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November 10, 1970 

ABSTRACT 

A nearly monochromatic and linearly polarized photon beam 

produced by Comptori backecattering of ruby laser light was used 

to study the reaction yp +7r+,rp at 2.8 and 4.7 GeV in a hydro-

gen bubble chamber. The cross sections for this reaction at 

28 and 4.7GeVarefodtobe306+12and199+08b 

respectively. 

Rho production and decay via 'yp - p°p is studied and found 

to proceed almost completely through natural parity exchange 

The contributions from unnatural parity exchange at 2.8 and 

4.7 GeV are 3.1 ± 3.1% and -1.1 ± 2 .8%, respectively, for 

momentum transfer 1t < 1 GeV2 . The behavior of the density 

* Work supported in part by the U.S. Atomic Energy Commission 

and the 1ratoial Science Foundat.on 
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matrix elements shors thatthe rho production mechanism con-

serves s-channel c.m.s. helicity for ItI< 0.4 GeV2 . The 
dependence of the p°  mass shape on the momentum transfer is 

inconsistent with the Ross-Stodoisky factor. 	Evidcnce is 

presented for an interference of p°  production with background. 

The data, are compared with models including that of Sding, and 

the total and differential cross sections for, p °  production 

are presented. 

Tle mcasured the P 
O -a3 interference parameters Assuming 

the ratio of the p °  and w photoprodu.ction amplitudes 

JA/AJ 2  = 7.1 we find Re(óe') = 2.3 ± 0.9 MeV and 

Im(óe) = -0 4 ± 0.9 MeV, utiere ó( 2.3 MeV) is the mass ml7irig 

parameter and i3( _90) is the relative phase of the p0 co ampli-

tudes. 	 / 

The production of (1236) via yp -+ 	7r (i7r+) was seudied 

in the reaction yp 7r+7rp. We present cross. sections and 

measurement of the parity asymmetryP a; for 	production with 

momentum transfer It < 0.5 GeV2  we found the values '  PCY = 

-0.27 ± 0.12 and -0.53 ± 0.15 at,2.8 and 4.7 GeV, respectively, 

whereas pure one-pion exchange would lead to 	= -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 GeV. 1  The backscatterjng 

of an intense ruby laser beamon high-energy electrons re-

sults in a nearly monochromatic photon beam with a degree 

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 =±(-i)) exchanges in the t-channel 

can be made by measuring the p °  decay angular distribution 

with respect to the photon polarization plane. 2  

Diffractive p 0 photoproduction (Sect. IV): Previous p °  

photoproduction studies 6  have shown that the p °  cross section 

is approximately constant above 2 GeV indicating a diffractive 

character of the production mechanism. Recent experiments at 

DESY7  and Cornell 8  using polarized photon beams from coherent 

together with counter tech- 
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niques to measure the p°  cr6ss section parallel and perpendi-

cular to the polarization plane have shown that the transverse 

part of p°  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 hélicity is conserved. 4  By observing the 

full p°  decay angular distributions correlated with the polari-. 

zation vector of the incident photon we establish that p°  

production is dominated by natural-parity exchange and that it 

conserves s-channel c.m. system helicity for ItI < 0.4 GeV2  

(t is the square of the four-momentum transfer between target 

and recoil protons). 

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

photoproduction on hydrogen9  reported a mass for the p of 

720 MeV. Bubble chamber experiments performed at the 

Cambridge Electron Accelerator 3  and DESY4  confirmed the appar-

ent mass shift (lower by 40 MeV from: p production by charged 

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

respect to the p-wave Breit-Wigner resonance shape. These ob-

servations have necessitated the use of models to fit the data, 

and because no model has been preferred experimentally, the p°  

production cross section has been uncertain to about 20%.  We 

present model-independent cross sections for production of 7r+1r 

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

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

tics of this experiment allows us to test the Ross-Stodoisky 

factor'°  by investigating the t dependent of the p0 
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mass shape. We also determined the p° -production •cross 

sections using the S6ding model, 11  which we found to agree 

with the data. 

Rho-omega Interference (Sect. V): We have examined 

reaction (1) for evidence of p0 —cI) interferencej 2  The pos-

sibility of the 	 (G-violating) amp litüde interfering 

with the p°  -irr amplitude was proposed some time ago, 13  

but interference effects amounting to two or more standard 

deviations in the 	channel have been reported only re- 

centiy._2025 These experimental results have stimulated 

new theoretical studies of p °_u mixing. 21-24 The magnitude 

of the observed w 7T r 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 

in terms of simple models for p °  and co production in quasi-

two-body reactions. 

Delta Production (Sect. VI): Previous photoproduction ex-

periments using bubble chambers2627 and the SLAC_ spectrome ter28  

have studied ++(1236) production in reaction 1 5  and have shown 

that for photon energies 	2 GeV the differential cross 

section da/dtA(t is the square of the four-momentum transfer 

between target proton and outgoing z)  is proportional to 

l/E in common with a number of two-body photoproduction pro-

cesses. 29  Such an energy dependence would be expected for pro-

cesses dominated by one-pion exchange (OPE), but OPE leads to 

a zero cross section in the forward direction in contrast to 
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experiment,28 it is also not gauge invarian 	These 

difficulties are overcome by a gauge-invaritnt extension 

of the OPE model proposed by Stichel and Scholz 30 The 

angular correlations in t production by polarized photons 

provide a further check of the gauge invariant OPE model 3 ' 

and a test of relations based on vector dominance (VDM) 32 

The evaluation of the data in this expaximent was 

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

Preliminary results have already been reported in a series 

of publications. 1  For completeness this thesis includes the 

results on A production and p°-u interference. The treatment 

of the cross sections found in Section III and the p °  produc-. 

tion results of Section IV is significantly different from 

that presented in publications a andb of reference 1. A 

detailed study of the reactions involving missing neutrals 

(e.g., yp -+ap) can be found in the thesis of William Podolsky.33 



tY 

5. 

II. EXPERIMENTAL PROCEDURES 

A. Photon Beam 

In 1962, R. Mi1burn, 	concurrently with F. Arutyunian, 

et al. 5  , 	pointed out that backward Comptori scattering of an 

intense polarized laser light beam by high energy electrons 

would produce useful yields of monoonergetic, polarized 

37 photbns. Sch a beam 6 ' 	was used for this experiment rhich 

was performed at the Stanford Linear Accelerator Center (SLAc). 

Because the reaction 

y(k) + e(Ee ) 	e + y(kf ) 

is a two-body process, the energy k f  of the scattered photon 

depends only on the laboratory:angle, 0, as measured with re 

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

the energies of the incoming photon 1c and electron Ee  are 

fixed: 

kf 
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where s is the center of mass enercy squared, 

4E 2 k 
S M + k1 Ee kfmax  = 	', and 

= 1.78 eV By collimating the backscattered photon beem 

and incident electron beam we find 

k 	-k 	Ic 
max 	 ' min 	max 2 

'• 	C 

mm 

where 0 is the collimating angle ( io 5  radians) 

Thus, the energy resolution (FWm4) is expected to vary from 

about two percent for kf 	= 1 GeV to ten percent for 
max 

Ic 	= 7.5 GeV. Another feature of the Compton process is 
max 

that if the incident light is polarized, after backscattering 

= 00), it is still almost completely polarized in the same 

way. 

Figure 1 shows the beam schematic layout. About 10 11  

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

meter-long interaction region. The electrbn beam in the 

interaction region was 7mm in diameter with a divergence 

of about 107 radians. The incident linearly polarized light 

beam was obtained by Q_sv.ritching a ruby laser of frequency 

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

and pulse.1en,th equ1 to fifty ntnoseconds. The plane of 



• 7. 

C-) 
cc 

S 
- 

• II 

If 
If 

II II a, 

fl I 
It II 

g 
II • 

o 'S C., • II 
• II 

— I, 0 
• I 	I 

ii 

II • Ii 
V) is II 

CA LLJ II 
tj 
CID 

LAJ 

x a- LLJ 
C-)  

I 
(1) 

I .1 
cr 

w 

COX •0 

a, 
0 

C.) a, 

Ce 4) 

_J 

N - 0 0 

- 

0 •  w (_) 0 
- 

uJ 

C." 

o• 44 

0 

r-1 
.- 
+ 

o • a, 
E 

1-4 

Cc 



.8. 

linearly polarized light could be rotated 90 0 by 'inserting 

a half-wave plate into the beam line. After the two beams 

clashed at a relative angle of 3 milliradiaris, the electron 

beam was deflected into a dump. To minimize synchrotron 

radiation the electron beam first traversed a weak magnetic 

field until it ijas clear of the beam line The synchrotron 

radiation spectrum resulting from electrons deflected in this 

weak field was low enough to be remoiea byahigh-Z photoelectric 

absorber(lQ Uranium foils of 0.015 radiation length)thifl enough 

to have a negligble attenuation of the high-energy phóton.beam. 

The Compton backscattered photon beam was collimatea to 1u 5  

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

mator 100 meters downstream of the interaction reion. The 

signals from scintillators embedded in this coiiimator 8  were 

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

photon beam) stee'ing to 	10_6  radians. These, signals were 

also used to monitor the photon-beam intensity, control of the 

intensity was accomplished by adjusting the laser output 

(voltage adjustment to the.flash-lamps) Or the electron beam 

intensity. 	. 	 . 

40, 

I 
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B. Bubble Chamber 

Approximately 740,000 pictures were taken at average 
LD 

ft 	
photon energies of 2.8 and 4.7 GeV in the Lawrence Radiation 

Laboratory (LRL) - SLAC 82-inch hydrogen bubble chamber re-

sulting in 92 ± 4 and 150 ± 6 evens per jib, respectively.  

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

In Fig. 2, a typical bubble chamber picture containing 

anhadronic interaction is shown.. It is noted from this 

example: 

1) Bubble chamber pictures permit a clear distinction 

• 	at the scan table between electromagnetic and hadronic 

interactions. 

• 	2) Because of the collimator approximately twenty 

meters upstream of the 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 center 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 eight e+e_ pairs; with more 

pairs, it would be very difficult to find hadionic events and 

even more difficult to measure them. Therefore, most of the 

pictures were talren  with 	50 pnotons per pulse, this corre- 

sponds. to about seven pairs per picture. 
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Fig. 2. Typical bubble chamber picture with an event of 

the reaction 	+ ID  The background tracks are 
electron-positron pairs. 
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C. Energy Spectrum 

In Fig. 3, the photon energy spectra are shown for the 

two energies. The spectra were obtained from the events 

which satisfy a three-constraint fit to the reaction 

yp._+ir+lrp. Because the cross section for this reaction 

is dependent on the photon energy, we weighted the events 

by their relative production probability, 

Q••+7(p (E 

+. 

where E0  is the average energy of the spectrum. The low-

energy dependence of the cross section was taken from a 

previous experiment! Because of the kinematical cutoff 

foryp +7r+7r _p,  e+e_ pairs were used to determine the photon 

flux below 0.5 GeV. The triangular shaped peaks with lower 

boundaries at about 2.4, and 4.1 GeV (for average peak energies 

2.8 and 4.7 GeV, respectively) contain more than 90 percent 

of thephotons. In add4tion, there is a small tail of a few 

percent extending to low energies. 

The energy determination was checked by measuring K °  

decays; and as shown in Fig. 4, the K°  mass is correct to 

O.25. The 	mass resolution at the K°  mass is ± 5 11eV. 

The combined data for the two energies are given in Fig. 4; 

vie find no significant differences between the two samples. 
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Fig. 3. Photon-energy spectra obtained from events fitting the 

reaction yp 	tcp; 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 K °  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 Compton scattering polarized light from 

electrons is that the backscattered photons retain their 

polarization (left circularly polarized light .beccries right 

circularly polarized) 	This is a simple result of conser- 

vation of angular momentum in the case of circularly polarized 

light. However, for linearly polarized light there is a 

depolarization effect that is important at higher energies; 

the effect comes from a sign difference between the J = 1/2 

and 3/2 amplitudes for left and right circularly polarized 

light. Aside from this effect for linearly polarized light, 

there is a decrease in polarization for photons out of the 

exact backward direction. A complete treatment of polariza-

tion in Compton scattering can be found in Ref. 34-36. 

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 flippin g  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 was found that the half-wave-plate attenuated 

the laser:  light intensity by approximately 30 percent, the plane 

of polarization was alternated only at every maga2'ine change 

(about 200 frames); the intensity of photons at the bubble 

chamber was then maintained at a constant value by adjusting 

the amount of laser light when the •ha?.f-wave-platc- was in the 

laser beam path. No detectable differences were found in the 
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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 defective. Approximately 18 per-

éent of the pictures were taken with this "half-wave" plate, 

and from its characteristics we found the backscatterd photons 

involved had their plane of polarization 45.degrees from the 

vertical and the dégrée of linear polarization = 81 percent. 

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

linear polarization as calculated for the Compton 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 

anuncertàinty 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 

± 30 for the polarization state without the half-wave plate. 

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

of ± 50 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 

conserving p-wave irir intensity II (see Section IVB, Eq. 5). 

For the combined polarization states these uncertainty are 

less than2. 

The average polarization and a summary of the beam and 

exposure are given in Table I. 
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TABLEI 

Beam Parameters and Exposure StatistIcs 

Avg. beam Avg. Linear No. of E 	limits Evts/b 
energy, E 	FWHM Polarization Pictures a'cepted 

(GeV) ' 	(MeV) P.. (GeV) 

2.8 150 93 292,000 2 4-3 3 92 ± 4 

4 .7 450 91 454 ,000 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 thephoton flux. An interaction 

was defined as a number of outgoing particles resulting from 

a gamma-proton collision. The outgoing particles had to be 

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

initial state is of positive charge, the number of outgoing 

tracks ttprongs fl from the primary vertex normally is odd with 

net unit of positive charge. Rare exceptions occur when a 

negative prong annihilates (e.g. irp —7r
0n) before it travels 

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

80 MeV/c momentum, corresponding to about 1mm of range in 

hydrogen. Strange particles are often recognized by their 

decay signature. The electromagnetic background is easily 

identified 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 cherge 

balance, and 3) Compton electrons, resulting from elastic 

photon-electron scattering, are identified by a single negative 

track. 

The determination of photon flax was made by counting the 

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

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

the photon beam is less than 3mm in the bubble chamber. The 
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area was determined during the scan by placing a straight 

edge on the scan table so that it intersected the average 

of the pair vertices; an eventts 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 measurement of the tracks of all events to a suffi-

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

cm for backward tracks). Frames which met any one of the fol -

lowing requirements were not scanned but recorded: A missing 

view, abnormally light tracks, overlapping views, and blank 

areas due to illumination failure. 

The film was double-scanned with discrepancies resolved 

In a third pass. The combined double scan efficiency was 

found to be greater than 99015 for all events except those 

fitting reaction (1) (yp _ir+ir_p)  with short recoil protons. 

Both wide-angle pair production (WAP), simulating hadronic 

events, and a low scanning efficiency present difficulties 

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

with events of reaction (1) has been calculated using the 

Bethe-Heitier cross section formula. 39  Wide angle pair candi-

dates contaminating the events of reaction (1) were found 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 (!tL< 0.02 

GeV2 , t is the square of the momentum transfer between the 

target and recoil protons). For tJ > 0.02 GeV 2  only 1 WAP 

candidate's at 2.8 GeV and 15 at 4.7 GeV were found. After 
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removing the WAP candidates the t distribution was examined 

for scanning losses as a function of M. Assuming that the 

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

with 1.1 the scanning 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) with t 0.02 GeV 2 . In 

summary, corrections to the cross section for -yp - 	due 

to WAP contamination and scanning losses amount to -O.k ± 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 was for one scanner to record 

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

sulting corrected combined double scan efficiency for counting 

pairs was 	100%. Because the evaluation of thecross 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. We estimate uncertainties in 

the pairs counted (as compared to the events) to be ±2%. 
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TABLE IE 

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

= -I-N means scanner 1 recorded N pairs too many, 

and similarly for 6 2  Thus in 2265 frames, there 

were 99 in which scanner 1 recorded correctly and 

scanner 2 recorded one too few. 

6 1 
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aIumhers based on UCLRL scans only (50% of total film). 

At SLAC, where individual pair vertices were rccordcci, 

descrepncies were resolved on a one to one hsis. 
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Both laboratories scanned a common subset of the film 

(10%). Comparison of the scan results indicated that the 

scanning procedures for the different laboratories gave 
• 	consistent results except for events of the reaction. 

yp _7r+7rp with short recoil protons (JtJ < 0.02 GeV2 ). 

• 	 For the different laboratories these events were found with 

varying degrees of efficiency(the average double scan 

efficiency was found to be 87%). 

F. Measuring and Kinematical Reconstruction 

Half the events were measured on conventional measuring 

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

the first measurements atLRL were processed by the Spiral 

Reader II; the passing rate was comparable to conventional 

measuring machines. Further information of the performance 

of the Spiral Reader can be found in the thesis of W. Podo1sky. 3  

At both laboratories the events were analyzed using the programs 

TVGP and SQUAW. 4°  

After two measurements the failing events were looked at 

on the 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 due to secondary scatters or track 

obscuration was 	5% (see Table III). 

The fit hypotheses made in SQUAW are given in Table III. 



Mar Topology Number 
Constraint 

Number of Events 
E.), = 2.5 Gel E. 	= 4.7 0eV 

1 p — lr+,r_p 3 2936 3281 

2 0 3238 4688 

3 _ 
0 1707 2286 

4 3 79 104 

Marks 2, 3 ambiguous 681 2900 

Marks 1, 4 ambiguous 5 19 

No fit 35 73 

Remeasurable 183 308 

Unineasurable 387 737 

Total 	3-prong 9251 14396 

1 •p - 	piririr, 3 354 795 

:2 p7r+,(.7r_7ro(nvr0)a 0 260 1194 

3 - n 3y 	2r 	(o)a 
0 64 429 

4 pK4lCnn 3 1 145 

Marks 2, 3 ambiguous 40 528 

Marks 1, 4 ambiguous o 1 

Nofit 
5 8 

Remeasurable 41 101 

Unmeasurable 65 234 

Total 	5-prong 830 3335 

1 yp — p 	37r 3 5 44 

2 -=p 3+ 3 •  Tr o(o)a 
0 0 143 

3 — a 47T 	 3 •  ( mn 0 0 11 

Marks, 2, 3 ambiguous 0 19 
Nofit 0 2 

Remeasurablo 0 13 

Unmeasurable 0 9 
Total 	7-prong 5 141 

Total 	9-prong 	: - 1 

Pairs Counted 12,294 22,010 

Frames (Pairs counted on) 1,808 2,7814 

Good Frames 292,927 452,239 

am = 0, 1, 2. 

b The nwnber of events for Mark 4 do not Include those events - 
with a visible K-decay (U at 2.8 0ev and 16 at 4.7  0eV for yp  
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No constraint was placed on the incident gamma energy. Hence, 

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

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

• accomplished by accepting fits compatible with bubble density 

and 3-cstraint fits with kinematic X < 30 (see also Thesis 

of W. Podolsky). 33  

• 	We have investigated those events with 	greater than 

30 for possible losses of genuine 	 events. The 

mbmentum and energy distributions of the charged particles 

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

Appendix A). VJe have also iboked for possible biases in the 

kinematic reconstruction and event identification by generating 

in Monte Carlo events with the program PHONY and applying tie 

same selection criteria as fbr real events. This study indicates 

the loss of -yp - 7r7rp events to be •< l" and the contamination 

from other 3-prong events to be< l. We also estimate mistakes 

made in processing events to be < 15"; hence the total systematic 

uncertainty of reaction (1) is ± 25. 

The X 2-distriution for the events givinga 3-constraint fit 

to yp 71+7rp  (reaction 1) allows one to check the treatment of 

errors inTVGP. If the error treatment is correct and the measure-

ments have a Gaussian distribution, the X 2 distribution for the 

events should follow the theoretical x 2  distribution for three 

degrees of freedom. However, it is more common for bubble chni-

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

factor of a2  and to have too many events at high X 2 	In Fig. 
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Fig. 5. Chi-squared distribution for events fitting 7p 
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freedom. 
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5, we give the X distribution for the events of reaction (1). 

For comparison we give (full curve) the theoretical 	dis- 

tribution for three degrees of freedom. The 	7 percent too 

many events for 	> 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 a, the 	distribution would scald by a 2 . Out- 

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

those fits with 	< 10 to determine 0. 	 thus we avoided the 

excess of events with large X 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 the rernaiing events to the x 2  function shape 

2 21'2 	2 ()(. /a ) exp(_2/2a.). 

This corresponds to the theoretical 3-constraint distribution 

at a = 1. We obtained for a2  the values 1.09 ± 0.02 at 2.8 

GeV and 1.08± 0.02 at 4 • 7 GeV. It follows with the assumptions 

discussed above that the output errOrs from TVGP are too 

small by a factor a = 1.04 ± 0.01. 

As discussed 

their errors have 

distribution for 

of the K°  and the 

to 0.2 and  

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

been checked by observing the 7rr mass 

9 decays. Agreement was found for the mass 

calculated error fiomSIOUX(K °  mass correct 

±5 MeV). From the calculated error in 
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SQUAJ for the events of reaction (1)we find óN = ± 5 MeV 

in the p mass.rer;ion. A further check v;as made by comparin 

events me.asured at SLAC and also at LRL on the Spiral Reader 

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

The results of the measurement and reconstruction for the: 

events processed at SLAC and LRL were found to be in good 

agreement. 
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IIIM, TOTAL AND PPRTIAL CROSS SECTIONS 

The photoproduction cross sections were obtained by 

relating the number of hadronic events N and the number of 

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

the known e+e  pair-production cross section apajr: 

N 
- hadrons) = N(pairs) pair 

Pair production cross sections on hydrogen used in this 

paper result from the theoreticaiwork of Jost, Luttinger, and 

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

unitarity of the S-matrix, has 

the advantage that electron screening of the proton is included 

Knasel41  evaluates by numerical means the formula of JLS to an 

accuracy of 0 l above 20 MeV The values of Knasel agree in 

both the high energy and lou energy limits with the Bethe and 

Bethe-Heitler resuits, 4  respectively. The formula of Bethe 

and Heitler neglects elect.ronscreening of the proton and 

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

The formula of Bethe has approximations of the order 1/k and 

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

Knasel applies various corrections to the result of the JTfJS 

cross section to account for retardation effects and radiative 

46 correction using the work of Mork and Nork and Olsen 	The 
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Table IV: Cross sections for pair production on hydrogen 

according to Knasel as a function of photon energy k 

k (MeV) a 	(nib) k (MeV) a 	(nib) 

100.0 11.66 1000.0 18.29 
150.0 13.15 1250.0 18.6 
175.0 13.69 1500.0 18.91 
200.0 11.15 

1750.0 19.11 
300.0 15.145 2000.0 19.26 
1300.0 16.28 3000.0 19.65 
500.0 16 85 13000 0 19 8'T 
600.o 1(.28 5000.0 20.02 
700.0 17.62 8000.o 20.25 
800.0 17.88 10000.0 20.33 
900.0 18.10 
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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 errorsof gz 1.61o". Recent éxperi-

mental tiork at DESY has determined the total pair production 

47 Oross section in hydrgenwith errors of about l. 	Thecl o 

results:are in agreement with the v;ork of Knasel. 

The number of e+e_ pairs was 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 was made using the photon-energy spectra 

of Fig. 3 (weighted by the relative pail' production cross 

section) . The fiducial volume correction for the pairs uas 

made from the photon energy spectra obtained from the events 

of reaction (I) when the vertex falls outside an ellipse de-

fined by [(A 2 	
2 1/2

x) + (Az/2) I 	= 2mm; Ax (horizontal) and Az 

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

beam line. The beamS line was determinedfrom a least squares 

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

Az is to account for the larger measurement uncertainty in 

the vertical airection 	These corrections are given in Tafle V .  

Corrections were made for hadronic events outside the 

fiducial volume from the distribution of the primary vertices. 

For the energy correction we used the photon-energy spectra 



Correctionsa in percent for E7 (GeV) 

Topology . 2.8 11.7 

a) -0.14 	1- 0.14 +3.14 ± 0.5 

+ it P 13 ) -1.3±0.2. -2.8+0.3 

y) -2.3 ± 0.3 -9.6 ± 0.6 
0±2 0±2 

)ther 3-prong ) -0.6 ± 0.1 -0.9 ± 0.1 
) -1•1 ± 0.3 -7.0 ± 0.5 

0±1 . 	0+0.6 

5-prong ) -0.1±0.1 -0.3±0.1 

y) 	. -0.6± 0.3 .. 11.5 0.14 

.7-prong y) 	. - . 	. 	-3.2  ± 0 .2  

a) . 0± 2  0 + 2 
Pairs ) -1.2 ± 0.4 -2.1 ± 0.11 

y) -1.9 ± O.Ii -7.0 ± 0.6 

a The entries a,P y 	denote corrections for: 

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

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

7) for eveits outside the energy selection 
(2.14 < E < 3.3 GeV and 4.1 < E 7  < 5.3 GeV 
at EY = L8 and 14.7 GeV respectively), and 

) uncertainty in the kinematic reconstruction 
and evnt identification (± 2% error in 
yp - 	it p andin other 3-prongs are correlated). 

.11 
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of Fig. 3. weighted by the relative topology cross section. 

These corrections are given in Table V. 

For the calculation of cross sections, the unmeasurable 

and remèasurable events of Table III were distributed among 

the different channels in the same proportions as for the 

measurable events. In Table VI we give the cross sections 

by topology and for reaction (1). In Fig. 6 the cross section 

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

function of the photon energy together with the results of 

pievious experiment s . 24855  Using the previously published la 

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 preliminary 

la values reported for this experiment.  



Table VI: Cross Sections 

Cross sections by topology at the, average photon energies 

E = 2.8 and .4 7 	 .7GeV for events selected in the intervals 

2.14< E< 3.3 GeV and 14.1< E< 5.3 GeV at 2.8 and 14.7 GeV, 
respectively. Errors include systematic uncertainties 

(3% for yp 	tcp, 2% for other topologies). 

Topology 

Cross Section inpb 

For E7  = 	2.8 GeV 

0.15 GeV 	, 

14.7 

0.145 

GeV 

GeV 

yp 	p 30.6 ± 1.2 19.9 ± 0.8 

OThER 3_.pronga 61.1 ± 1.9 61. 	± 1.7 
5-prong 8.14 ± 0.14 19.6± 0.6 

7-prong 0.05 ± 0.03 0.814 ± 0.08 
with strangeb 
particle decay 8.1 ± 0.5 8.5 ± 0.5 

• 	l_prongC 22.7 ± 1.5 15.6 ± 1.2 

Total 131 ± 3 126 + 3 

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 
5 	of total flux. 	 , 

C 
Cross sections for 1-prongs taken from ref. la  which is based on 
10$ of the data. 

32. 
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IV. p°  PHOTOPRODUCTIQrr - IN THE REACTION yp 7r+7r_p 

In sections IV A through D we give results for p °  pro-

duction and decay in the reaction 

.yp7r+7rp  

We find this reaction dominated by p °  production in the quasi-

two body final state •reaction 

yp - p°p. 

A less significant feature of reaction (1) is '1236) pro-

ductjorx 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 for events with ftj > 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 

JtJ > 0.02 GeV2  were considered. 

A. Dalitz and Chew-Low Plot Distributions 

Figure 7 shows the Dalitz plot distributions at the two 

energies for M2(7r+p) vs in reaction (1). A dis-

tinctive p°  band is clearly visible at low M(7r+7r_). The 
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sineH decay distribution of the p°  (see Section TV-C) is 

related to the non-uniform density of events in the p °  band 

as a function of M2(7r+p);  at low and high M(7rp) there are 

relatively fewer events than for intermediate values. The 

.'(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 próton_7r+  system. Little L ° (l236) production is 

found in the proton-7r system as seen in Fig. 7. 

The "Chew-Low plot" distributions (at the two energies) 

• for 	the square of the dipion mass are shown in Fig: 

8. The distinctive p °  band is concentrated at low tJ.. The 

p°  mass shift to low M is seen as a higher concentrattonof 

events at masses below M. It is also apparent that as Itl 

increases the density distribution becomes more symmetric 

about the rho mass. 

B. Cross Sections and the p °  Mass Shift 

14 Parameterization and Model-Independent Results 

Figure 9 shows the 7r+7r_  mass distribut1ons The top 

spectrum shows 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, which has the characteristic downward p °  mass 

shift found in previous photoproduction studies at CEA 3  and 

DESY! We have looked in the 7rr mass distributions for the 
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production of higher-mass mesons, in particular the vector 

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

by J. Shapiro using the Veneziano model. The upper limits 

(1 ci) on their production cross sections at 4.7 GeV are 0.5 ub 

and 0.4 jib, respectively, assuming for both p' and p" a width 

of 200 MeV and decay into 7r47r_  only. These upper limits agree 

with other experiments6  but are still consistent with a re-

cent Veneziano model calculation by Satz and Schilling. 50  

In the past, good fits to the 7r+7r_  mass distributions were 

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

with an energy dependent width according to Jackson 51  for the 

p°  by a mass-skewing factor [M/?ç) 4  from the diffraction 

dissociation model of Ross and 8todolsky) 0  In order to test 

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

Wigner for the p °  by the factor [M/M]m(t). Maximum likeli-

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

the density distribution 



I., 

• 	 •40. 

2 	2 	 r 	 '7it 
dP(M +sM +-,t,t) = V NBW(M,r1A) e 

M 	n(t) 
+ f N BW(Mr') w (coseH)[+P] 	eAPt 

(2) 

+ (l_f ç.f) Nps .1] d (Phase Space) 

	

where iç+ = lr+p invariant mass, t 	square of the momentum 

transfer between incoming proton and the outgoing (71+p) system. 

The parameters f and fare the fractions of events of L(1236) 

and p°  to be determined. BW, (M+) and BW(M,1 1.,1 ) are the 

resonant distributions for 4 and p ° , 

BW. (M) = ____ 	r(M) 	 , 	
(2.1) • 

(M -M0 ) + M F (M) 

r(m) = r ({)) )3 	
. 	 (2.2) o 
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0  p production 	 production 

X=p 	 X. 

= M (parameter) 	 M0  = 1236 MeV 

=r (parameter) 	 ro = 120 MeV 

q(M) = 3-momentum of the 	q(M) = 3-momentum of the proton 
in the 7T7T rest system 	 in the piTt  rest system 

2 	2  
P(M) = (q (M)+ q (M0 )) 	 p(M) = (22 M7 .2  + q2 (M)) 

M 1. = pion mass 

The normalizatiOn N, N and Nps  were determined by Monte 

Carlo Integration. W(coseH) = 3/1 sin20H describes the 0 

dependence of the p °  decay distribution in the helicity system. 

The factor.  exp(7 1 t) approximates the t distribution of the 

it+(1236). A brief description of the maximum liklIhood fitting 

program can be found in Appendix B. 

44 The contributions from the 	p°  and phase space together 

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

of t. The fits described the 7r+7r  mass spectra well, as shown 

by the dashed 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 Stodoisky, namely n(t = 0) = 4, the para-

meter •n Is ' 5 near t = 0; it drops to zero around !tJ 	0.5 

GeV2. 



-t (GeV2 ) 2 8 GeV 7 GeV 

0c2-o.08 

0.08 0.18 4 ..5 ± 0.3 •9 ± 9•3 

0018 - O.I 35 ± 0 1 2 8 + 0.3 

O.1 - 1.0 1.0 ± 0.9 0.3 ± 0.6 
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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 < tJ .< 0.08 GeV 2) 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 solid line (confidence level < 0.1%) 

The parameter n(t) was determined again allowing for 

p°-w interference (see Section V) by modulating the p°  ampli-

tude by the factor of Eq. 11 Section V. The mass mixing 

parameters were set at the values & = 2 .5 MeV and 	0 degrees 

No change was found for n(t) (for 0.02 < Itj < 0.08 GeV 2  
n(t) = 5.25 ± 0.3). 	This result is not surprising because 
the p0-a interference only affects appreciably the irr mass 

distribution from 750 - 810 MeV However, the factor (M/ 

M)n(t) 'is most strongly influenced by the signals for 

< 650 MeV and >. 850 MeVf. 

A test was made to determine what influence the energy 

dependent width had on the determination of n(t). Replacing 

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

Wigner of Eq. 2.1 we determined again the values of n(t), 

and r. For the lowest t bin (0.02 < tJ < 0.08GeV 2) we obtain 

n(t) 	4, however the predicted 7r+7r mass spectrum does not 

agree with the data (confidence level < 0 . 01%); too much 

signal is predicted at low ç,,.. 
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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 It! < 0.7 GeV2 , 

n(t) = 0 for Itl >0.7 GeV2 	

(2.3) 

4.7 GeV by n(t) = 6 + lot for It! < 0.6 GeV2 , 

n(t) = 0 for It! > 0.6 GeV2  

The parameters'MP , r and A of Eq. 2 (with the Jackson form 

for the p width,. Eq. 2.2) were then determined in the maximum 

likelihood fit for events in the lowest three t bins 

(0.02 	Jt 	0 • 24 GeV?) which contain 	75% of the events of,  

Reaction (1). We obtained for the rho mass and width the 

values (766 ± 3), (111.5 ± 6) and (762 ± 3), (141 ± 5) MeV for 

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

exponential slope, A 10, were (6.36 ± 0.30) and (6.31 ± 0.26) 

GeV 2  for the two energies. 

In Fig. 12 we give the exponential slope of the t dis-

tributiOn as a function of the 7r+7r_  mass. 4  The slope, A, 

was obtained by fitting the events in a given 	mass bin 

with 0.02 < Itl .< 0.4 GeV2  to the form 
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dcr 	A(M)t 
M)cce 

The strong variation of A with the 	mass is related to the 

t dependence of the 7r+7r 	mass distributions, i.e. n(t). 	This 

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

theform 

M 	n(t)At 
P (t,}ç.) = 	 e 	+ 

contributions from A 	 and constant background. Assuming 
-2 

= 6.3 GeV 	, n(t) = a + At p  neglecting contributions from 

and constant background, and taking the in; we find 

In [B(M)(M)] + [ 	£n (M/) + Ap]t 

The linear term in t is 

A(Iç) = P 	n (M/ç.) + A 	. (3) 
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Using obtained from the approximate n(t) behavior found 

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

dashed curves of Fig. 12 A(M) obtained from Eq. 3. A(M) 

describes well the dependence of the exponential slope of the 
t distribution on the rr mass. 

The total p0  production cross section in Reaction (1) ob-. 

tamed by fitting with the parametrization (M/M)n(t) and 
WW 

correcting for the interval It! <  0.02 GeV2  is given in Table 
VIII (middle) 

The analysis of the p0  decay in this experiment shows 

(see Section IV-C) that for ftj< 0.4 GeV2  the p°  decay angu-

lar distribution is 

fsin 2  e + P smn2.e cos2} . 	(4) 

The angle.s are sketched in Fig. 18; 0 is the polar angle of 
the decay 7r+, 	is the polarization angle defined as 7P = 
where 0 is the azimuthal angle of the 7r+ with respect to the 

production plane, 4> is the angle between the photon electric 

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

* 	polarization of the photon. All angles are calculated in the 

lr+lr_ helicity system. Equation 4 can be expressed in terms 

of the moments Y(0), Y(0) and Re 
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Table VIII: Total cross sections for yp-+pitit; total and 

forward differential cross sections and slope A for produc-

tion of 	pairs in the s-channel c.m. helicity conserving 

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

fits with the parameterization (/Mlt(t) and the Sding 

model. 

7 

(GeV) 

a 

(.th) 

da ( 	. 

(b/GeV2) 	. 

A 

(GeV 	) 

hele cons. p-wave (IT) 

2.8. 

4.7 

2.8 

4.7 

2.8 

18.4+1.1 	- 

14.0±i.O 99± 7 

7.5±0.6 

7.1±0.5 

p0  production with parameterization fMP/M u ]t) 

20.8±1.0 

15.6 ± 0.7 

138+ 	8 

106 ± 5 

6.6±0.3 

7.0 ± 0.3 

p0  production with S6ding model 

18 .3± 1 . 0  

15.3±0.7 

97± 7 

88+ 	5 5.8±0.3 



 

=_--_Y(e) - 	Y(e) + 2 PJ 	Re Y(e,) (4 1) 

Because of its 7P dependence, Re Y(e,*) is the least 

affected by background and therefore has been used to deter-

mine the s-channel c m helicity - conserving p-wave rir inten-

sity H. Integrating Re Y over Eq. 4 (or 4.1),.we find 

IT =i \PYRe Y(e1,q,1) 
-V 	

() 

= 2 .5 	sine cos2*1  
ly I 

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

histograms of Fig. 9 show IT is a function of 	for different t- 

intervals. We 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 M7.= 1 GeV, II is zero within errors, 

again emphasizing the absence of higher vector mesons; this 

also shows that the background which is present above 1 GeV 

does not contribute to Re Y. The total helicity-conserving 

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

GeV2) is given at the top of Table VIII. 

We have also studied the 7f1 7r mass dependence of other 

moments. In Fig. 13 we show the moments Y to 	and 

Y. The Yo  moment shows the behavior expected for the sin2O 

decay of the p ° . The slightly positive values of Y above 
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Fig. 13. (a) Reaction yp 	The moments Y, Y(e) and 

Y(e,*) in the helicity frame as a function of M for 0.02 <tj< 
0.4 GeV2 . The curves show the results of the S&dlng Model. 
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FIg 	13 	(c) Reaction 7p The moments y(e), Y(e,*), 

y(e,*), 	Y(O,jr), 	y(e), and in the helicity frame as a function 

of M 	for 0.02 < t < 0. 1  GeV2 . The curves show the results of the 

Sding Model. 
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1 GeV are due to the A reflection. The momentY shows a 

distinctive interference pattern In the p region at 4.7 GeV 

which can be interpreted as an interference between the p °  

and a 	partial wave state of spin J 3. At 2.8 GeV the 

moment Y4 does not show a statistically significant inter- 

ference effect. This Is due to the large 	production, which 

plays only a minor role at 4.7 GeV. 

Figure 14 and Table IX show the differential cross sections 

d/dt for p°  production from an independent maximum likelihood 

fit separately for each t-Interval with the density distribu-

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

for the p°  and A was removed,, and we used for n(t) the linear 

behavior of Eq.. 2.3. Also shown In Fig. 14 and Table IX are 

the differential cross sections for the helicity-conserving 

p-wave state, TI. Fitting the differential cross section values 

for Itl 	0.4 GeV2  to the form 

dc - dcr,(t - O\ eAt 
dt 	dt'' 	/ 

we obtain da/dt (t = 0) and A as given in Table VIII.56 For 

I tI < 0.4 GeV2  the differential cross sections and theslopes 
obtained for 11(t) and for the p°  fitted with the paraineteri-

zation (M/N)n(t) agree within errors. 

4, 
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Table IX: Differential cross sections for production of v+,t pairs in the s-channel c.m 

helicity conserving p-wave state 	and for p°  prOduction with the paraxneterization 
[I.;]n(t).and 

p0  production using the Sding model* at 2.8 and 4.7 GeV. Results are 
plotted in Fig. 1)4. 

da/dt (b/GeV2 ) 

E=28Gev 	 EI47GeV 
-t (GeV2) 10  p 	witi 	°(S5ding) 

M/M)t) ° wit 
(M p 0/M)flt) 

p° (Sding) 

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 

0.10-0.15 

67±10 

56+6 

74 +763±7 

55± 450±5 

51±6 54+4 

5±3 45±3 
0.15-0.20 36+5 4 3± 4 	42+4 36±4 35±2.5 36+3 
020-025 29±4 33+3 	28+4 16+3 187±16 213±21 
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 

0.40 - 0.50 

7•7 ± 3.0 

4.3 ± 1.5 

12 ± 2 	13 ± 2 

5.6 ± 1.1 	7.2 ± 1.3 

6. 	±1.8 

5.5 ± 1.1 

8.4 ± 1.0 

5.7 ± 0.6 

9.2 ± 1.5 

6. 	± 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 

2.2 ± 0.4 0.7 	- 1.0 1.0 ± 0.6 0.9 ± 0.3 0.77 ± 0.16 
1.0 	- 1.5 0.7 ± 0.4 0.74 ± 0.22 0.15 ± 0.20 0.33 ± 0.08 
1.5 	- 2.5 0. 	± 0.17 0.17 ± 0.09 0.20 ± 0.09 0.066 ± 0.027 
2.5 	- 

S 

0. 	+ 0.11 0.23 + 0.08 0.015 + 0.013 0.016 + 0.008 

The differential cross sections for Iti > 0.7 GeV 2  were detennined by describing p 
O 

production by a p-wave Breit-Wigner. 
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Fig. 1. Reaction yp 	 Differential cross sections as a 

function of t for the hellcity.-conserving p-wave contribution TI, 
for, Q0  production as obtained from fits with the Sding model and 

using the pareter1zation(/M) n(t) . The shaded regions are 

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

Table IX. 
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2. The S25ding Model 

We have compared our data with the model of Sding, 

which explains the p °  mass shift in terms of an interference 

between the p°  amplitude (Diag I of Fig 15)  and a Drell-

type background amplitude (Diag. II and III). In adding the 

Drell background terms to the p resonance production amplitude, 

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

one thinks of the p as being formed by repeated ir exchange 

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

diagrams corresponding to 'yp - p °p followed by p° - 7r+7r .53 

T. Bauer52  and J. Pumplin53  'avoid double counting by multi- 

plying the Drell term, In the p-wave state 1  by eló  cosó, where 

o is the rho phase shift. In terms of a Breit-Wigner form 

22 

eib cosO= 	p 
(M 2-M2-iMr) 

The following justification for this factor is an argument of.  

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

at high energies, which is long compared to the time 

associated with production and scattering 2 E/M 2 . 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 



61. 

0 ••  00 
CL 

I 0 

r 

12$ CL 

cL 

/ 

CL 

P4 

U 0. 

/

ri 

\\ / 
II • H 

H  H CD I 0. 



62. 

a rescattering term (Diag IV of Fig 15) and shows that 

adding the absorptive part of the rescattering term (corre-

sponding to thépions which form the p being on the mass 

shell) to the Drell terms is equivalent to multiplying the 

Drell. terms by e 16  cosó. 

The results for this experiment for the Sding model, 

without the rescattering correction can be found in reference 

1-b. 

The predictions of the Sding. model have been calculated 

using a Monte Carlo program written by P. S5ding, but modified 

by usto allow for the Bauer 52  and Pumplin53  rescattering term 

and to permit noninterfering constant background and additional 

++(1236) amplitudes. A description of the 86ding model as 

used in this experiment can be found In Appendix C. 

The lowest three t bins (0.02 < JtJ < 0.4 GeV2) were used 

to determine the rho mass and width appropriate for the Sding 

model; we find M 	778 ±3 (769 ± 3) MeV and r 	146 ± 10 

- (146 ± 19) MeV at 2.8 (4.7) GeV. As shown in Fig. 16 the Sding 

model (full curves) describes well the lr+7r  mass distribution. 

The additional curves of Fig. 16 give the contributions from 

the rho., Drell, interference (p°  and Drell), constant background, 

and extra A(1236) terms. From these curves we note the 

following: 
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Fig. 16. The 	mass distributions for the reaction yp 

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

• S&ding Model; the other curves represent the individual contributions 

making up the Sding Model. 
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At 11 the p°  production accounts for almost all 

the 7r+7r  sinal. 

The shape of the 7r+7r_  mass distribution is a con-

sequence of the interference term being pOsitive 

below 11 and negative for IvI7. >  M. 

The Sding model describes Reaction (1) well as in-

dicated by the small contributions from constant back- 

ground 5(3..3)96 and extra & 2(0.7)% at 2.8(4.7) GeV. 

The fitted values of GDRELL/aPo  are shom inFig.17(a) 

as a function of t. The curves give the tdependerice of 

CY DRELL' 	as calculated from the Sding model The S&Iing 

model describes the t dependence of the ir 	mass distributions, 

(solid lines of Fig. 9) and of aDRELL/aPo,ana  consequently, 

the related dependence of the exponential slope of the t dis- 

tribution on the 7r±7r 	355 (solid lines of Fig.: 12). The 

shape of the interference pattern observed for Y and other 

of Fig. 13 is also correctly. predicted. The total p °  

production cross sections obtained by fitting the Sding model 

to. our :.data .(and correcting for the interval Itj < 0.02 GeV 2 ) 

are given in Table VIII. 

In Fig. 124  and Table IX we give the differential cross 

• sections obtained from fits with the Sding model. From the 

differential cross section values for ltI < 0.4 GeV 2  we obtain 

da/dt (t = 0) and the exponential slope, A. as given in Table 
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ViIi. These values are smaller than those for the para-

meterizatjon (M/M)n(t) or for II 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 Sding model are a con-

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

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

INTERFERENCE from M7.= threshold to M = MM (t) decreases 

and becomes negative with inàreasing ftj. This behavior is 

seen in Fig. 17(b)  where we give the t dependence of 

as calculated from the S& ingERFERENCE/lip ing model. Thus 

the differential cross section for p0  productIon will be smaller 

than the parameterization values which counts almost all the 

7r+7r signal as rho at small momentum transfers Conversely, 

at larger momentum transfers the p °  production as determined 

by the Sding  model may become larger than the parameterization 

values. 

We note that there are theoretical difficulties with the 

- SdIng model, namely: 

The Sding diagrams are not gauge Invariant. 

There are uncertainties in the off-mass shell correc-

tion. 

The resonant p°  production amplitude is assumed to 

be purely imaginary. 

However, as has been shown the model does explain well Reactiàn 
(1) and describes many important features of 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, aTOT(-yP),  to the forward Compton 

scattering da/dt(yp -OP)t=0.9 which in turn can be related 

by the vector dominance model to the forward diffractive photo-

production cross sections,' 8  

2 1 	 1/2 

a0(yp) 	J77ra. 	K) 

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

contributions from ca and ; their contributions are shown in 

Table X and together contribute less than 20 tib. to 

Assuming that each of these contributions has the same phase, 

-y 2  
we can determine 1 E_ from our values for T(')  (see Section 

III) and 	('P - °)t= . Using the forward differential 

cross section for p°  production determined by the Sding model 

we obtain '° = 0.26 ± 0 0)-I. 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 Orsay Group. 59  Also in disagreement with the 

Orsay value is the result for -y 2/)4ir using for the p°  forward 

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

serving p-wave irir contribution, II: 	= 0.37 ± 0.04 at 2.8 

and 0.32 ± 0.04 at 4.7 GeV. 
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Table X: Vector dominance calculation for u andØ 

contributions to 	at 2.8 and 1.7 GeV.
TOT 

2(a) 
V° E 

(b)dcr (yp.#V0p) Contribution 
to aT(YP) 

GeV ib/GeV2  pb 

2.8 13+ 4 11±2 

3 • 7 ±°•7 
12±2 

2.8 1.5 ± 0.6 ± ( 	± 1) 
0 	2.8+0.11 

11.7 2.6+0.5 ±(6±1) 

Ref. 59. 

For u see Ref. id (this experiment) and for see 

Ref. 11, 60. 
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C. Conservation of S-Channel Helicity in p°  Photopro-

duction. 

We now discuss the p decay angular distributions. The 

analysis uses the formalism of Schilling ëtal. 2  We present 

the results in three reference systems which differ in the 

choice of the spin quantization 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 p °  rest system; 

the helicity system where the z-axis is opposite to the direc-

tion of the outgoing proton in the p °  rest system; and the 

Adair system, where the z-axis is along the direction of the 

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

always normal to the production plane. For forward-produced 

p°  mesons, all three systems coincide. 

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

61): cb 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 p °  rest system; e and 0 are the polar and 

azimuthal angles of the 	in the p°  rest system. The decay 

angular distribution W(cos9, 0. ) for rho mesons produced by 

linearly polarized photons can be expressed in terms of nine 
CX 

2,62 
independent measurable spin density matrix parameters p1: 
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Fig. 18. Definition of decay angles and quantizatjon axis for the 

three reference system used to study the po  decay. 
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w = 	{ (i - 	+ ( p0 - 1) cose 

- 412 

 

Re,polo  sin2e cos - p 1 sin2O cos2 

- P cos244 1  sin2O + p 0  cose 

(6) 

- 412 Re 	sin2O cos - 4_1sin2e cos2] 

- P, sin2[T2 Imp 0  siñ2e sin 

+ Im p1  sln2e sin2]} 

Here, P )l  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 Pik describe the rho decay in the case of an 

unpolarized beam; the additional terms 
Pik and p result 

from the linear polarization of the photon. 

Matters are simplified if we use the angle (i = 

(see Fig. 18) which for forward p production, is the angle 

between the photon-polarization and p °  decay planes. If the 

rho is transverse and linearly polarizes (just as the photon) 

then It can be shown in the helicity system that 



For a deäay distribution of Eq. 6.2 we intuitively define -ifr 
as the azimuthal angle of the decay 7r+  with respect to the 

plane of polarization of the transerse and linearly polarized 

rho. 

Figure 19 shows the distributions of the polar angle e 

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

mass region with 0.02 < 	< 0.4 GeV where t is the square 

of the four-momentum transfer between incoming and outgoing 

proton. The COSOH  distributions are proportional to Sifl29H 

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

helicity ± 1. The i/i distributions are proportional to 

(1 + P cos2*H)  (this equals 2 cos 	for 	= 1) and showsly  
that the rho is almost completely linearly polarized. The 

density distribution shown In the scatter plot of COSOH  versus 

is proportional to sin2eH cos2?,!/H and indicates an absence 

of correlations in coseH  and 
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The matrices Ik' Pik and p can be used to examine the 

production mechanism; for example, the contributions aN,  U 

from natural parity (P = (_1)J) and unnatural parity- 

(P= 	i)J) exchanges in the t-channel can be obtained with 

the parameter P, defined by 

N 	U _a -a 

To leading order in energy P is given by278 

.a= 	lloo 

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

around the normal to the production plane. 

For the special case of 1 =  0+ (e.g. Pomeron) and J 

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

to be valid. We expect for 0+  exchange and forward p0  production 

that the rho polarization direction will be the same as the 

incident photon 
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which results in the decay angular distribution 

w(cose,) cc s.in2e cos 2 ' , 	 (8.1) 

and we know from Eq 6.1 and 6.2 that if the flip terniare 

zero and Im 	= -p111  Eq 8 1 follows for 41 = 

Using Eq. 8we 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 

900 from the incident photon polarization direction 

p.. 	p.. 

c
p  = 
	xk. 	. 	. 

Then the decay matrix is proportional to 

which results ..in.the decay angular distribution . . 

w(cose,') oc sing e cos2 (90°  + ,) = sinO sin2'' . 	( 8.2) 

In this case 'ic find Eq. 8.2 fo11ois from the general decay,  

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

Lu p1 = -pr, and 41 = -1/2. Using Eq. 8 we find 

that indeed P C, = -1 for the case of the unnatural parity 
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exchange 0 

We studied the influence of possible background by 

determining the p as a function of the 	mass M with 

the method of moments, using all events in a given 7r+7r_  mass 

Interval. Fig . 20 shows the M dependence of p0  and p1 

in the helicity system and that of P. Taere is a pronounced 

difference between their values inside and outside of the rho 

region. The values p0 	0.5 and P CY '  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 p° , A and flat background contribu-

tions using the densIty distribution of.Eq. 2 but replacing 

W'(coseH) With W(cosG,,) of Eq. 6. 6 3 This method was checked 

by evaluating the p inside and outside of the rho region 

and interpolating the, contribution from the background. Within 

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

the mass region 0.60 <M7M  .< 0.85 GeV are used without back-

ground subtraction the values of the 	do not change by more 

than one standard deviation. A further check of the influence 

of the background on the values of the Pikwas made by using 

the Sding model. We have evaluated the Sding model assuming 

CI 

	

	 for the p°  production the values obtained from the maximum 

likelihood fit for the densitymatrix parameters. An analysis 

of the resulting rr angular distribution shows that the Drell 
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Fig. 20.. Reaction yp 	 The two density matrix elements 

p0  and p 1  in the s-channel helicity system, and the parity 

asymmetry, Paj as a function of M. 
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term does not significantly alter the decay angular distribu- 

tion of the rho. 	At 407 GeV the Drell term is 90% p-wave 
and 	10% J. = 3. lie conclude that the 'rho density matrix 
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In Fig. 21 and Table XI P is shown as a function of t. 

We see that rho production is completely dominated by natural 
2 parity exchange up to t  =1 GeV . Averaging P. over the 

range itt < 1 GeV2  we 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 Fig. 22 and Table XI we display the quantity Z defined 

as2  

= 	+ 	= 	+ 	 (9) 
II 	I 	p11 

+ Po. 

which has been measured in counter experiments. Here a ll  and 

are the cross sections for the pions from symmetric rho 

decay (0 	., 	= ) 64 to emerge in the plane of the photon 

polarization ( =or perpendicular to it 	= 0). Our 

values of Z at 2.8 GeV are in agreement with measurements at 

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

Palazzi, et al. 8  

Before giving the density matrix parameters, we remark 
a. that the p ik'  can be expressed in terms of bilinear combina- 

tions of the helicity or spin amplitudes Tx0x1,x,x where 

the XtS  denote helicities or spins of the respective particles 

of the reaction yp - p°p. 2  For example, 

1 
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Table x 	a and E for the reaction yp -p°p Results are plotted in 
Figs 21 and 22 

N 	u a -a 

t (Gev) - a N + - a ll  + a1  

2.8 GeV .7 GeV 2.8 GeV 4 .7 GeV 

002-00 111±010 118+008 0 96+010 1 12 ±011 
00-oo8 0 89±012 0 79±011 081 +o15 085+011  
0.08 - 0.12 0.99 ± 0.09 1.09 ± 0.08 0.96 ± 0.13 1.13 ± 0.11 
012-018 087±012 0 97±009 056±019 101±012 
0.18 - 0.25 0 .93 ± 0.13 1.07 ± 0.12 1.08 ± 0.26 0.93 ± 0.17 
0.25 - O.0 O. 	± 0.15 0.92+ 0.12 0.66 ± 017 1.16 ±0.16 

O. - 1.0 1.00 ± 0.21 0.92 ± 0.15 1.1 	± 0.4 1.25 ± 0.27 
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yPPp°  
Ey28GeV 	E = 4.7GéV 

++± : 
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Fig. 21. Reaction yp 	The parity asymmetry Pa  as .a function 

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

Adair). See data in Table XI. 





o 	i 	V [ 	 2 °oo = 	L L T0 	 + T0 	
12 

xx 	p 	p 	p 	p 
pp 

where N isa normalization factor, receives only contributions 

from helicity-flip or spin-flip amplitudes. However, 

.1 	V[ 
L_ 	L' 	T1 p 	p 	p 	p 

pT'p 

+ T+ix. 1,+ix•  Tix,,...ix 

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

(2nd term) amplitudes. Of the nine independent measurable 

spin density matrix parameters of Eq. 6 only p 	 and p_11-1 

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

tudes. 

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

parameters themselves, evaluated in the Gottfried-Jackson, 

helicity and Adair systemsas a function of t. 
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We conclude from the behavior of the pik: 

The density matrix parameters vary rapidly in the 

Gottfrled-Jackson system 3,65 The t-charinel helicity-flip 

amplitudes increase rapidly with increasing !t!.  This be-

havior rules out t-channel helicity conservation and hence 

excludes a zero spin particle exchange without absorption 

as the only contributor to rho production. 
ct 

The Pik 	the Adair system also vary significantly 

with t (see also Fig. 24). This excludes 4  the hypothesis of 

spin independence in the total c.m. sjstem for rho production. 6  

In the heilcity system the helicity-fllp contributions 

are zero within errors up to Iti = 0.4 GeV 2 , i.e., the rho 

behaves like a photon with the spin aligned along its direc-

tion of motion In other words, the rho production mecnanism 

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 density matrix as calculated 

in the helicity frame was rotated by an angle A around the 

production normal and a least squares fit made to find that 

value of A for which flip terms become minimal, that is, we 

minimized 	 ,. 	 . 	 . 	 . 

2 ( 	= 	
Pik() - ik (photon) 

x 	

2 

ik() 	
•1 

where p 	 (photon) is the rho density matrix of the photon 
ik 

(Eq. 6.1) 	Fig. 25 shows A as a function of the rho c m S 
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D. OTHER MODELS 

The p°  mass shift and decay density matrix elements for 

p°  photoproduction have been discussed by others.5066_68 

In particular, Mannheim and Maor68  utilize the 

t-channel kinematics of a two-body reaction and obtain a t 

dependence of the p°  mass shape. However, at t = 0 they have 

n(t) = 4 in the factor (M/M)n1(t), in contrast to the data 

(see Figs.10-11). They do predict s-channel helicity conserva- 

.tiOn at low JtJ, but not atiarge tj where helicity-flip 

terms become important Their predictions about helicity 

conservation are compatible with this experiment 

• 	 4. 	_ 	 .50 	_ -x"e b (iUUy by 	 . LI L . 

model which, at high energies, describes the whole ofReaction 

(1). Thethrée-pàrticle final state description includes both 

resonance and multi-peripheral aspects as well as any "back-. 

ground". Their model describes the 7r+7r_  mass distribution 

and predicts signals for the higher mass vector mesons p'(1250) 

and p"(1550)  (see Section Ill-B).  The flattenin of the diffrac-

tion peak with increasing M is also predicted by this model 

and Is shown at 4.7 GeV in Fig. 12. The behavior of A for 

M <0.9 GeV describes the data well. However, the increase 

in A for M > 0.9 GeV due to the p' is not supported by the 

data, indicating a weaker p' production than predicted by the 

model. 
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The model of Kramer .and Quinn6  describes, at high 

energies, Reaction (1) in the p° -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 

conservation for p °  production which is dependent on the dipion 

mass as terms proportional to 	in the helicity amplitudes 

become important. For low masses they describe the decrease in 

the diffractive slope with increasing M and consequently the 

related t-dependence of the p °  mass shift. In constrast to 

the data near t = 0 they predict the Ross-Stodoisky exponent 

n(t) = k at t = 0. 
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V. THE p°-w INTERFERENCE PARAMETERS IN DIFFRACTIVE PHOTO-

PRODUCTION OF VECTOR MESONS ON HYDROGEN 

The discussion below differs from triat of Moffeit et a1. if 

only in that some introductory material has been removed 

Clear evidence for p0-a interference has been obser.red 

in photoproduction on carbon by Biggs et al. 2°  at Daresbury 

with 140,000 events, at a mean photon energy, of 4.2 GeV. 

The po  -cu interference is inferred from tie shape of the 

mass spectrum near MU); they obtained constructive interference 

for M 	M and destructive interference for M 	M in 7111 	U) 	 7r7r 	U) 

agreement with the prediction of A. Goidhaber, Fox, and 

Quigg (GFQ). 21  The interference is determined by measuring 

the relative phase, /3, Of U)_1r+1r  and p° +7r+7r_  amplitudes. 

FOr photoproduction of p°  and w, the value /3 = 0 is predicted 

assuming the vector dominance model (VDM) and that the photon 

transforms as the U-èpin singlet member of an SU(3) octet. 

The Daresbury experiment obtained the value /3 = 2.0 ± 5 . 10 .  

Horn23  and GFQ21  have pointed out that the p o -W phase 

should be the same in p °  and u, production from e+e_  colliding 

beams as in diffractive photoproduction (see also Ref. 20, 

69). This follows from the observation that the production 

amplitudes sho'm in Fig. 26a,b, differ mainly by the presence 

or absence of a diffractive process, which does not distin-

guish between p° 	 + and a. For ee_ -> 7r+7r the Orsay storage 
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ring group6 reported = 55 ± 280, however, the disagree-

ment with 	0 is not statistically compelling. 

We have analyzed events of the reabtion 

(1) 

in terms of p° -cn interference. For the present study we 

combined the 2854 events at E 	2.8 GeV and the 2910 events 

at E. = 4.7 GeV that fit Reaction (1). 

In Fig. 27 we show the 7r+7r_ mass distribution for the 

events of Reaction (1) in the region of the p ° . We show 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 p° , 	and phase space production. 

Although the dashed curve accounts for the gross skewing of 

the p0 shape, there is an excess of events just below M and 

a depletion of events just above M. 

To analyze our data we chose the mass mixing theory and 

adopted the notation of GFQ. 2' -Here we briefly re-derive 

their result. The informed reader may skip to Eq. 11. 

In the spirit of the vector dominance model we assume 

that, before mixing, the p and u are produced (by diffraction 

scattering of the intermediate vector meson) in pure states 

which conserve G parity, i.e., 
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0 
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4- 
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C) 

0 

FIg. 27. Reaction 7p  --)-it'p: v g mass distribution for the 

conibined data at 2.8 and 13.7  GeV. The curves give the results of 

max.muni-1Ike1ihood fits with (-) and without (----) p.-w interference.. 
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JAR) -' 2r only 
initial state. 

IA) - 37r only 

These states are then mixed by the G-violating term 

ó(assumed. to be real21) in the propagator matrix P. 

Using the usual abbreviation for the Breit-Wigner 

denominators, 11P= m - rn-i r 
P 12

, ,AO) = similar, and m for 

the dipion mass, we have 

( 



(I 



That is, in the presence of p° -a interference, the 7r+7r 

mass distribution is given by the p line shape (including 

kinematical dependences), multiplied by a modulating factor, 

which characterizes the interference: 

	

= Il + IIem-miF[' 	 (II) 

On the other hand, the Daresbury group analyzed the 

p-co interference using the phenomenological parameterization 

S()cc 	 + 2 	 ) . 
	(12) 2 + imF 	in -m + imF 

Factoring out the p Breit-Wigner and comparing Eqs. 12 and 

10, one obtains 

5 	(m_m_i_.) ela. 

Evaluating the right side at the umass yields the convenient 

approximation 
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1Ie 	a 	e1_') 
, 	 (13) 

where tan OP = __________ 

6 I P 1 4  e and A= 

The Daresbury group obtained = 0.0097 ± 0.0008, 

= 767 7 ± 1.9 MeV, rp = 146 1 ± 2.9 MeV, 

= 783.2 ±1.6 MeV, a. = 104.o± 5.1 deg, and 

A 2 	+2.1 
I! = °- 	These values, along with Eq 13 3  give 

CO 

6 = 1.9 ± 0.25 MeV, 

=2.0±5.1deg. 

To investigate p0-w interference in Reaction (1) we 

assumed that the density distribution of Eq 2 adequately 

represents the kinematical effects in p °  production. We 

then made a maximum-likelihood fit, modulating the p°  ampli-

tude of Eq. 2 by the factorof Eq. 11. Since P is unde- 

fined for 6 = 0, we fit the real arid imaginary parts of exp(ij3). 
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For convenience we define 

A 
T 3 IIo. 	 (14) 

p 

The solid line in Fig. 27 gives the best fit obtained with 

this form, which is better than that obtained without the 

factor 7dby 2.5 standard deviations. The fit gives 

'F 

 

cosp = 2.6 ± 0.9 MeV, 

r sinj3 70.4 ± 0.9 NeV, 

resulting in a value of T = 2.6 ± 1.0 MeV. Figure 28 shows 

contours of equal X in the -r cosp and r sing plane, where 

-2 [in (likelihood)).. 

In order to relate T to the p°-u interference parameter, 

6, we must make assumptions concerning the amplitudes A and 

A. Figures 29 a-d shows the diagrams for the p °  and co photo-

production amplitudes resulting from natural-parity exchange 

[P = (_i)J) and unnatural-parity exchanges [P = 

Analysis of the p°  decay in this experiment (see Section IV-C) 

has shown that the reaction -yp - p°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 exchange amplitudes are orthogonal, only the 
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natural-parity exchange amplltudefoi' the u interferes with 

the p0 . 

Using VDM and assuming that the p and cz elastic scattering 

amplitudes on protons are equal gives 1A/A p I 	'y./-y , where 
 CO 

is proportional to the photon-vector-meson coupling con-

stant. Augustin ei al.', 59  using the Orsay Storage Ring, 
2 2 obtained 	= 'r.i .±' o.'r. °  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 determinat1on 6  

of the ratio 	 , with the Orsay storage ring results 59  

where nuclear effects are not present. As previously mentioned, 

the Daresbury group obtained 	= 7.0 	whereas the 

Orsay results are 	7.1 ± 0.7. Hence, neglecting 

differences in p°  and (Deoherent nuclear scattering appears to 

be justified within errors. If incoherent processes are also 

4 	 ignored, the Daresbury result for the mass-mixing.parameter, 6, 

may be compared with the results from diffractive photoproduc-

tion on hydrogen and from colliding e+e_  beams.2° 



6 
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Given in Table XIII are the values for 6 and 3. Because 

our value of 6 is about 2.5 standard deviations from 6 = 0, 

we do not give an error for . The results for 6 and A as 

determined by the colliding-beams experiment and by photo-

production from carbon are given in Table XIII for comparison 

Our determination for 6 corresponds to BR[1] = 

The parameter 5 has been estimated by GFQ from the Coleman-

Glashow model72  to be about 2.5  MeV, this corresponas to 

BR1 	1 	1 

	

all 	_1/o. 



Source (deg) 8 (MeV) 

Theory 0 2.5 
(Refs.. 21, 23) 

ee 	—tic 55 ± 28 3.5 ± 1.3 
(Ref. 16) 

'C 	C 2.0 ± 5.1 1.9 ± 0.25 
(Ref. 20) 

9 2.3 ± 0.9 
(this expt..) 

No error quoted on ; Re() = 2.3 ± 09 MeV 
and Ixnag (b e') = -0 1 ± 0.9 MeV 
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VI. A PRODUCTION IN THE REACTION -yp -' ,r7rp 

In Fig. 30 we show the 1r±p  mass spectra for Reaction (1). 

At both energies a clear 	signal is found; some t, °  pro- 

duction may also be present. The shaded distributions are 

for events selected with jt ,. j < 0.4 GeV2  (t is the square of 

the four momentum transfer between target proton and out-

going p7r+  system), and M71+7_ > 1.0 GeV so as to remove most 

: 	of the p°  reflection and to minimize other backgrounds. 

Corrections for L production due to contamination from wide-

angle electron-positron pair production and for scanning losses 
44 of A events with short recoil protons (proton momentum 

< 0.14 GeV/.c) were found to be less than l (< 4. 	events) 

from a Monte Carlo simulation. 73  

Maximum likelihood fits were made to the Daliz plot 

assuming 	°, p production, and a constant background. 

The paranieterization of equation 2 was used to describe the 

p°  production. The Söding model (see Section IV),which also 

- fits the 	mass distributions well, was not used because 

the Drell terms in this model already contain cortributionsto 

production. In order to state a total i cross section, 

we must choose a reasonable parameterization of the L 

production amplitude T. In place of the usual Breit-Wigner 

forms, , e.g., those discussed by Jackson 51  which describe the 

shape well near resonance but fail far away, 4  we feel it is 

more meaningful to use a purely phenomenological form 73  derived 
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Fig. 30. (a) Reaction yp 	 Effective mass distributions 

for the pTr and pt systems.. The shaded histograms represent 

events with Itj< 0.1 GeV2  and 	> 1.0 GeV. The curves are the 

result of the fitting with Eq. 2, using the experimental phase shifts 

to describe the A shape. 
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from the experimental phase shifts 6 33 : 

2 	2633 	1 	(M'n'  r(M) )2 ITI 	
sin 

F(M) 	F(M)/ 2 2\2 	/ 	
(15) 

MM) + 
MAI 

where r(M) follows from tan 6 33  = MF(M)/ MM2)  and 

MA = 1.236 GeV. The values of 6 33  have been taken from a phase 

shift analysis. 75  The full curves of Fig. 30 were obtained from 

the maximum likelihood fit with Eq. 15 describing the A signal. 

If instead the second part of Eq. 15 is used together with a 

conventional parametérization for r(M) as was done, e.g., by 

Bo3rarskietal.,28 one finds a value of a(67r) largerby 	20%. 

Fig. 30(b) shows by the dotted curved the fit to our data with 

this same parameterization for r(M) (M= 1236 MeV, F0  = 120 

MeV). For comparison we 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 M and F in the, usual Breit-

Wigner form using the same pararneterization for F(M) as 

Boyarski et ai.28 	find 4A  1217 ± 3 MeV and F0  = 72 ± 8 

MeV in the 2.8 GeV data. 	, 

In Table XIV the total cross sections for production of 

and ° (pir decay mode only) are given for the two energies.. 
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Fig. 30. (b) Reaction 	_p: 	M +  at 2.8 GeV for events 

with 1t I 	< 0.4 GeV2  and 	> 1.0 GeV. (shaded area of Fig. 30(a) 

top-left with expanded scale). 	The curves give the comparison of the 

shape with the 533  phase shifts and a Breit-Wigner shape (Eq. 2.2). 



E 	(Gev) 

(.ib) tj< .5 GeV2  

2.8 3.6 ± o .4 0.5 	± 0.2 -0.27±0.12 

4 -7 1  1.0 ± 0.1 0.16 ± 0.09 -0.53 ± 0.15 
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Figure 31 shows the differential cross sections d/dt for 

production obtained from the same maximum likelihood 

fit (using Eq. 15)  as described above for each t-interval 

separately. Also shown are the measurements ofBoyarski et 

28 at E4 5.0 GeV. Measurements in the backward direction 

have been made by Anderson 	76 

The A angular distributions have been ara1yzed in terms 

of the 	spin density matrix in the (+) Gottfried-Jackson 

frame. The z axis is taken as the direction of the incident 

proton in the A rest frame; the y axis is defined as the normal 

to the production plane (y cr y x 71). The electric vector 

of the photon makes an angle 0 with the production plane: 

cos 	 sin cD =y.c. The decay angles 0 and q5 are 

the polar and azimuthal angles of the outgoing proton in the 

rest system: cosO =p.z,cos =y.(z x p)/lz  x 

• sin = (y xz).('  xp)/Iz xpf. The decay angular distribution 

w(cose,,) is then given by:77 
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w = L sin2O + (1/2-P 
0 

47r fP33 	 33) (1/3+c0s2
..e) 

- 2/4J Re p1  cos siri2e - 2/A/s Re p° 	cos2 sin20 

- 	cos2 	sln2e + p111 (1/3+cos2,,e) 

- 21J Re p1  cos sin2e - 2/.f3 Re p 	cos2 sin2Oj 

- P, s1n2c [2,v liii 	sin sin2e
31  

+ 2/.[3 Im 	sin2ç5 sin2e]} 	 (16) 

where P,is the degree. of linear polarization; P7 =  93% at 2.8 

GeV and P. = 91%. at 4.7 GeV. We define the polarization asym-

metry by .  

1 w(=o) - 
L P7  'l(=0) + J(ir/2)  
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where W() is the 0 distribution integrated over e and 0. 

Performing the integration of Eq. 16 and evaluating W(c) 

at 0 = 0, 7r/2 we find 

= 	+ (17 2) 
33 P11) 

A related quantity is the parity asymmetry, PCT.$ de?ined in 

terms of the cross sections for natural and unnatural parity 

exchange in the t-channel, a and 0U: 

PCr 	 (18) 

At high energies P .  = 2(p 3  + 4), 78  and the polarization 
athymmetry Z which is easily measured by counter techniques be-

comes the negative of the parity asymmetry. 

To obtain the nine measurable density matr:Lx parameters, 

events were selected with 	< 1.32 GeV and the method of 

moments was used with the Eberhard-Pripsteln procedure 79  to 

remove the p°  reflection: only events with coseH < 0.3 (0.7) 

• at 2.8 GOV (4.7 GeV) were used, where 0 is the angle in the 
C.M.S. of the L between the decay proton and the i line of 

flight in the total c.m.s. Fig. 32 shows the Pik and 

obtained this way. The values of P averaged over !tl < 0.5 
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GeV2  are given in Table XIV. It is clear that OPE alone 

cannot explain the data since it wOuld require P .  

Qualitatively the same result was obtained in an experiment 

done' at low energy. 8°  

Comparison with Theory. We calculated the predictions 

of the minimal gauge invariant extension of the OPE model 

(GIOPE) with 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-I1), the u-channel 

exchange (Fig. 33-IV), and the contact graph (Fig. 33-I11) 

according to the prescription of Stichel and Scholz. 30  The 

decomposition of the Born amplitudes into helicity amplitudes 
81 , . was taken from Loci-ier and Sandhas.. 	In contrast to these 

authors, following the idea of vector dominance, we applied 

absorption corrections in both initial and final states82 by 

multiplying the helicity amplitudes for spin J by the factor 8  

1 	 2 	2 	1/2r 	 2 	2 	1/2 tlC1 exp(_ /2Ajqjn)} tC0ut  exp(_J /2Aouo )} 

where q is the c.m.s. momentum, A is the slope parameter, C is 

the absorption parameter (C = YT/ 47rA, CY
T 
 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. We assumed that Am = A0t = A 

and C= C0 	C; A was taken from elastic Trp scattering to in 
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be 8 GeV 2 ; for a a value of 0.8 was used The finite width 

of the A was taken into account by integrating over the 7r+p  

mass range using the (3,3) elastic scattering cross section. 

The solid curves in Fig. 31 show the predictions of 

GIOPE for dojdt ( -yp - 	7r). For comparison we also give 

The predictions for C = 1 (dashed curves). Except for the 

very, low JtJ region, too much 	is predicted. 

In Fig. 32 we compare the predictions of GIOPE with the 

measured density matrix parameters and P as calculated from 

these. It can be seen that the additional diagrams of Fig. 33 

simulate some natural parity exchange contributions in the 

t-charrnel. Although there is agreement for It . 0.1 GeV 2  

in an average sense we cannot test the strong variations pre-

dicted by GIOPE for ItLj . 0.02 GeV 2 . For Itj > 0.1 GeV2  

some of the Pikand P are not reproduced well. ,TheGI0P 

predictions for the 
Pik are essentially independent of the 

value of the absorption parameter C. The .density matrix para- 

- meters predicted by the OPE graph alone, namely, p 1 11= - 1/2, 

all other Pakiin Eq. 16 equal to zero, bear no resemblance to 

the data. 

It is also interesting to determine the ratio 

R 	 If there is only 

t-channel 1G 	l (e.g., ir) exchange, then R = 9. Stichel and 

Scholz in their version of GIOPE keep only contributions equi-

valent to this I = l exchange in the t-channel and hence 
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predict R = 9 Other versions of GIOPE81,8)4  drop this 

restriction to 1 	1 t-channel exchange and R becomes a 

function of t. If this R 9 is then interpreted in terms 

of t-channel effects alone it can be taken as evidence for 

IG = 1+ (e g , B) or 	= 2 (exotic) exchanges. Our data 

on R (see Table XIV) are consistent with either version of 
81 

GIOPE. The data of Boyarski et al. for A 	A A produc- 

tionoffprbtons and deuteroris are inconsistent with the 

assumption of I = 1 exchange alone and led to speculations 

on the éxisténce of exotic exchanges. 29  We point out that 

these data may be understood in terms of the GIOPE model. 8  

Vector dominance (VDM) relates the reaction -yp - 

to the reaction 	 w irp —'V°  where V°  is p° , 	or . Gotsman32  

has fitted the latter reactions to a sum of Regge exchange 

amplitudes in order to perform the line reversal needed for 

the comparison. With 	= 0.5 (-y describes the wy-p 

coupling strength), his predictions for 5 GeV are in fair 

agreement with our dojdt for ltLj > 0.1 GeV 2 . While his 

predictions for some of the Paikand  for P. (see dashed curve 

In FIg. 32) are In qualitative agreement, his prediction 

0 is not supported by the data. 
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VI. CONCLUSIONS 

The production of 7r+1r  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 p°  region 

and shows the same skewing as the 7r+7r  mass distributions. We 

have observed a variation of the p9 mass shape as a functionof t 

and find this related to the variation of the exponential slope 

of the t distribution with N. The Ross-Stodoisky factor, 

used to ei1ain the p°  mass shift is inconsistent 

with our observed t dependence of the p mass shape. Further-

more, the prediction of Ross-Stodolsky 10  and others66  that 

the factor should work at t = 0, is not supported by the data 

near t = 0. We have observed an interference of the p °  ampli-

tude with background. These features are v:ell desóribed by 

the Interference model of S5ding. Sirxôe it Is necessary to 

use a model to determine the p °  dIfferenti1 cross section, 

we emphasize that an uncertainty is introduced which is much 

larger than our experimental errors. 

From the correlation of the p°  decay with the polariza- 

tion vector of 

lypp°p proce 

exchange up to 

s-channel c.m. 

these features 

scattering. 86  

the incident photon we find that the reaction 

ds almost completely through natural-parity 

tJ = 1.0 GeV2  and conserves helicity in the 

system up to itt = 0.4 GeV2 . We remark that 

may be general characteristics of diffraction 
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We have observed evidence for p° -u. interference in the 

reaction 	 Our resu1ts are consistent with the 

prediction by Goidhaber, Fox, and Quigg 21  and by Horn; 23  

they are also in agreement with the results for p ° -w inter-

ference in diffractive photoproduction of vector mesons on 

Carbon. 2°  

The cross sections, density matrix elements, and parity 

asymmetry of the reaction yp - have been measured as a 

function of tA•  The average values for t6 l < 0.5 GeV2 , 

= -0.27 ± 0.12 and P. = -0.53 ± 0.15 found at 2.8 and 4.7 GeV, 

respectively exclude a simple OPE model 
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APPENDD( A: Comparison of Measurements at LRL and SLAC. 

About 	half 	of the three-pronged events from the 

2.8 GeVsaznple were measured at both SLAC and LRL. The measure-

ments at LRL were made on Spiral Reader II. The purpose of 

the test was to check that the measurement and reconstruction 

results were consistent between laboratories. 

Figure 34 displays the confidence level scatter plot for 

the.3-constraint fits (reaction 	+71.+._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 calculatederrors from TVGF and SQUAW are primarily 

due to point scatter in measurement. If Coulomb scattering 

errors were dominant, the X probability for one measurement 

would be strongly correlated with a second measurement. 

In contrast to the confidence levels, the incident gamma 

energies as determined from the 3-constraint ëventsnieasured 

by LRL and SLAC, as shown in Fig. 35, display the expected 

450  line behavior. The scatter from a straight line indicates 

the measurement error for Ey. There is a small energy differ-

ence ( 15 MeV) between LRL and SLAC. This discrepancy is 

small, and consequently no attempt was made to reduce it. 

From the scatter of events on Fig. 35 we find the measurement 

part of the error for E-y to be ± 21 MeV. This error is slightly 
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smaller than the calculated error from TVGP-SQUAW of ± 24 MeV 

(for E above 2.4 GeV) again emphasizing the dominance of 

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 -i/i in Fig. 37 

(see Section IV-C for definition of !í). Both these distri-

bution are for,  events in the p°  mass region. Again, we see 

a slight difference for the dipion mass as measured by LRL and 

SLAC (1.5 MeIV), which is small compared to the uncertainty in 

thefitted mass of e.g. the p°  given by the maximum likelihood 

program (oM = ± 3Mev). Thewidth of the distribution in 

Fig. 36 gives the measurement errors for M to be ± 4.5 MeV 

and is again slightly less than the calculated error from TVGP 

(± 5 MeV) and the determination from the K°  decays (± 5 MeV). 

Excellent agreement is foundin the comparison of the angle 

The width of the distribution in Fig. 37 gives the measurement 

uncertainty in the angle i' as ± o.4 which is much less than the 

systematic uncertainty in the polarization direction of the 

laser beam itself (± 
50)  and consequently in the angle ?b. 

We also compared the events for which one laboratory 

obtained a 3-constraint fit and the other laboratory had a 

0-constraint "fit" to the reaction yp 7r+7rp7rO. From this 

sample we conclude that the loss of genuine 	 events 

is less tftan- lci5 and contamination of 0-constraint events into 

reaction (1) is less than 1%. 
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APPENDIX B: Fitting Procedure for Reaction 'yp— rrp. 

Maximum likelihood fits were made using the fitting 

program OPTIME8  developed at the Lawreüce Radiation Laboratory. 

byP. Eberhard and W. Koeliner. The user supplies a function 

with m variable parameters. OPTDE, 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 set of subroutines in OPTIME. FOr 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 Monte Carloevents used 

in the integration.of the unnorrnalized function was checkedby 

generating a second set of Monte Carlo events to normalize the 

function. The optimized parameters for the two maximum likeli-

hood fits were required to be within 1/2 standard deviation of 

each other; otherwise, the number of Monte Carlo events was 

increased. 

r 
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APPENDD( C: Description of the Sding Model 

The predictions of the S6ding model 11  have been calculated 

using a Monte Carlo program'written by P. Sding. 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 Sding 

model used to fit the data of this experiment. We assume that 

the matrix element for the reaction -yp - 7r4-Irp is the sum of 

p°  (Diag. I of Fig. 15),  Drell type (Diag. II and III), and the 

rescattering amplitudes (Diag. IV) ' 

I 2 	 ' -I- 	 " 4- 	 S 	

- 	
2 MJ 	= JF c 	+ F -(€ •ir ) 	+ F+(c ir .) 	, 	(19)' 

	

p p p 	ir 	-y 	ems 	ir 	-y 	ems 

where c is the polarization vector of the incident photon in
ly 

the center of mass system C 	p x [ 	x  p] and pis the p°  

direction of flight in the center of mass system; 7r is the 

direction of the 7r±  in the appropriate system. The coefficient 

multiplying F insures helicity conservation for the rho 

in the s-channel c.rn. system. The p°-production is assumed to 

be mainly absorptive and its decay is taken to be a Breit-

Wigner form with a Jackson type width Thus for F we use 
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At/2 
-ie P 2 

p 	irir 	pp 

where A is the exponential slope of the p °  (see Table VIII 

bottom) and t is the momentum transfer squared between target 

and recoil protons. 

For the Drell amplitudes we use 

±N T(irp) 	 M 2 
(21) 

(-t±) (1 +  
j  

where t± is the square of the momentum transfer between the 

photon and 7r±.  The term (1 +. (m 2_t71.±)/g 	is the Ferrari- 

Selleri form factor 8  with g = 65 GeV2 . The elastic irp-

scattering amplitude is 

T(7rp) = 	4 + 2 	P2  (cosO) 	(22) 

where e is the 7rp center of mass scattering angle and P2 (cosO) 

are the Legendre polynomials. The elastic irp partial wave 

amplitudes, 90  defined by 

+ 	
+ 2io± 

Al = (rj e 	
2 - 1)/2ik 	 (23) 
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corresponIto J = .2 ± 	For 7rp the appropriate isospin sum 

is used. For the energy of the 7rpsystern greater than 1.74 

GeV we take T(7r±p)  to be purely imaginary with an exponential 

t dependence The spin-flip term,which should not interfere 

with the p was not included for the determination of the p °  

cross sections. Within errors the same p °  cross sections are 

obtained when the extreme assumption is made that the up elastic 

scattering amplitude T(urp) is purely imaginary, T(7rp) 

IIT( 7rp)J 

The term multiplying the lip-scattering amplitude in Eq. 21 

is to account for double counting (see Section Iv). 4  This 

factor has been shown by Bauer 52  and Pumplin53  to be equiva-

lent to adding the absorptive part of the rescattering term 

(Diag. IV of Fig. 15)  to the p°  and Drell amplitudes. 

P. Sding11  has pointed out that possible modifications to 

make the amplitude gauge-invariant will not change the essential 

results of the model. 

11 
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