Pcr (sec dashed curve 

in Fig. 32) are in qualitative agreement, his prediction 

p33 ~ 0 is not supported by the data. 
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VI· CONCLUSIO.NS 

The production of 7T+7T- pairs in the s-channel c.m. 

helicity-conserving p-wave state, determined in a model-inde­

pendent way, accounts for almost all events in the p0 region 

and shows the same skewing as the 7T+7T- mass distributions. We 

have observed a variation of the p0 mass shape as a functionof t 

and find this related to the variation of the exponential slope 

of the t distribution \'lith M.,rn. The Ross-Stodolsky factor, 

[MP/M7T7T]
4, used to e~ain the p0 mass shift is inconsistent 

with our observed t dependence of the p mass shape. Further-

10 65-67 more, the prediction of Ross-Stodolsky and others that 

the factor should work at t = o, is not supported by the data 

near t = 0. ~le have observed an interference of the p0 ampli-

tude l'Ti th background. These features are \':ell described by 

the interference model of Soding. Since it is necessary to 

use a model to deter~ine the p0 differenti~l cross section, 

we emphasize that an uncertainty is introduced which is much 

larger than our experimental errors. 

From the correlation of the p0 decay with the polariza­

tion vector of the incident photon we find that the reaction 

~P ~ p0 p proceeds almost completely through natural-parity 

exchange up· to ltl = 1.0 Gev2 and conserves helicity in.the 

s-channel c.m. system up to ltl = 0.4 GeV2 • vle remark that 

these features may be general characteristics of diffraction 

tt . 86 sea er1.ng. 
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lve have observed evidence for p

0 -ru interference in the 

reaction 1'P ~ 7T+7T-p. Our resuits are consistent \'rith the 

prediction by 

they are also 

21 . 23 
Goldhaber, Fox, and Quigg an~ by Horn; 

in agreement with the results for p0 •ru inter-

ference in·diffractive photoproduction of vector mesons on 
. . 20 
carbon ... 

' The cross sections, density matrix elements, and parity 

asymmetry of the reaction 'YP - 6++7T- have bee.n measured as a 

function of t 6 • The average values for lt6 1 < 0.5 GeV2, 

}' = -0. 2~( ± 0.12 and P = -0.53 ± 0.15 found at 2. 8 and 4. 7 GeV, 
a cr 

respectively exclude a simple OPZ model. 
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APPENDIX A: Comparison of Measurements at LRL and SLAC. 

About half of the three-pronged events from the 

2.8 GeV sample were measured at both SLAC and LRL. The measure­

ments at LRL 't•rere made on Spiral Reader II. The purpose of 

the test '\'tas to check that the measurement and reconstruction 

results v1ere consistent bet't·Teen laboratories. 

Figure 34 displays the confidence level scatter plot for 

the 3-constraint fits (reaction~ ~~+~-p); the abscissa of 

an event gives the LRL result and the ordinate the value of 

SLAC. The approximately uniform density of events indicates 

that the calculated errors from TVGP and SQUAVT are primarily 

due to point scatter in measurement. If Coulomb scattering 

errors were dominant, the x2 probability for one measurement 

't'lould be strongly correlated vTi th a second measurement. 

In contrast to the confidence levels, the incident gamma 

energies as determined from the 3-constraint events measured 

by LRL and SLAC, as shol'm in Fig. 35, display the expected 

45° line behavior. The scatter from a straight line indicates 

the measurement error forE~. There is a small energy differ-· 

ence ( = 15 l-1eV) betv1een LRL and SLAC. This discrepancy is 

small, and consequently no attempt ·Nas made to reduce it. 

From the scatter of events on Fig~ 35 we find the measurement 

part of the error for E~ to be ± 21 l'>ieV. This error is slightly 
I 
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smaller than the calculated error from TVGP-SQUAH of ± 24 1-IeV 

{for E above 2.4 GeV) again emphasizing the dominance of 
'Y 

measurement errors over those due to Coulomb scattering. 

We give the difference between the LRL and SLAC values 

for the dipion mass in Fig. 36 and the angle ~ in Fig. 37 

(see Section IV-C for definition of~). Both these distri­

bution are fo~ events in th~ p0 mass region. Again, we see 

a slight difference for the dipion mass as measured by LRL and . 
SLAC {1.5 MeV), which is small compared to the uncertainty in 

the fitted mass of ·e.g. the p0 given by the maximum likelihood 

program {6Mp = ±: 3'MeV). The width of the distribution in 

Fig. 36 gives the measurement errors for M7Mt' to be ± 4.5 MeV 

and is again slightly less than the calculated error from TVGP 

(± 5 MeV) and the determination from the~ decays (± 5 MeV). 

Excellent agreement is found in the comparison of the angle ~. 

The width of the distribution in Fig. 37 gives the measurement 

uncertainty in the angle 1/J as ± 0.4~ which is much less than the 

systematic uncertainty in the polarization direction of the 

laser beam itself (± 5°) and consequently in the angle w. 
1~e also compared the events for ~rhich one laboratory 

obtained a 3-constraint fit and the other laboratory had a 

0-constraint "fit" to the reaction 'YP -+n+n-pn°. From this 

sample we conclude that the loss of genuine -yp -+ n+n-p events 

is less than 1% and contamination of a-constraint events into 

reaction (1) is less than 1%. 
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We found no significant discrepancies.between LRL and 

SLAC measurements, and conclude thatthe procedures for 

measuring and reconstruction for the two laboratorie~ are 

compatible.· 

. i 
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Fig. 36. Difference between the dipion mass for events measured at 

.LRL and SLAC in the rho mass region. 
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APPENDIX B: Fitting Procedure for Reaction ).p ~71'+71'-p. 

Maximum likelihood fits were made using the fitting 

program OPTIME87 developed at the La'\'Trence Radiation Laboratory 

by P. Eberhard and W. Koellner. The user supplies a function 

with m variable parameters. OPTIME, in a stepping process, 

adjusts the·parameters such that the sum of the logarithms of 

the function over all data points reaches a maximum. If, as 

in our case the function is unnormalized, integration data 

points are generated by the Monte Carlo program SAGE~8 which 

is a st:~ uf ::;u.l>L·uutines in OPl'lM.I:!.:. .lt'or optimum efficiency 

the frequency distribution of the SAGE-generated events can 

be made to resemble as closely as possible the function to be 

integrated by coding various subroutines .. · 

The effect of a finite number of Honte Carlo events us.ed 

in the integration of the unnormalized function was checked by 

generating a second set of Monte Carlo events to normalize the 

function. The optimized parameters for the t'\'ro maximum likeli­

hood fits were required to be within 1/2 standard deviation of 

each other; other,-rise, the number of f-.1onte Carlo events was 

increased. 

;.· 

. ·-.i 
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APPENDIX C: Description of the Soding Model 

The predictions of the Soding mode111 have been calculated 

using a Monte Carlo program written by P. Soding. The formulas 

employed differ from those given in Ref. 11. We assume the rho 

amplitude to be helicity·conserving in the s-channel c.m . 

·system. The rescattering term proposed by Bauer52 and Pumplin53 

discussed in Section IV is_also included. 

In the following we give a brief description of the Soding 

model used to fit the data of this experiment. We assume that 

the matrix element for the reaction~ ~n+n-p is the sum of 

p 0 (Diag. I of Fig. 15), Drell type (Diag. II and III), and the 

rescattering amplitudes (Diag. IV) 

(19) 

,.. 
where c~ is the polarization vector of the incident photon in 

,.. ,... . ,... ,... ,.. . 

the center of mass system, cp = p x [c~ x p] and p is the p0 

"± . 
-direction of flight in the center of mass system; n is the 

+ 
dii·e..:t;lun of the 7T- in the appropriate system. 'l1he coet't'icient 

~P.;; multiplying Fp insures helicity conservation for the rho 

in the s-channel c.m. system. The p0 -prodtiction is assumed to 

be mainly absorptive and its decay is taken to be a Breit­

vligner form '\'lith a Jackson type width .51 Thus for F P we use 

II 



· A t/2 
-1 e P 

F = N 
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' 
(20) 

where Ap is. the exponential slope of the p0 (see Table VIII 

·bottom) and t is the momentum transfer squaied between target 

and recoil protons~ 

For the Drell amplitudes we use 

± ND T(7r+p) 
F71'±- ------------· --~~~-·--·-- • 

cm;~-t71'±) c1 + lll.rr ~t71'± > 

(21) 

where t71'± is the square of the momentum transfer bet\'leen the 

pho~on and_7T±. The term. (1 + (m71'2-t7r±)/g)-1 is the Ferrari­

Selleri form factor89 with g = 65 Gev2 . The elastic 7rp-

scattering amplitude is 

3 

T(1r±p) = k [ {l+l) A;+ P, A£] Pp, (cosE1) (22) 

where e is the 7rp center of mass scattering· angle and P£(cose) 

are the ·Legendre polynomials. The elastic 7rp partial wave 

amplitudes,9° defined by 

(23) 
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correspon:ito J = .£ ± ~- For 7T p the appropriate isospin sum 

is used~ For the energy of the 7Tp ·system greater than 1.74 
. ± 

GeV we take T(7T p) to be purely imaginary with an exponential 

t dependence. The spin-fiip -term,which should not interfere 

with the p~ was not included for the determination of the p0 

cross sections. Within errors the same p0 cross sections are 

obtained when the extreme assumption is made that the np elastic 

scattering amplitude T(np) is purely imaginary, T(np) = 

The term multiplying the np-scattering amplitude in Eq. 21 

is to account for double counting (see Section IV).54 This 

factor has been shown by Bauer52 and Pumplin53 to be equiva­

lent to adding the absorptive part of the rescattering term 

(Diag. IV of Fig. 15) to the p0 and Drell amplitudes. 

P. Soding11 h~s pointed out that possible modifications to 

make the amplitude gauge-invariant \'Till not change the essential 

results of the model. 
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