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Bubble Chamber Study of Polarized yp -t p i'
: “at 2.8 and 4.7 Gev* o

By

o Kenneth Charles Mof;eit o
- Department of Phy31cs
 University of California
Berkeley, California 94720

November 10, 1970

ABSTRACT - 3_
A nearly monochromatic and linearly po’arlzed photon beam
produced by Comnton backscatterlnr of ruby 1aser light was used'
to study the reactlon Yp — ) at 2.8 and 4 7 GeV in a hydro-

gen bubble chamber._,The;cross sections for this reactlon at

2.8 and 4.7 GeV are found to be 30.6 * 1.2 and 19.9 * 0.8 b,

Rho production and decay via yp -rp P 1s studied and found
to proceed - almost completely throuch natural parity exchanée.f
The contrlbuolons Irom unnatura1 parlty excnange at 2.8 and
4.7 GeV are 3.;'& 3. l% and -1.1 * 2. 8%, respectively, Lor"

momentum trans;e_g[ul < 1 GeV®

3

. The behav1or of_the_den51ty_

Uork sunporucd in part by the U. S Atomic Vnerry Comu1ss1on
~ and the Nationa 1 Science Foundgtooo. - ’
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matrix elements shows that the rho proauctlon mechanlsm con—~
serves s-channel c.m. s. helicity for [t] < 0.4 GeV2 ‘The
dependence of the,p mass shape on the momentum transfer is
inconSistent with tbe Ross Stodoisky Lactor. - Evidence is
3presented for an 1nterference of p productlon with bgchcround
The data arecom@arednwith models- :l.nclud:Ln'r that of Soo1n~ and
the total ano'd1¢;erential_cross}sectlons for,p production ’
are presented. | | | |

We mcasured the p - 1nter1erence parameters;.'Assuming

the ratlo of the p and o photoproductlon amplltudes

2
-’Am/Aplﬁ'

ll

7.1 we £ind R_(se #) = 2.3 0.9 Mev ana

Im(éeiﬂ) %‘-0.4 0.9 MeV, where 6 (~ 2, 3 MeV) is the mass mixing
~ parameter and'ﬁ(~ ) is the relaulve phase of the p —w dell-
Ctudes. B T :
The, pfoduction‘ofrA(l236)‘via>§p —*A++ﬁ' (A°ﬂ+)7wasvstudied
in fhe reactlon Yp- —*n+w jo ) We present cross sections and |
:measurement of thc parity asymmetry P for A productlon wlth
momentum uransfer [tAl < 0. 5 GeVe we found the values 57Po =
-0, 27 O 12 and -0.53 * 0.15 at. 2.8 and 4.7 GeV, respeCulvely,

whereas pure one-plon exchance would lead to P -1,7

-

. .



;I."INTRODUCTION | | |

In thls thesis we report the results from a study of
:photoproductlon with a llnearly polarlzed photon beam at
o average enervles 0112 8 ‘and M'T GeV. 1 The backscatterln'

of an intense ruby 1aser beam’ on hlcn enerﬂy electrons re-

~ sults in a nearly monocnromatlc'photon beam with a degree

of polarizatlon rrreater than 90%. By eroSing the 82- inch
*hydrogen bubble chamber at the Stanford Llnear Accelerator

Center to this photon beam we make a clean selection of

’cvvthe‘reaction"

Swerm .

The production of rho mesons in reaction (l) with
linearly polarlzed photons prov1des an elegant technlque to.
study .the productlon mechanism in detail For example, a
.separation 1nto the orthogonal contrlbutlons from natural
“and unnatural parlty (P =#(-1) ) exchanges in the t- channel
can be made by measuring the p decay angular dlstrlbutlon
with respect to the photon polarizatlon plane.2 |

Diffractlve p ohotoproductlon (Sect. IV): Previous'pé

photoproductlon studies3 -6 have shovm that’the p° cfoss section_
is approx1mately constant above 2 GeV 1ndicat1nc a dlffractlve g
character of the productlon mecnanlsm Recent exnerlnents at

DESY7 and Cornell8 using polarized photon beans from conerent _

bremsstrahlungcnldlamondcrystals together with counter techef



. . 2°‘
niques‘to meaéure the p cross section parallel and perpendl-
cular to the polarization plane have shown that the transverse
part of p production in reactlon}(l) is dominated by natural

parity‘exchange,. The DESY bubble chaﬁber‘ekperimeht, using an

Y

| unpolarized'bremsstrahlung photon beam;,has indicated that s-
_channel'e.m. system helicity is“conserved b By observing the
full p decay angular distributions correlated with the polarl-
zation vector of the- incident photon we establish that p |
production is dominated by natural-parity exchange’ andrthat it
conserves s-channel c.m. system helicity for |t| < 0.4 Gev?

'(t is the squafe of the four-momentum ﬁransfer between'targeﬁ
and recoil protens). |

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

, ﬁhoteproduction.on hydrogen9 reported a mass for:the'p of

= 720 MeV. Bubble chamber experiments berfdrmed7atxﬁhe,
Cambridge Electron Accelerator> and DESY' confirmed the appar-
eht;ﬁass shift - (lower by z-ﬁo MeV from p pdeuction by charged
vpioﬁ;beams) and it;wds'shown that the rho Shepe;ispskewed with
respect to the p;ﬁave Breit-Wigher resohanee sﬁape. 'These'ob4
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 ;p
present modeleindependent cross sections for.productionrof atn”
pairs from reaction (1) in the s-channel c.ﬁ; helicity-conserving fﬁ'
p-wave state which dominates in the p° region. The high'statis-
tics of this experiment allows Qs to test the Ross-Stodolsky

10

factor by investigating the t dependent of the p°
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mass'shape-e We also determlned the p -productlon cross
sections using the Sodlnv model, 11 whlchvwe found to-agree
with the data. . |

Rho-omeza Interference (Sect. V): We have examined
12

‘reaction (1) for evidence of p°-w interfereﬁce ‘The pos-

sibility’ofithe w =T (G-violating) amplitude interferlnP

with the:po ~xw+ﬁ amplltude was proposed some time auo,13 :

buﬁ'interference effects~amountino to two or more standaro'

|

deviations in the m'm~ channel have been reported only re-
cently 14-20,25 ‘These experimental results have stlmulated

new theoretlcal studies of p - mlxlng.el -2k The magnltude

of the observed ay—*ﬂ+h amplltude agrees with these theoreti- -
cal expectatlons, and its relative phase, as seen in the de-
tailed shapes of the 1nterference effects, can be 1nterpreted

in terms of 51mp1e ‘models for p and ® productlon in quasl—‘

_two-body reactions.

Delta’ProductiOn (Sect.‘VI): Previous photoproduction ex-

periments using bubble'chambers and the SLAC-spectrometer
have studied A++(1236) production in reactionll, and have shown

that for photon energies Ey 2> 2 GeV the differential cross
v . _ _ \

' 'sect'iOn'do/th(tA is the square of the four-momentum transfer

between . target proton and outgoing A) is proportional to

1/Ey in common with a number of two—body photoproductlon pro-

'cesses._9 Such an energy dependence would be expected for pro-.=

cesses domlnated by one-plon exchange (OPE) but ‘OPE leads to

a zero cross section 1n the forward dlrectlon_in contrast to

P
47

26,27 28



ekperiment;28 it 1s also not gauge invarlan; | These
difflcultles are overcome by a gauge- ~invariant exten51on
- of the OPE model proposed by_St1chel and Scholz.30 The “ L .
angular correlations in A production by polerized pnotbns*
:provideﬁa further check of the gauge invariant OPE'mode'l31
and a test of relatlons based on vector domlnance (vDM) . 32_,
The evaluatlon of the data 1n this experiment was i
carried out by the SLAC-Berkeley Tufts Collaboration. 1
- Preliminary results have already been reported in a series
of publications 1 For completeness thls the31s 1nc1udes the
results on A production and p - interference. The treatment
of the cross,sections found in Section ITI and the p produc-
’tion_results of Section IV is significantly different from |
thet presented_in publications a and b of reference 1. A

detailed'study of the reactions involving»missing ﬁeutfals

(e.g., v =+ wp) can be found in the thesis of William Podolsky;33
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II. EXPERIMENTAL PROCEDURES

A. Photon’Beam

In-1962 R. Milburn,34' concurrentiy with F. “rdtyunian,
et al.,35 p01nted out that backward Compton scatterlnT of an

'inteﬁse=polar17ed 1aser lnoht-beam by high enervy electrons_

“would produce useLul ylelds of monoenerﬂetlc, DOl&”l?Cd

36,37

photons. Such a beam was used for thls eXperlment thlcn
was performed at the Stanford Llnear Accelerator Center (UAAC)

Because-tne reactlon

YWhy) + e7(Eg) = e+ (k)

is a two-body process, the energy'kf:of theISCattered_photon_
depends'only on the 1aboratoryiang1e, 6, as measu?ed with.re-

Spect to the incident electron beam. It_can'be'shoWn that ﬁhen

~ the energies of the incoming photon ki'and electfoané,are

fixed:




where s is the center of mass energy squared,

o 2..:4- . uEeekiiv.v' ERE TS
Sam~ + 4k, E, k = =, and ' '
e 1 7e fmax ) ’ .

' ko= 1.78 ev. By collimating the backscattered photon beam

and incident electron beam we rind

where ec is the collimating angle (z 10-5 radians),-

Thus, the enérgy resolution (FWHM) is expected to vary from
about two percent for ks, = 1 GeV to ten percent for
max

k = 7.5 GeV. Another feature of the~Cbmpton process is

£
“max '
that if the incident light is polarized, after backscattering
(6 = OO), it is still almost completely polarizéd in the same
vay. | .
11

Figure 1 shows the beam schematic 1aybut. About‘lo
electréns in a 100-nanosecond pulse pasSedﬂthrough the five-
meter-ibng interaction region. Thc.eleéfrOn beémvin the
interactiqn region was ~ 7mm in dismeter with a divergence
of about 10_"-5 radians. The incident linearly polarized light
beam was obtained by Q-switching a ruby 1ésef.of frequency *
6943 't (ki = 1.786 eV) with a maximum output of two joules,

and pulsc. length equal to fifty nanoseconds. The plane of
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iinearly.p01arized light could Be rotated‘9oqlﬁy'insérting
a_halffwavé plate into the beam line. After fhevtwo béa@s, 
'clashed at a reiatiVe angle of 3 milliradiéns, the5électron
~beam was deflected into a dump. To minimiée'synéhfotfon-
radiation the electron beam first travcrsed a weak magnetic
fleld untll it was-clear of the beam line. Tne“synchrotrpn, 
radiation spectrum.resulting from electrons deflecfed in this
‘weak fleld was low. enough to be removed oyéihidh Z photoelectrlc
absorber(lo Uranium foils of O 015 radiation 1engtmfﬁﬂflen0u”h
to have a neﬁ11~blc attenuation of the high-energy photon beam,
The Compton backscattered photon beam was collimated to 5}16"5_
radians by a two-millimeter diameter-h5le iﬁbthe fiﬁal éolli—
mator = 100 meters downstream of the interaction region. The
signals fron scintillators embedded in thlu colllmator38 vrere
used to control the electron beam (and hence the center of the
photon bean) steering‘to = 10"6 radians.‘ These,signais ﬁere
also used to monitor the photon-beam in#enSity; COﬁtrél_of the
intensity.ﬁas accbmplished by édjusting the laser outputr |
(voltage'adjustment to the flash-lamps) or the electron beanm

intensity.



'B; Bubble Chamber

‘ Approximately 740 000 pictures were taken at average
phbtonvehergies of 2.8 and 4.7 GeV in the Lawrence Radiation
Laboratory (LRL) - SLAC 82-inch hydrogen bubble chamber re-
',éﬁitihg in 92 + 4 énd 150 + 6 events per pb, respectively.
The magnetic field at thé center of the chamber was 17.6 kG.

" In Fig. 2,.3 typigal bubble chambervpicture containing
: v:an'hadrOnic'iﬁteraétionvis shown. It is noted from thié_

'exémplef | |

l) Bubble chamber pictures permit a clear dlstlnctlon_
at the scan table between electroma*netlc and hadronic
interactions.

| 2)"Because of the collimator approximately twenty
méters'uPStream of the bubble chamber, an event or e’e” pair
falls within * 1.5mm of a line from the central point of the
1nteract¢on region throu“h the center of the final collimator.
Hadronic events and ete” palrs that are outside this area do
not result from primary photons.

3) th the picture there are eight ete” pairs; With more
pairs,.it would be,very difficulﬁ to find hadronic evenFs and
even more difficult to measure them. Therefore, most of the
pictures were taken with =~ 50 photonsvper pulée; this_éorreQ

sponds, to "about seven pairs per picture
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XBB 708-3776A

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

the reaction yp -1 +11'-p. The background tracks are
electron-positron pairs,
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C. Enérgy Speétrum-

In Fig._3;'the_photbn energy spectra are Shown‘fbr the
two enéfgiés. The spectra were'dbtainéd from the events
'which séfiéfy:a‘fhréee¢0nstraint fit to the reaction
' ybf—$ﬂ+ﬁ—p. "Because the cross seétion for this reacﬁioﬁ
‘is dépehdent on the photon energy, we weightéd the events

by their relative production probability,

ey TR (5
P(E = —— .
Y O vyp ~*w+h"p'(E)

where Eb is the average energy of the spectrum, Tne lowf:
energy dependence of the cross section was taken from a
previous'éxperiment}q Because of the kinématicallcutoff
for yp —*w+ﬁ*p3 ete” pairs were used to determine the phbton
flux below 0.5 GeV. The triangular shaped peaks with 1oﬁer
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 the photons. 1In addition, there is a small tail of a few
percent extending to low'energies.

o The cnergy determination was checled by meaSuring K°
decays; and as:showﬁ in Fig. 4, the K° mass is cérfgct to

tr~ mass resolution at the K° mass is + 5 MeV.

0.24. The m
The combined data for the two energies are given in Fiz., U;

we find no significant differences between the two samples.
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Egfl2 GV Eg=16 GeV
T l. T 300 T T T - T

E 600 2885 Events | - 3162 Events |
8 I {1 200k :
é 400 ) . 1 1
z [ B | T i
W 200 4 toor o
wd ‘ ‘ : v g - | .

O 1 1 ‘nl. O L 1 | 1 1 ll\

o I 2 3 O I 2 3 4 5 6

: XBL‘ 709-6508 .

Flg. 3. Photon -energy spectra obtalned from events flttlng the
: reactlon 7p —+n+n p; weighted by their relatlve productlon cross

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

the photon spectra.
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514 K° DECAYS|

'NUMBER OF EVENTS/ I MeV

480 500 - 520

XBL T08-6434

Fig. L. Fitted dipion mass from 514 X° decays (combined data
of the two energies). Provides test of momentum determination

and mass resolution.
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D. .Polarlzation Propertiea | |

A'reaalt of Compton scatterimg polarized'light from
‘electrons is that the backscattered photoos retain'their
polarizatiOn'(left circularly polarized 1ight_becomes_right
circularly‘polarized) This is a simple result of:conser—_
‘4vat10n of anvular momentum in the case of circularly polarazed
light. However, for llnearly polarized light there is a
depolarizatlon effect that is important at higher energies;
the effect comes from a sign difference between the J = 1/2
and 3/2 amplltudes for left and right 01rcu1arly polarized
1ight Aside from this effect for llnearly polarlzed light,
there is a decrease in polarlzation for photons out of the
exact backward direction. A complete treatment of" polariza-
btionvln Compton scattering can be found in'Ref. 34-36.

'The first third of the piotures were taken by'alternately
sw1tching the plane of polarization from. horizontal to vertical.
This ‘was done pulse-to-pulse by flipping a half- -wave-plate in
and out of the laser beam path. These planes_were chosen to
maximize any chamber related envirommentallbiases that couldt
occur, After it was fodnd that the halp-waQe—plate attenuated
the 1aser light intenclty by approximately 30 pereent the plane
of polarizatlon was alternated only at‘every magarzine change |
(about 2”00 1ramcs); the intensity of photonslat'thefbdbblo
- chamber was then maintained at a constent value by ad«watnqr
the amount of laser light when the ha‘f—wave-platc was in toe

laser beam path. No detecteable dirferences were Pound in the
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scannlng effi01ency for vertlcal vs. horizontal'polarization.
| The half-wave plate used durlng the first run at the

accelerator was found to be defectlve. Approx1mately 18 per-
éentaOf'ﬁhé'pietufes were taken with this'"half-wave"'plate,
and fromvite characteristics we found the backseattered photons
involved had their plane of polarization 45 degrees from the
. vertical ahd*the degree of linear polarizatien ~ 81 percent.
For the‘remaihder of'the‘photens (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-
tlvely, averaged over the photon energy spectra

. The allgnment and transport of the laser beam introduces
an'uncertainty.in the polarizatien direction of the high energy
photons at the bubble chamber. Although fhe‘polarization of
‘the laser light was measured to an accuracy of one degree at the
laéer, we estimate total uncertainity from all effects to be
i-3°~for the polarization state without the half-wave plate.
For the half-wave plate data we estimate a further uncertainty
of + 5° in polarization direction. These uncertainties intro-
duce a systeﬁatic uncertainty in quantities such as the parity
asymmetry P_ (see Section IVC, Eq. 7) and the total helicity
'conserving p-wave 7 intensity I (See Section IVB, Eq. 5).
For the combined polarization states these uncertainty are
less’ than. 2% |

The average polarization and a summary of the beam and

exposure are given in Table I.



CTABLE I

"j Beam ParameﬁérsfandgExposure'StaﬁiStiés |

"Avgogbéamu“w e _Avg.'Linear *de. bf*f E"limitsﬁfEV%s/hb ,l;
. energy, E - FWHM - Polarization Pictures .aZcepted e

I+

k7 450 918 Msk,000  .1-5.3 150
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JfE;".Scaﬁnihg Prbcedures

‘The ptirposé of the scan was to find the hadronic inter-
aétioﬁs and'to détermine'the photh flux. An interaction
was defined as a number of outgoing ﬁarticles reéulting from
a gamma-pfOton colliéion; The'outgoing particles had to ﬁe
hadrdns'such aé>the'proton, pion, kaon, etc. Because the
initiél stafe is.of positive'charge, the nuﬁber of outgoing
tracks "prongs" from the’primary vertex normaily is odd with
net unit of positive charge. Rare exceptions occur when a
négative‘prong annihilateé (e.g. W-p.—*w?n)vbeforeAit»travels

a visible distance, or’wheh the outgoing proton has less £hén

80 MeV/c momenfum,'corresponding to about lmm of range in
hydrogcn.' Straﬁge particles are often recegnized by their
decay signature. The electromagnetic background is easi1y
1d¢ntified by one of the following chafacteristics: 1) elec-
trdn-ppsitron‘pairs have even charge-balahce and ére normally
of zero opening ahgle (rare wide-angle pairs can be‘¢onfused
wifh 2 prong events at the scan table), 2) triplets, where
the e* pair was produced 6ff an electron, have negative charge
balance, and 3) Cémpton electrons, resulting from elastic
photon-electron scatterihg, are identified by a single negative
track; - |

The determination bf photon flux was made by céunting the
electron—poéitfon 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 determlned during the scan by.p1a01n¢ a straight
'cdge on ‘the scan table S0 that it 1nter ected the averane

of the palr vertices,‘an event's primary vertex or a palr
vertex was requlred to fall w1thin 2, 5mm of the tralvht'

edge. The 1en*th of the scanning area ‘was chosen SO as to
allow measurement of the tracks of all-events,to a suffi-
_cieﬁt_length (a'minimum of 35 cm for forward tracks and 8

cm for baekward tracks). Frames'whieh met any one of the fol-
lOwing‘requirements were not SCanned_but recorded:v A missing
view;'abnormally 1ight traéks; overlapping Qiews, and blank'
“areas due to 111uminat10n failure o

The film was double-scanned with dlscrepanc1e‘ resolved

in a third pass. The combined double scan efficiency was
found tobbe greater'than 99% for all events‘except those
fitting reaction (1) (ypym*w+ﬂ"p)~witb short_recoil protons.
Both.wideeahgle Pair production (WAP),'simulating‘hadronic'
evénts,"and a low scanning efficienoy present diffieulties‘
here. The number of WAP events which ooalavhave been confused
with events of reaction (1) has been calculated using the
Bethe-Heitler cross section f‘ormula.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/e (!t] < 0. 02
GeV2 t is the square of the momentum transfer between the -

2

target and recoil protons). For |t| > 0.02 GeV" only 4 WAP

candidates at 2.8 GeV and 15 at 4.7 GeV were found. After
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. removincf the WAP candidates the t distrlbutlon was examlned
for scannlng losses as a functlon of M Assumlng that the
distrlbutlon is of the form exp(At) and allowinrr A to vary _
with an 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 ca1cuIeted as evfunction‘of,t'and found to be greater than
99% for those events of reaction (1) with t 5’0.62 Gevg;' In
summarygcorrections to the.cross sectionafor vo = mtrTp due
- to WAP contamlnation and scanning 1osses amount to -0.4 + 0, 5%_
at 2.8 GeV and +3. 4'_ 0.5% at 4.7 GeV. For other tOpolocles
‘scannihé losses due.to short recoil protons were found to be
negligible. |
o DiScrepancies betwéeh’the twovscans‘iﬁ counting the
electron-positron pairs occurred on abouf 19%'cf the:pair
coucts.' These were resolved in a third pass; and it was
found that the normal misteke was for onevscanner to record
_one,too msny or ‘one too'few pairs (see-Tabie I1). .The re-
sulting corrected comblned double scan efflciency for counting
'-palrs‘was = 100p. Because the evaluatlon of the cross sections
for hadronic evénts is normalized to the e'e” pairs, consider-
etion_@ust be given to possible differences in the scanning
procedure for events and pairs. Ve estimate uncertainties in

the pairs counted (as compared to the events) to be *27,
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 TABLE II i
Under;and over-counting of e+e-bpéirs‘.a
bi-s +N_méan§ 3cahnerll-reéofded N pairé,tgo many,
ahd:similarly forlég; Thus iﬁ 2265'fféme$;_there
weré 99 in which scanher l,reéorded correctly and

scanner 2 recorded one too few.

6y
4l -3 -2 | -1 0 | +i +2 | +3 z)
= | "i 1 |
5| 6
- 1 99 30 1] o] 1
5y ol 2| 1| 5 fio7 |1sen | 86| u 2
+1 1 5 76 \ 1 1
L2 1 '1} 15 e
+3 3 1
Zh 1

8Numbers based on UCLRL scans only (50% of total film).
At SLAC, where individual pair vertices were recordcd,

descrepanciesvwere resolved on a one. to one basis,
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Both'iaboratcries scanned a ccmmon subset of the film
'(10”) | Comparison of the scan results indicated that the
scannlng procedures for the different laboratorles gave
consistent results except for eventsvof the’ reaction~
vp = mtrp with short recoil protons (]t| < 0.02 GevV).
For theﬁdifferent 1aboratories these events mere found with
'varyinv deerees of efficiency (the average‘double‘scan
‘erficiency was found to be = 87%). |

' F; Measuring and Klnematical1ReconstruCtion'

Half the events vere measured on conventional.measuring .
machines at SLAC and half at LRL. The last two-thirds of
the first measurementS‘at‘LRL werebprocessed by the>Spira1
Reader‘IIé{the passing rate,was comparable to conventional
measuringtmachines;' Further information of the performance
- of the SpiralvReader can-be‘found-in the thesis of W, Podolsky 33
At both 1aborator1es the events were analyzed using the programs

TVGP and SQUAW.}O

After two measurements the falllng events were 1ooked at
on- the scan table, where the event type and other identhl-
cation was checked before sending the event back for a third
measurement. ‘After_the third measurement 2% of the 3—pronc
events remained to be measured. The fraction of 3-prong events
which could not be measured due tc secondary scatters or track
obscuration was = 5% (see Table III).

The fit:hypotheseszmade in SQUAW are given in Tsble III.Q



TABLE III
. Numbers of Events °
Euark ' Topology Constraint E; ;NngegeorE5VZ§3?7 e
,‘1‘ vo = ntn7p 3 2936 3281
2 | - prtrtnO(m®)® o 3238 14688
3 = nrtatn” ()8 0 1707 2286
[ ~ KK " 3 79 104
Marks 2, 3 ambiguous 681 2900
Marks i, 4 amﬁiguous 5 © 19
No fit ' 35 73
Remeasurable 183 308
‘Unmeasurable 387 737 -
Total 3-prong ‘ 9251 14396
1 fyp = prtrtea 3 354 795
2 --’-p7|'+'n+1r'1r'1r°(urr'r‘:’)El ) 260 lléu
3 ~n 3% 2r” (mn®)® 0 64 429
3 - pK*K ™ P 3 1 15
Marks 2, 3 ambiguous 40 528
Marks 1, 4 ambiguous 0 1
No fit 7 5 >8
Remeasurable \ h 101
Unmeasurable - 65 234
Total Sfprong ’ T3-0 E
v =p 3n* 3n 5 by
12 = p 3% 317 7°(mn®)® 0 43
3 = n 4nt 35" ()2 o "0 11
Marks, 2, 3 ambiguous 0 19
No it o 2
Remeasurable o 13 |
Unmeasurable o 9
ITotal 7-pxl'ong —5. _lTi
Total 9-pr9ng ——— 1
Pairs couﬁted 12,294 22,010
jFrames (Pairs counted on) 1,808 2,784
S S A § PUPRSURRRR S S [ 4
Good Frames 202,027 | hs2,230

fm =0, 1, 2.

b‘I‘he number of events for Mark U4 do not include those events

with a visible K-decay (11 at 2.8 GeV and 18 at L.7 GeV for yp —'Z‘{*K'p).

22,

.
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Nb'constraint‘was plaCéd oﬁ‘the.incident gamma énergy. rHencé,
- marks 1 and'ﬁhave 3—cqnstréints in the kinematical fit and
' marks é:and:3 héve no constraints. Selection of fits was
acéomplishéd by accepting'fits compatible with bubble density
and 3-constraint fits with kinematic X2'< 30 (see also Thesis
of W. Podolsky).>3 o

o We héve investigated those events with x2 greater than
30 for possible losses of genuine yp —>ﬂ+h"p events. The
momentum and ehergy distributions of the charged particles

in the 3-pronged events shows this loss < 1% (see also
AppendiX-A). Je have also IOOked for possible biases'in the
kinematic recons£ruction aﬁd event identification by generating

Monte Carlo events with the program PHONY:

and applying the
séme‘selection'criteria as:ﬂn‘reqlevents. This study indicates
the loss of yp ~ i p events to be < 1% and the contamination
from other 3-prong events to be < 1%. We also estimate mistakes
made in processing events to be < 1%; hence the total sys%ematic
uncertainty of reaction (1) is 2%.

The xg—distribution for the events giving a 3-constraint fit

fﬁ"p (reaction 1) allows one to check the treatment of

to yp —
errors ih TVGP. If the errorvtreatment is corfect and‘the measureg
ments have a Gaussian distribution, the X2 distribution for the
events should follow the theoretical X2 distfibution.fof three
degrees of fréedém. However, it i1s more common for bubble cham-

Lo : . .
ber experiments '~ to find their X2 distributions too wide by a

factor of ag, and to have too many events at high xe. In Fig.
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Fig. 5. Chi-squared distribution for évents fitting 7p —+n+n-p.
: The curves give'the theoretical?(2—distribution for 3-degrees of

- freedom.
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5, we give_the x2"dis£ribution for the évents of réaction‘(l).
1Fof:compérison we give (full~curve)-the theoretical X2 dis-
tribution for three degrees of freedom, The = 7 pércent too
many'eVEnts f‘or'x2 > 10 is primarily due té non-gaussian tails
which are not taken into  account. This percentage is not un-
reasonablé. Ir we.assume thaﬁ all input errors are equally

too small“by o, the X2 distribﬁtion would scale by ae. Out-
put errofs are then assumed to scale also by a. We selectéd
those fitswith x2 < 10 to‘determine a2; thus we.avoided the
excess of events with large x2 that are'associated with errors
having, for éxample; ﬁon—gaussian tailsvand not an under-
estimation.of the gaussian width itself.. wc then made a fit
of the remaining events to’the’)(2 function éhape

. 1/2 . ,
P(x%) @ (x%/a®) exp(-x2/20%).

This cOrrésponds to the theoretical 3-constraint distfibution'
at & = 1. We obtained for a® the values 1.09 * 0.02 at 2.8

GeV and 1;08_i_0.02 at 4.7 GeV. It follows with the assuﬁptions
discussed above that the output errors from TVGP are too

small by a factor @ = 1.04 % 0.01.

As discussed earlier (see Fig.-4),'eff¢ctivé masses and
their.errors have been checkéd by observing the w+w- mass
distribution for X° decays. Agreement was found for the mass
 of the K° and the calculated error fiom SIOUX (K° mass correct

to 0.2% and o, = %5 MeV). From the calculated error in
. (R .
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SQUAW for the events of reactioh (1) we find oM . = % 5 MeV
in the p'mass_region. A further check vas made by comparing
events measured at SLAC and also at LRL on the Spiral Reader
II. Détails of this compérison'can‘be fouﬁd.in Appendix A.
" The results of the measurement and reconstruction for th§

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

agreement.
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III. TOTAL AND PARTIAL CROSS SECTIONS
The-photoproduction cross'sections were obtained by -
relating the number of hadronlc events N and the number of

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

the known ete™ palr-productlon cross section cpalr

~ Pair production cross sections on hYdrogenvused in this
paper reault from the theoretical work of'Jost"Luttin&er,'and
Slotnick (JLS) 43_ Their covariant calculatlon, utlllzlng the
unltarlty of the S—matrix, ~ has '
the advantage that e’ectron screeninfT of the: proton is 1nc1uded.
Knase144 evaluates by numerical means the formula of JLS to an
accuracy of 0.1% above 20 MeV. The valueS'of Knasel agree in
both the‘hlgh energy and low energy limitS'witn tne Bethe and
Bethe—Hertlerfresults,u5 respeetively,i'The formula of Bethe
" and Heitler nevleots'eleotron‘screening of the proton and
is therefore good only at ‘small photon energies (below 50 MeV)
The formula of Bethe has approx1matlons of the order l/k and
~is thus only good at high energles (g reater than 10 GCV)
Knasel applles varlous correctlons to_the reSult of thefJLS
cross section'to'aCCOuntvfor retardation effeots_and'radiative'

U6

correction using the work of Mork and Morkfand‘01sen. The



Table IV:: Cross sections for pair production on hyd
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)

rogen -

~according to Knasel as a function of-photon'énergy k.

'k'(Mev)’,;fr‘ o (mb) k (Mev) o (mb)
100.0 11.66 1000.0 . 18.29]
150.0 13.15 1250.0 18.65
175.0 13.69 1500.0 18.91
200.0 14.15 1750.0 19.11
300.0 15.45  2000.0 ©19.26
400.0 16.28 3000.0 19.65
500.0 16.85 4000.0 19.87

| 600.0 17.28 5000.0 20.02

700.0 17.62 8000.0 20.25
1800.0 17.88 10000.0 20.33
1900.0 18.10 | o
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cross section valﬁes'detefminedfby Knasel for pair prbduetion
on'hydrogen are given in Table IV and are precise to iO.S%,
well within our statistical‘errors of = 1.6%. Recent experi-
| .mentel work at DESY has determined the totél,pair production

b7

CroSs'sectieh in hydrogen with errors of about 1%. These
resultsfare:ih agreement with the ork of Knasel.

The numbcr of e+e“'pairs waé determined by eounting the
pairs in'the fiducial aree-on four frames pef roll’yielding
~ 30 pairs per roll compared with = 25 events per roll.

| Corfections were made for pairs produced outside the
enérgy selection‘(see Table I) and fiducial volume. The
energy correction was made using the photon-energ y spectra
of Fig. 3 (WCLghted’by the relative pair production cross
section). The fiducial volume correction fer'the palrs was
made from thc photon enerﬂy spectra obtalned from the events
of reactlon (1) when the vertex falls outs *de an ellipse de-
fined by [(AX) + (4az/2) ]1/2 = 2mm; Ax (horlzontal) and Az

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

beam line. The beam line was determined from a 1east squares

fit to the events of reaction (1). The factor two dividing
Az 1s to account for the larger measurement uncertainty in
the vertical direction.  These corrections are given in Table

Corrections-wer made for hadronic events outside the

fiducial volume from the distribution of the prlrarJ vertices.

For the energy correctlon vie uucd the photon- energy spectra
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Table V: .Cofrections to be applied to the events
in Table III. ' '

| Correctionsa in percent.for,E7(GeV) :
Topology | 28 b1
@) -0k + ok +3.4 + 0.5
| 7o >« |B). -1.3:02 2.8+ 0.3
7) 2.3+ 0.3 9.6 + 0.6
| £) 02 0+ 2
' Other,3-pr_ong B) —O..6' + 0.1 » -~ =0.9+ 0.1
y) 11403 -7.0 + 0.5
) 0x*1 . 04+ 0.6
5-prong  |B) = -0.1 + 0.1  "-0.3:;’_ 0.1
7). -06+0.3 -h5 40l
T-prong  |7) : - . -3.2 i“0.2
7 m,'.oie-? ; 7012'
~ Pairs |B)  -1.2 + O.b -2.1 + 0.4
7)) -1.9+ 0 -7.0 + 0.6

a . . A
* The entries @, B, 7, & denote corrections for:

Q) scanning eff1c1ency and wide-angle- palr
contemination,

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

7) for events outside the energy selection
(2.4 < E, < 3.3 GeV and 4.1 < Ey < 5.3 GeV-
at E, = 2.8 ana b .7 GeV respectively), and

¢) uncertainty in the kinematic reconstruction
' and event identification (+ 2% error in
7p = n p and¢in other 3-prongs are correlated)
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of Fig. 3 welﬁhted by the relatlve topology cross scctlon
These correctlons are glven in Table V.

| For the calculatlon of croos_sectlons, the unmeasurable’
ahd reméasufablé-eVents'Of'Table IIT were distribuﬁed amongb
~the difféfent'éhannels in the same proportions as for the
measurable{e&ents} In' Table'VI ve aive the crosé sections 
by topoloﬂy and for reaction (1). In FiW  6 the cross seétion
.'for reactlon (1) as measured in tHLs ekperlment is shown as a
functlon of the photon energy together W1th the results of
previous experlments.2 48,55 U51ng the prevlously publlshedla
1 pronv cross sections found in thls eyperlment(based on =~ 10%
bof the exposure) we obtaln the total cross sections given in

Table VI, The results are in agreement with the preliminary

values reported for this éxperiment.1a



Teble VI:

Cross Sections

Cross sectlons by topology at the average photon energles
E? 2 8 and L 7 GeV for events selected in the intervals
2.4< E < 3 3 GeV and 4.1< E7< 5.3 GeV at 2.8 and 4.7 Gev,

respectlvely.

Errors include systematlc uncertalntles
(3% for yp “*ﬁ o p, 2% for other topologies).

Topology

Cross Section in- ub

For E 2.8 Gev 4.7 Gev
© FWHM = 0.15 GeV 0.45 Gev
- p 4.ﬁ+ﬁ;p ©30.6 + 1.2 19.9 0.8
OTHER B—pronga 61.1 + 1.9 61.5 + 1.7
5-prong 8.4 + 0.4 19.6 + 0.6
7-prong 0.05 + 0.03 0.84 + 0.08
ﬁith strangeb | : f :
particle decay 8.1 + 0.5 8.5+ 0.5
. 1-prong® 22.7 + 1.5 '15._6 + 1.2
Total 131 + 3 126 4 3

32,

An n-prong event has n charged partlcles without detected strance-

particle decay.

Cross sections for events with strange particle decay based on
50% of total flux. ‘ o

¢ Cross sectlons for 1- prongs taken from ref. la which 1s based on

10% of the data
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Fig. 6 Cross section versus energy for the reaction yp —>ﬂ+1t_p;



34,
IV. p° PHOTOPRODUCTION IN THE REACTION vp — morp
In sections IV A through D we give results for p° pro-

duction and decay in the reaction
yp = mtrTp . B ¢ O

We find this reactlon dominated by p production in the quasi-
~ two body final ‘state reaction

Yo = p%p .

A less significant feature of reaction (1) is At (1236) pro-.
duction which is dlscussed 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 neﬂli-
‘gible for events with [t] > 0.02 GeV (t is ‘the square of the

" four-momentum transfer between incoming and outgoing proton)
“and oonsequently, for all further studies only'events with.

ltf > 0,02 GeV2 were considefed.

A. Dalitz and Chew-Low Plot Distributions
Figure 7 shows the Dalitz plot distributions at the two
energies for M?(ﬂ+p) vs. M2(W+w"), in reaction (1). A dis-

tinetive p° band is clearly visible at low M(w+w'). The



)
| TN Ey=28 "_.Gev
S5OF |- _ 268l EVENTS:
I | NI 002 Gev? |
“ 40}
@ - .
e f
B - 8 = |
o 3.0}
2 | 3
| 2.0} \
1.0 E- s boassassatissssisbitnnind
00 1o 20 30
100, - e
9.0}, . Ey=47 GeV
8o} 2707 EVENTS .
R | It1) 0.02 GeVv?
'3 7.0H: ‘ 1
3
o .Gfo 7
B Y
“'F 50 E
Z 40
30
2.’0':
I.o’ n A L POV FIVTVT
00 10 20 30 40 50 60

M:+,,—} ‘(vaz)_ e

XBL 708-6432

"Fig. 7. Reaction yp —>n+zr-p: Dalitz plot density.
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~ siney 'deéa& aistribution of the p® (see Section IV-C) is
related}toithe ndn-uniform density of events inithe p° band
as a function of M2 (w p); at low and high M(w p) there are.
relatively fewer events than for 1ntermediate values. The

A (1236) is signiflcant at 2.8 GeV and 1s 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 "prdtcn—w+’sy3temr Little A°(1236) production is
found in the proton:n'zsystem as seen in-Fig. 7.

The "Chew-Low plot“ distributions (at the two enervles)
for It, vs. the square of the dipion mass are shown in Fig
8. The distlnctive pv band is concentrated at low [t]. The
_po mass shift to ".Lox-f'bll,mr is seen as a higher'concentration'of‘

P

events at masses below M_. It is also apparent that‘as_lt]
- increases the density distribution becomes more symmetric

about the rho mass.

B. Cross Sections and the p° Mass Shift

1. ‘ParameteriZation and Model—Independeut Results.
‘Figure 9 shows the.wfw'.mass distributions. 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

p production, which has the characteristic downward p mass -

shift found in previous photoproduction studies at CEA3 and
b +

T mass dlstributions for the

DESY. We_have looked in the =
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1pr0du¢tibn'bf\higher—masé meSons, ih'particuIéf1the vector
mesons p! and p" with-mass'ofv~ 1.3 and ~ 1.7 GeV predicted
_by.i. Shapir649 using the'Veneziano:model, fTheﬁﬁbper limiﬁs
(1 0) oh:tHéir production cross sections at 4.7 GeV are 0.5 b
‘and 0.4 pb,'réspectively, assuming'for both p' aﬁd p"‘a width
ofi200 MeV and décay into m'7” only. These uppef'limits agree
with.othef experiments6 but are still consistent with a re-
cent Veneziano model calculation by Satz and 8chilling.50

Y- mass distributions were

In the past, good fits to the m
obtained'(ABBHHM)ukby multiplying the Breit-Wigner distribution
“with an energy dependent width according:to Jackson51 for the
p° by'a mass—skewing factor [Mp/Mmr]4 fromifhe»diffraction
dissociatibn model of Ross and Stodolsky.lo In order to test
the Ross-Stodolsky factor we have multiplied the p4wave Breit-
Wigner for the p° by the factor [Mp/M*"]n(t). Maximum likeli-
hood fits were then made to the events of reaction (l)vassuming -

the density distribution



lI'Ot
] ) 5 : 7.‘1f 'tA
dP(M w+p,M whnstaty) = £ NABWA(MA:PA)a?a -
E N 10 D
+ £ N BW (M, ,T.) W (cose )[M;fe_] - ehrt
TP TP TN p HiM +-]
. _ v v (2)

+ (1-qufp)-NPS°1] d (Pbase Space)

where M +p = w+p invariant mass, tA =‘square'of the momentum

transfer between 1ncoming proton and the outgoing (W p) system.

The parameters f and fp ‘are the fractions of events of A (1236)

~and p° to be determlned BW, (M +) and BW (M + ) are the

.resonant-distributions for_A++ and p s

B (M) = q¥M)' - 2P§M) —, (2.1)
(M -M_ )+ M P.(M) o : - _ .

(M) = fo %{%%7)3 E{%%T ..~ | (2.2)‘
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++

po‘productiohi‘: A" production: .
X'=p x=A
o= Mty - M= Mot |
M, =M, (péramgter) yd.= 1236.MeV
T, = Fp‘(parameter) , T =_120-M¢V -
q(M) = 3-momentum of the mT ~ q(M) = 3-momentum of the proton
: in the mm rest system - in the pn' rest system
N -1 | SR a1
.2 . ) . ‘ e 2
p(M) = [a(M) + a" (M)} ° Cp(M) = (2.2 M7 + q°(M)]

M* = pion mass

Thé norméiization'NA,va, and Npg Wwere determined by Monte
Carlo integration. vW(coseﬁ) = 3/4 siheaH describes the 6
: dépendeﬂce‘of'the'po decay‘distribution in the helicity system.
The factor exp(7.1 tA)‘apperimates the tA distribution of the
A++(1236)..'A brief description of the maximum iiklihood fitting
program can be found'in Appendix B. | | |
The contributions from the A++,‘p° andvphase space together
“with the parameter n(t) were determined in the fit as a function

*r~ mass spectra well, as shown

of t. The fits described the =
by the dashed curves in Fig. 9. The fitted values for n(t)
‘are shown in Fig. 10 and Table VII. In'cdntrast to the pre-
diction of Ross and Sﬁodolsky, namely n(t = 0) = 4, the para-
_meter n is > 5 near t = 0; it drops to zero around !t]_=10.5

Geve. .



:;Table VII: The parameter n(t) in- the factor ’
'.{Mb/Mnn}n t) at 2 8 and i 7 GeV. Results L
. are also plotted in Flg. 10.,f— ' o

x~;;tj(GeV2)h' - é.8 Gév | ﬁ;7 GeVi 1
002 -‘-10.08_ 5.3 + 0.3 5.3+ 0.3
{008 - 0.18 4.5+03 | 4.9+0.3
0.18 - ok | 3.5+ 0.k | ,2.8}1 c.3

ok 1.0 1.0.1 0.9 0.3 + 0;6:
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'—-— ROSS-STODOLSKY FACTOR
- ====--- EMPIRICAL EQ. 2.3(USED TO FIT My.15)
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Fig 10 Fitted values for n(t) in the parameterlzatlon (Mp/Mnn)n(t) .
“as the mass skeW1ng factor for the reaction 7P —+p D. ‘For numerical ,

'values see Table VIiI.
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) For comparison, the curves correspondinc 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 (o 02 < [t] < 0.08 Gev® ). The dashed
line gives the fit results of n(t) (confidence level 307),
and is far better than that obtained with the factor n(t) =
shown as a 'solid line (confidence level < o. 1%) |

The parameter n(t) was determined again allow1ng for
p -0 interference (see Section V) by modulating the p ampli-
tude by'the_factor For Eq. 11 Section V. ‘The mass'mixing‘
parameters were set at the values & = 2.5 MeV and B = O degrees.
Novchange-was found for n(t) (for 0.02 < lt] < O,QB-GeVe
. n(t) = 5.25 *0.3. ; This result'is’not surpriSing because
the p°-w 1nterference only affects appreciably the mm mass o
distribution from 750 - 810 MeV However, the factor (M /
M”n)n(t) is most strongly influenced by the signals for
My < 650 MeV and > 850 MeV, |

A test was made to determine what influence the eneroy
~dependent width had on the determination of n(t) - Replacing
the Jackson form of Eq. 2.2 by a constant width in the Breit-
vaigner of Egq. 2.1 we determined again the values of n(t), Mp,
and Tye For the lowest t bin (0.02 < [t[ < 0. 08 Gev?) we obtain
n(t) 4, however the predicted ™ n mass spectrum does not ‘

agree with the data (confidence 1evel < 0.01%); too much

signal is predicted at low Mww'
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' Fig. 11. Reaction 7p —*ﬂ n p: Mf+ﬂ' at 2f8 GeV for ev§nts vith
0.02 <|t|< 0.08 GeV2 (data of Fig.9). The curves show the results of

~ maximum likelihood fits using Eq. 2 with the parameterization (Mp/Mmt)

n(f)

~“for n(t) = 4 (Ross-Stodolsky factor) and the optimum value n(t) = 5.3.
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To determlne the rho mass and width we approxmmate the -

n(t) dependence of Flc. 10 at

2.8 GeV by n(t) = 5.6 + 8t'fofv't|'< 0.7 Gévz;.v

Il

n(t) = 0 for |t| » 0.7 Gev";

(2.3)

4.7 GeV by n(t) = 6 + 10t for |t| < 0.6 GeVZ,

n(t) = 0 for |t| > 0.6 GeV2 .

The parameterS'Mp r, and A  of Eq. 2 (with the”Jacksoﬁ form

'~ for the'p width, Eq. 2.2) were then determined in the max1mum'
‘v likelihood fit for events in the 1owest three t ‘bins
(0.02 < |t] < O ul GeV2) which contain = 75% of the events of
Reaction (1). Ve obtained for the rho mass and width the
values (766 +3), (145 + 6) and (762 * 3), (141 % 5) MeV for
2.8 and 4.7 GeV, respectively. The-vélues obtained for the

exponeﬁtial slope, Ap, were (6.36 % 0.30) and (6.31 + 0.26)

'GeV;g'for the two energies. )
‘In Fig;'12 we give ﬁhe exponential slope of‘the t dis-

tfibutiOn as a function.of the wim~ mass.u The slope; A,

was obtained by fitting the events in a given L mass bin

with 0.02 < |t] < 0.4 GeV® to the form
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Fig. 12 Reaction »p —->1r+rt p: Exponentla.l Slope of the t dlstrlbutlon

as a function of the :r+1r mass taking all events in a glven :'r+n' ‘mass
bin w1th 0.02 <|t|< 0.4 Gev®. The curves show the prediction of the

' 83ding Model, Satz and Schilling (Ref. 50), and A(Myy) of Eq. 3.
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(M,,,,S ; > M’”’)t

The strong variation of’A nith the wfn' mass is related to the
t dependence of the n+ﬁ mass dlstrlbutlons, i.e. n(t) This
can be seen by writing the density distribution of Eq. 2 in

the form |

n(t) A t

d° (t,M_,rTr B(Mﬁn)<ﬁ£;> +

contributions from A _and‘conStant background. Assuming
T, : _ h _
A, = 6.3 GeV , n(t) = @ + Bt, neglecting contributions from |

A and constant background, and taking tne 1ln; we find

n %%-= £n [B(Mﬁw):<M£;> ] + [ﬁ In (M M) Ap]t
Tne linear term in t is:

A(M ) = B £nv(Mp/Mﬁﬁ) +A, . | | ,~(3)_n
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o Using ﬁ obtalned from the approximate n(t) behavior found
in this experlment (see Eq 2. 3 and Fic 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 n*n mass. - |
The‘total p production cross section.in~Reaction (1) ob-
| tained»by:fittinv with the parametrlzation (M /M )n(t) and.
correcting for the interval (t, < 0. 02 Gev2 is glven in Table
VIII(middle) | | | | | |

The analysis of the p decay in this experiment shows
(see Sectlon IV-C) that for ,t, < 0.4 GeV2 the p decay angu-

lar distributlon 1s‘

: W(G ¢) o {sinee + Py sin®g COSQ%} | (1)

The angles are sketched in Fig. 18; 6 is the polar angle of

+, ¥ is the polarizatlon angle defined as ¢ = ¢-9,

. the decay ™
where ¢ 1s the a21muthal angle of tnevnf with respect to the
production plane, ¢ is the anglerbetWeen the photon electric
~vector andathe production plane,'and Py is the degree of linear
polarization of the photon. All angles are calculated in the
tn helicity system. Eqdation,h can be expressed in terms

of the moments Y(6), Y2(6) and Re Y3(6,y):



Table VIII: Total cross sections for yp —pr n 3 total and
forward differentlal cross sections and slope A for produc-
tion of ﬂ n pairs in the s-channel c.m, hehclty conserving
Ap-wave sta.te (11) and for p production as determined from
fits with the para.meterizatlon (Mp/Mrm)n(t) and the S3ding
model. o -

CEBL | Reo LA

C(eev) | (W) <ub/cev2) | (v
hel. cons. p-wave (IT)

2.8 | 18k i 1.0 . | 1 +12 '\ 7.5+ 0.6

L.7 : 14.0 + 1.0 9+ T _7.-1. + 0.5

0° production with parameterization V[Mp/Mmr]n‘(t,)

2.8 | 20.8+1.0 18+ 8 6.6 + 0.3

4.7 | 15.6 + 0.7 106+ 5 | 7.0+ 0.3

p° production with S3ding model

28 | 18.3+1.0 9T+ T  5.34 0.
4.7 | 15.3 + 0.7 88+ 5 5.8 + 0.3
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—_ P ) -

W(e, w) =L y° (e) -—-----Y (e) +2P ,/E—3 Re Y5(6,%) (4.1)
Because of its y dependence; Re’Yg(eéw)-is the least

~affected- by background anﬁ therefore has been used to deter-

- mine the's-channel c.m. helicity - conserving peWave.nﬁ.inten-

-.Sity'n, Integrating»Re.Yg over Eq. 4 (or 4.1), we find
1 [ion 5 4

= 2. SZ . sin 61 cosaz//i

I

(5)

where the summation is over all events. The dots marked . on the
"histograms'ol Fig. 9 show II 1s a function of M _ for different t-
’-intervals; We hotice that a) in the p region II accounts for |
almost all events and shows the same skewing as the mass dis-
tributions, b) above M = 1 GeV, T is zero within errors,

again emphas1zing_the absence'of'highef vector mesons; this

also shows that the background which is present above 1 GeV

does not contribute to Re Yg. The total nelicity conserving
p-wave cross section (corrected for the interval ]t, < 0.02

GV ) is given at the top of Table VIII.

| »We have also studied the m'mr™ mass dependence of other

‘ Y%(G,w)vmoments. In Fig. 13 we show the moments.Yg to Yﬁ and

Yg. The Yg moment shows the behavior expected for the sin0

decay of the p°.~ The slightly positive values of-Yg above



SUM /40 MeV

yp—m*mTp
. 002<1t1<0.4 Gev2 - o
(Ey=286GeV yo._ 1 Ey=47Gev

g

00| 1924 EVENTS 1 2127 EVENTS

EVENTS /4T
3

o
0

EiIY

S LI L B T 1_1‘]'_111_1 T

1|l.lill‘ljl-lllll]||

10
—~ 3 : |
:A._lo_l l{l-l_l t —J,‘HJ [ R B R “
@ 04 08 12 16 04 08 |2 e 20
N N

M'ﬁ* m- (GeV) v . j—

Fig. 13. (a) Reaction P —>n+:r-p:'The moments Yg,' 'Y;(e)' and
Y,(8,¥) in the helicity freme as a function of M for 0.02 <[t|<

0.4 GeV2. The curves show the results of t'he'i Soding Model.

520’ .




- SUM/40 Mev

X L 53.
yp—T*Tp |
B 002<ItI<O4GeV2 | .
- Ey 28GeV - Ey=476eV
o o. /5 (3 .2 R
o Y2:/ar (72‘,005 6-3)
v ) O ’ =y + 74 s
s O n j
]~ ~20r - : ]
- =30 - - 1
- -40 B l
Csoli v vy Dy gy ]
. 04 08 12 16 04 08 12 16 20
=  Re Y'2= —\/8-'—5_77.sin 84 cos B, cos Yy
e VL ol
S RN
- Q
m .
N-- | |
~ Re Y% 3 32 sin? GH cosZ \[/H |
» 60 [~ : B C ‘ m
s OOr 5 ;
s 4Or T )
Y %0r ) :
® 20 - 7]
& 10k - .
N B - ’
| O L% ] - 1 fl‘. 1

04 08 12 16 04 08 12 16 20
Mytg-(GeV) e

Fig 13. (b) Reactlon 7P —>n+n p:. The moments Y, (e), Y (e,w), and
Yz(e,w) in the he11c1ty frame as a functlon of My, for 0.02 <lt|< 0.l

GeV2 The curves show the results of the Sodlng Model



Fig. 13 (c) Reaction’ 7p —>:r+1r p: The moments Y, (9), Y (6, ur),

' Yz(e, ¥, Y (6,111), (6), a.nd Y6(e) in the he11c1ty frame as a functlon' -

of‘ M for O 02 <t<o 1& GeV2 The curves show the results of the
'Sodlng Model . |

¢
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1 GeV areldue’to the a™t reflection. The moment Yﬁ 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 ﬂ+w ‘partial wave. state of spin J 2 3.. At 2.8 GeV the
.moment Yh does not show a statistically significant inter-
rference effect ‘This is due to the large A production, which
plays only a minor role at 4.7 GeV. N | |
Fioure 14 and Table IX show the differential Cross sections
do/dt for p production from an independent max imum likelihood
fit separately for each t- interval With the density distribu-
tion of:equation 2, For these fits.the exponential_t-dependence
for the pogdnd A+f was removed,.and we used for n(t) the linear
behavior of Eq. 2.3i .Also.shown in Fig. 14 and Table. Ix‘are |
the differentiai cross sections for the helicity-conservinc |
p-wave state,-H. Fitting the different1a1 cross section values

for [t[ < 0.4 GeV2 to the form

ER SR

we obtein do/dt (t = O) and A as given in Table VIII.56 For

2 the differential cross sections and the slopes

[t] < 0.4 Gev |
obtained for NI(t) and for the p° fitted with the parameteri— o

zation (M /M )n(t) agree within errors.
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 Table IX: Di‘fféré_n’_tial. cross sections for production of x'x~ pairs in the s-channel c.m.
helicity ébnse’rvir}g. p-wave state ¢?) anad for p° production with the parameterization
[MO/Mm]n(t)'.and' p° productibn using the Sdding model* at 2.8 and 4.7 GeV. Results are

plotted in Fig. 14.

a0/t (ub/cer?)
IE7 =2.8 Gev _ Ey' = 4.7 gev

0.02 - 0.05 = [120 4+ 11 12159 80+ 7 T3+ 7 85+ 6 TL+ 4

0.05 -.0.075 | 88 + 10 ®+8 | 69+7 63+ 7 ' T2+5 61£5
~o.o75-o;10 .. 67 * 10 TH+T. | 63+7 | 51i6 Sho+ 4 51 + 5~

oy.10-0.15 56i-6 | 55 + L ,5oi5 Bhos ] w543 45 4 3

0.15-0.20 | %45 4344 | u2 4y %+ 4 Bras | %r3

0.20 - 0.25 294+ 4 | 33 +3 28 + 4 16 £'3 1187+ 1.6 |21.3 + 2.1

0.25-0.30 | 194+ 4 | = + 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_i 1.6

0.35 - 0.40 T7T+3.0 | 1242 13 4 2 6.7+ 1.8 84 +1.0 | 9.2+ 1.5

0.40 - 0.50 [4.3+1.5 | 5.6 +#1.1 | 7.2+ 1.3 5.5+ 1.1 5.7+ 0.6 | 6.5 + 1.0

0.50 - 0.70 | 3.2 +08 | 26+ 0.6 | 2.9 + 0.7.| 0.6+ 0.5 2.2+ 0.3 | 2.6 + 0.5

0.7 -1.0 1.0 + 0.6 2.2 + 0.4 0.9+ 0.3 | 0.7T + 6.16

1.0 - 1.5  [0.7+ 0.4 . O.Th i 0.22 0.15 + 0.20 0.33 + 0.08

1.5 -2.5 0. + 0.7 oy + 0.09 0.20 + 0.09 0.066 + 0.027

2.5 - tMAx 0. + 0.11 o 0.23 + 0.08 0.015 + 0.013 | 0.016 + 0.008

x» : ) »
The differential cross sections for ltl > 0.7 GeV2 were ‘determined by describing po

production by a p-wave Breit-Wigner.
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Fig. ih. Reaction »p ~*ﬂ+n-p: Diffefential croés sections as a
function of t for the heliclty-conserving p-wave contrlbutlon TT
for p productlon as obtained from flts with the Sodlng model and
‘using the parameterlzatlon (Mp/Mﬁﬂ)n(t). The shaded regions are

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

Table IX.
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2. The S5ding Model |

We have'compared.our data with the model of Sb’ding,11
which explains the p mass shift in terms of an interference
‘between the p° amplitude (Diag. I of Fig. 15) and a Drell-
‘Atype backcround amplitude (Dia II and III) In adding the
Drell background terms to the p resonance production amplitude,
one stands in danner of "double countinv"' For example, if
one thinks of the p as being formed by repeatedvr exchange
vthen Diag II1, III correSpond to just one term in the sum of
diagrams corresponding to yp ->p jol followed by p -*w+ﬁ .53
T. Bauer52 and J. Pumplin53 avoid doublevcounting by multi?
plyinv the Drell term in the p-wave statesu by ei‘S cosd, where

6 is the rho phase shift In terms of a Breit—Wigner form-

eld coss = _2p 5 .
M €-M<-iM
(M™M=, T)

The followingJustificationfbr this factor is an argument of .
- J. Pumplin.53 In the lab frame the lifetime for forward p

=~ E /M .T" at high energies, which is 1onv compared to the time
associated with production and scatterin 2 E /M - It is
B therefore natural to treat the p as a stable elementary obj ject
~in cons1der1ng the dynamics of its production. Pumplin then

adds to the Drell terms, a rho resonance production term, and
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a'rescattering~ferm (Diag}.IV of Fig. 15) andeshows that
adding the absorptiVe-part of'the rescattering term (corre-
sponding to the pions which form the p belng on the mass |
shell) to the Drell terms is equivalent to multiplylnv the
_Drell terms by e15 cosd. '

The results for this'experiment for the S8ding model
:Withouﬁ the feseattering-correction can be found in refefehce

. ._ : o _

The predlctions of the Sodlnv model have been calculated
us1ng a Monte Carlo program wrltten by P. SSding, but modlfled
,by us- to allow for the Bauer52 and Pump11n53 rescatterlng term
and tp permit:noninterfering cdhstant backgfound and'additional

+‘4"(1;?336)ampll.’L‘n:.mciles. A’description'df the Sﬁding model as
used in this experlment can be found in Appendlx C.

The lowest three t bins (0.02 < |t| < 0.4 GeV?) were used
to determlne tbe rho mass and width appropriate for the S8ding
model; we find 'Mp = 778 £ 3 (769 % 3) MeV and T = 146 + 10
- (146 % 10) MeV at 2.8 (4.7) GeV. As shown in Flg.‘16 the S8ding
model’(fqll curves) describes well theiﬁ*n‘ mass distribution.
The additionai curves of Fig. 16 give theicontributions from
the rho,_Dreli, interference (po'and Drell), ednstaht background,
and extra A++(1236) terms. From these curves we note ﬁhe

following:
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’ YPp— T T p
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Fig. 16. "_I‘he 1:_'.":(- mass distfibutions for the reaction »p —»n+n_-p

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

' 80ding Model; the other curves represent- the individual contributions

.making up the Soding Model.
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a) At Mp the p° production aecounts'for'alﬁost all

the ntn™ siznal.

v_b)” The shape of the w+n"_mass distrivbution is.a con-
- 'sequence of the.interference'term ,being positive

below M _ and negative for M__ > M .,
~ bel o ,egi ive fo pww MP

' c) _The:SSding model describesReaction(l)‘Weli_as'in—f
dicated by the small contribdtionsfrom constant backf

.ground 5(3.3)% and extra A++ 2(0.7)% at'2.8(h.7)'GeVQ

The fitued values of o /o 0 are shown in Fig. 17(a)

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

ODRELL/CPO as_ce}culated from the S8ding model. The So@lng |
model describes the t dependence of the ﬂfﬂ- mass distributions.

(solid lines of Fig. 9)vand‘of o /o o,and consequently,

DRELL
the related dependence of the exponentlal slope'of:the t_dis-

Fr” maseu’55’(solid lines of Fig. 12);e The

tribution on the =
shape ef_thevinterference pattern ODServed for Yﬁ end'other'
'Yg'of‘Fig;.l3 is also.cerrect1y>predicted. The “total p°
productieh crossAseetions’obtained by fitting the S8ding model
to. our .data (and'correcting for the interval |t] < 0.02 GeVZ)
are glven in Table VIII. |

In Flg 14 and Table IX we give the dlfferentlal cross
sections obtained from fits with the-uOu n; model. From the-'
differential cross section values for [t,-< O.A‘GeV2 we obtain

do/dt (t = 0) and the exponential slope, A, as given in Table
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| _ Fig 17 (a) Ratio of the fitted Drell to rho cross sections GDRELL/
as & function of t. The curves show the predlctions of the Sodlng Model.‘

~ (v) Ra.tio of OINTERFERENCE/U as calculated from the Soding Model where

INTERFERENCE is the 1Antegra.l pf the. interferepqe ’;em over phase spa.c-c'e. :
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VIII. These values are smaller than those for the para- -
meterization (M /M )n(t) or for II by 257 (177) at 2.8 (4. 7)
- GeV for the forward differential cross section and = 207 for
._the.slope. The smaller values of the deing model are a conQ
__sequence'of two effects: 1) the interference term is strongest
at small [ﬁ’ and 2) the integral over the interference term
CINTERFERENCE from M . = threshold to M =M, (t) decreases
and becomes negative with increasing ]t’ This behavior is
seen in Fig. 17(b) where we give the t dependence of
| INTERFERENCE/cp as calculated from ﬁhevSodlng model. Thus
the differential cross section for p° productiennwill be smaller
than the parameterization valnes which ceunts almost all the
wfﬁ'vsignal asnrhd at small momentumntransfers. Conﬁerseiy,
at largeremomentum transfers the p° production as determined
bymthe’sading model may becemeAlarger than the parameteriza#ion
raiues. | | |

‘We. note that there are theoretical difflculties with the

- 88ding model namely:

(1) The S&dlng diagrams are not gauge invariant
(2). There_ are uncertainties in the off_‘-,-mass shell 'cerr_ec- |
tion. | -
- (3)- The resonant o° productien amplitudevis assumed to
| he purely imaginary. | Z u
However, as has been shown the model does explain well Reacﬁibn

(1) and describes many important features of the data.
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3.‘ Comparison with the. Vector Dominance Model

e The optical theorem can be used to relate the total
,‘photoproduction cross. section, cTOT(yp), to the forward Compton
scattering dc/dt(yp 'yop)t 0> Which in turn can be related

_,by the vector dominance model to the forward diffractive photo-'
57,58 |

.production cross sections

o -1 1/2

cTOT(-yp) | = m; [< z:\i_rf__ _‘ %%('Yp __’ Vop)t=0_J o,

Where'V° is a vector meson. In addition to p° we have
contributions from w and ¢, their contributions are shown in
Table X and together: contribute less than 20 wb to GT(yp)

Assuming that each of these contributions has the same phase,

2
- ; Y : o, :
- we can determine —fL:from our values for oT(yp) (see Section

A |
III) and ~E-(yp - p P)t—o . Using the forward differential

" cross section.for p° production determined by the S8ding model
‘ 2

we obtain %f— = 0. 26 + 0.0t at 2.8 and 8.28 + 0.04 at 4.7 . GeV.
,This should be compared to‘the vaiue ;&Q.= 0.52 * 0.03 deter-
mined by'the Orsay Group,59 _Also'in disagreement with the
. ' p2/4W using for tne po-forward '
differential cross section the s-channel c.m, helicity-con-
serving_p;wave'ww contribution, Hﬁ, %%i = 0,37 + 0.04 at 2.8 fr

Orsay Vaiue'isvthe result for vy

and 0,32 + 0.0l at 4.7 GeV.



Table X: Vector dominance'calcuiation'fdr w ahdi¢

contributions to chT(yp) at 2.8 and 4.7 Gev.

()

()

v° A l 49 (. v°p) Contribut
v : B ={yp—=V'p Contribution
o 4 dat t=0 to UT(7P)
Gev | ub/GeV2 pb
, 2.8 13+ 4 11+ 2
® 3.7 + 0.7 | |
L.7 15 + 12 + 2
2.8. 1.5 + 0.6 + (4 +1)
¢ 2.8 + 0.1 ' v _ |
L.7 2.6 + 0.5 + (6 + 1)
(2) Ref. 59. -

For ® see Ref. 14 (this experiment) and for ¢ see

Ref. b4, 60.

- 68,
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' C. Conservation of s-Channel Helicity in p° Photopro- -
duction. - | | :

We now discuss the p decay angular distributions. The

. analysis'usesithe formalism of Schiliing gj_gl.e 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 dlrection of the ‘incident photon in the p rest system,v~
the helicity system where the z-axis is opp031te to the d1rec-g.

tion of,the outg01ng proton in the p rest system,'and the

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

incident photonpindthe overall c.m. system. The y-axis is
alwayS‘normal'to the'production'plane. For forward-produced
p mesons, all three systems coincide.

We deflne the folloW1nn ancles (see Fig. 18 and footnote
61): @ is the angle of the photon electric polarization vector

with respeet_to the prodncfion plane and is the same in the

“total c.m.s. and the p° rest system; 6 and o are the polar and

+

azimuthal’angies of the w' in the pO rest system. The decay

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

linearly polarlzed photons can be e: pressed in terms of nlnef
e,t2

‘independent measurable spin'density matrix parameters p?%
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Fig. 18. Definitiori of decay angles and quantization axis for the

. _'threé reference system used to study the po decay.
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L=
1

{g( - ) _ <3poo - >c0526
 -ﬁJé-Re‘p§o sin29 cos¢p = pg_ISihge cos2¢

1 ;.2 1 2
11 sin-Q + Pyo COS e

P:-cos2¢[p :
- :
(6)

-2 Re'p%O“Sin29~COS¢ -:pi_lsinae cos2¢]

- P& Sin2¢'[J?-Im'p§O sin26 sia¢~

,._+v Im p%_l sin29 Sin2¢]}'..

Here;be is the devree of - linear polarlzatlon of the photon,
which is calculated from the Compton scatterlnv 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 pik result |
from the 1inear polarization of the photon.'

Matters are simplified if we use the angle ¢y = ¢-®
(see Fig. 18) which for forward p productlon, is the angle
between_the photon-polarization and p decay planes.c If the
rho is transverse and 1ineafly polarizea (just as:the photon)

‘then it can be shown in the helicity system that



T2,

|
=

v I 1. S l
Py s Im Piag = =55 - (6.1)
all othef p§k = 0 in Ed, 6. In this case a_littlevfrigOno-
metry shows that B | |

2

W(cosegw)'m-sin évcoszw .- | : (6;2)

For a decay distribution of Eq. 6.2 we intuitively define y

as thé:azimuthal angie of the deéay»n+ with reSpeCt to the

. pIane'éf,polarization of the transverse and'liﬁearly polarized-'

“rho. ‘ , _
Figufe'l9 shows the distfibutith'of thé polar angle 6
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-ﬁomentumftransfer between‘inco@ing.and outgoing
' 2

proton. - The coseH distributions are proportionél to sin GH;

‘i.e.,-the_rho mesons are produced in Reaction (1)-with c.m;s.

helicity + 1. The y distributions are proportional to

(l } P, cos2¢H) (this equals 2 COseﬁ_fbf.P§ = 1)fénd:showsi.
that the'rho is almost completely linearly polarized. The
vdensify distribution shown in the'scattef piot of coSQvaersus

2

Yy is proportional to sin“6, cosegf/H and ihqicatesvan'absence

of correlations in coséy and Yy.

»



"

L 73.
| — Y 1.0 T T T "
—_— ]
o: — e . B S A T
@ 3 ~ © 0°  90° 180" 270° 360

NUMBER OF EVENTS / 0.05

Ey=2.8 Gev

0.60 ¢ My € 0.85 GoV
0.02 ¢ 111¢0.4 Gev®

1236 EVENTS

NUMBER OF EVENTS/I0°

XBL 708-6430

Fig. 19. (a) Reaction 7p —p°p at 2.8 GeV:  Rho decay angular

- distributions in the helicity system without background subtraction.

The curves are proportional to 81n29 and (1 + P cos 2&)
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Fig. 19. (b) Reaction yp —o°p at 4.7 GeV: Rho decay angular
‘distributions in the helicity system without‘baékground subtraction.

The curves are proportional to sin26 and (1 + Py cos 2y).
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The'matrices pgk, p}k and‘pik'oan béoused to éXamine‘the,
production mechanlsm, for- example, the contributions aN, oU
from natural parity (P = (-1) ) and unnatural parity

(P = -(fl)-) exchanges in the t-channel oan\be obtained with

the parameter Pys defined by

PO;T—H “?'.v AR ,;._,”(7)

2,78

To leading order in energy P, is given by

v - 1 1l _ A
P =2 pl;l‘- poo-'_; (8)
The expression (8) for P is an invariant under rotatlons

around the normal to the production plane.

P P

For the special case of J = 0% (e.g. Pomeron) and J° = O~
(e.s. pion) exchanges. the relétionship of Eq. 8 is easily snown
~to be vélid - We expect for ot excaange and forward p production ‘
‘that the rho polarization direction will be the same as the
incident photon |

A ~
€E =€_ .

p R

" ‘Then the decay matrix is proportional to



M | N ) 6.
‘which results in the decay angular distribution

-

W(cosB,y) o« sine COsaw ,, | | (8.1)

and’ we know ‘from Eq. 6.1 and 6. 2 that if the flip termsare
izero and ‘Im p% 1-—-p% 1 Eq. 8 1 follows for p% 1 é

-Using Eq. 8 we find that. indeed P, = +1 for the natural
parity exehange ot . However, in order to conserve parity

and angniaf“momentum for O-‘exchange,.the rho_polarizatlon'is.-
90°'from.the incident photon polarization direction.

2' ;‘E xf%.
P Y ‘

Then the decay matrix is proportional to

~ A + ~ o~
M« . = o - X k
_ T .€p i (ey | )

~which resuits in.the decay angular distribution - .

2

W(cos6,y¥) « sin“e cos?(90o + ) = sine singw‘.‘ (8.2)

In-thisveéee;we find Eq. 8.2 follows from the general decay
_disﬁribution-of Eq. 6, when the "“11p" terms are zero (1nclud1n3
péo), Im pi_l - p1 1» and p% 1 =,_1/2 'Us1ng Eq.»8 we flnd -
that indeed P_ = -1 for the case of the unnatural_parity



¥

._likelihood fit 1nc1uding p s A

.

exchange O

We studied the influence of possible background by
determining the p 1 @s @ function of the n+n mass M with
the method of moments,,using all events in a given n+w mass
interval 'Fig. 20 snows the M dependence of p and p%_l
1n the helic1ty system and that of P Tnere is a pronounced

difference between their values 1nside and out51de of the rho

region. The values p ™ 0.5 and P % 1 in the rho region

are clearly assoclated with the productlon of the rho.

We took the background contribution into: account by deter;_
mining the rho density matrix parameters through a maximum
+ and fiat background contribu-
tions using the density distribution of Eg. 2 but replacing

W(coseH) with W(cos@ ¢,0) of Eq. 6.63 This method was checked

by evaluating the p ik inside and outs1de of the rho recion

and interpolatlncr the contribution from the backvround ‘Within

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

_ the mass region 0.60 < M_. <O. 85 GeV are used without back-~

ground subtraction the values of the pik do not change by more
than one standard deviation. A further check of the influence
of the background on the values of the p ik was made by using

the Soding model. Ve have evaluated the S8ding model assuming

for the pO production the values obtained from the maximum

1ike11hood fit for the density matrix parameters. 'An analysis

of the_resulting i angular distribution shows that the Drell
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L

79.

E term does not significantly alter uhe decay angular dlstrlbu-

tion of the rho._. At 4 7 GeV the Drell term is ~ 90% p-wave

and = 10 JP 3-. Ue conclude that the ‘rho den31ty matrlx

parameters are insensitlve to the assumed form of the backnround
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‘in:Fig; 21 and Table XI P, is shown as_a function of t.
We see that rho pfoduetion is'eompleteiy'dominated by natural
- parityvexchange up to |t = 1 Geve. Avefagihg;Pd over the
redgéiltlvjrl GeVe we find the contribution from unnatural
parityveXchange to be'3;l't 3.1% at 2.8 GeV and 41.1“£ 2.84
Cat h.? GeV. '
In Fig. 22 and Table XI we display the quantity Z'defined
as | | | |
oo P+ ATy (%)
O'" + Gl

P11 * P11

which has been measured in counter experiments. Here o” and

Gl are the cross sections for the plons from symmetric rho

decay (6 = gr, ¢ = 5)64 to emerge in the plane of the photon
polarization (¢ = g).or perpendicular to it (¢ = 0). Our

values of 3 at 2.8 GeV are in agreement'with measurements at

’2 L GeV made by Crlegee, et al. 7 and at 3.5 GeV by Diambrini-
Palazzi, et al. 8

‘Before giving the density matrlx parameters, we remark

- that the p.k S can be expressed in terms of bilinear combina-
tions of the h61101ty or spin amplitudes Ta oxp',xyxp where

'the k's denote he11c1t1es or spins of the reSpectlve partlcles_

_of the reactlon YpP -*p p. For example,



Table

hd

XI: TPU-ahd Z for the

81,

réaction D f>p°p._ Results are plotted in
Figs. 21 and 22;. ' ' - v
L P = Ef;:_gg .-wz'= o "%
t  (Gev) o+ 9 ta
2.8 gev 4.7 Gev 2.8 Gev | 5.7 gev
0.02 - 0.05 |1.11+ 0.10 | 1.18 +0.08 | 0.96+0.10 | 1.12 + 0.11
o,os -0.08 1089+ 0.12 | 0.79+ 0.11 | 0.8 +0.15 | 0.85 + o»;1u
0.08 - _o_.1é 0.99 + 0.09 ‘1.091 0.08 | 0.9+ 0.13 | 1.13 + 0.11
0.12‘-_'_6'.18»’ 0.87 + 0.12 | 0.97 + 0.09 | 0.86 +0.19 | 1.0 + 0.12
0.18 - -0.25“ 0.934.0.13 | 1.07+ 0.12 | 1.08 + 0.26 0.93 + 0.17
0.25 - 0.40 | 0.54 + 0.15 0.92»'1 0.12 | o0.66 + 017 | 1.16+0.16
0k -1.0 |1.00 +0.21 [ 0.9+ 0.15 1.1 +0. 1.25 + 0.27
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_ Fig; 21. Reaction 7P —+p°p: The parity asymmetry P0 as .a functiof_l
of t. Po is the same in all three systems(Gottfried-Jackson, Helicity,

Adair). See data in Table XI.
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Fig. 22. Reaction 7p e*pgp: The asymmetry52 as & function of t.
‘£ is the same in all three Systems (Gottfi'ied—Jackson, Helicity, Adair).
- See data in Table XI. The DESY and Cornell values are- from Ref 7 and

8, respectively



o 1 - o |

Poo = 2N Ej [,TOA':,+IX"- ,Tol 1, -ll ’ ]
O ApA p P p

where N is a normalization factor, receives only contributlons

from helicity ~-flip or spin-flip amplitudes " However,

1 . | Lo
P T ER EZ [T+1x b,=1h . To1 g, 41
kp" >‘p p~- P p p

e T* }
P T L Too -1
HApra i, p'* " p

has contributions from both flip (lst term) and non-flip
(2nd term) amplitudes. Of the nine independent measurable
spin density matrlx parameters of Eq. 6 only p% 1 and p% 1
receive contributions from hellcity (or spin)- non—flip ampli-_"
tudes. p . | _ l |
Finally, Fig. 23 and Table XII show the density matrlx

parameters themselves, evaluated in the Gottfrled Jackson,

helicity and Adair systemsas a function of t.
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~ Fig. 23. (a) Reac-

~ tion yp —»p°p at 2.8

The SPin density
matrix parameters as

& function of t in the
Gottfrigd-Jacksoﬂ,'

helicity and Adair,sys-
tems. .Helicity (spin
for Adair) conservation
réquires all_p?;=0

except those indicated.

by & dashed line at’

1,2 :
lp1:1|= 1/2, see Eq.
6.1.

For numerical

values see Table XII.
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Fig. 23. (v) Réac-
tion yp —o° at 4.7
GeV: The spin density
matrix éarameters-as
a function of t in the.
Gottfried-Jackson,
helicity and Adair”sys-
tems. Helicity (spin
for Adair)'conse:Va-
tion requires gli p%{=0
except those indicated

by & dashed line at

1,2
|°1-1

= 1/2, see Hq.

~6.1. For numerical

values see Table XII.
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We conclude from the behavior of the pik' |
l. The density matrix parameters vary rapidly in the

Gottfried-Jackson system 35 65 + The t- channel helicity- flip
amplitudes increase rapidly-with 1ncreasing_’t!, This be-
havior'rules out}t-channelfheliCity cOnservetion and hence
:excludes:a.Zero sﬁin'particle'exchange'Without-dbsorption
_as the only contributor to rho productlon. |

2. The p ik ‘in the Adair system also vary significantly
with t (see also Fig. 24). This excludes” the hypothesis of
spin independence in the total c.m. system.for rho production.65
| 3.'vIn the helicity system_the‘helicity-flip'contributions

' are zero within errors up to [t| = 0.4 GeVZ,

i.e., the rho
behaves like a photon with the spin aligned:along'its:direc;v
1tion‘of’motionl‘ In;other words, the rho production mechanlsm
conserves.séchannel c.m.s. helicitj. The fact that the flip
chtributions‘areininimum'in the helicity system'is further
_‘demonstréted'inﬁFig. éS.'.The rho density matrix as calculated
in the helicity frame was rotated by an angle B around the
'production normal and a least squares fit made to find that

value of B for whlch flip terms become minimal, that is, we

minimized

Z | PLi(®) - oy (pnoten) 2

2, o
X~ (B) = . — ‘
i,k,0 A Poick(’s) |

: where pik (photon) is the rho den31ty matrix of the photon

(Eq. 6.1). Fig. 25 shows B as a function of the rho c.m.s.
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Reaction p —> pop:
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Comperison of the spin, density

matrix parameters pJ_, Repl, Repy o, and Im'pfo in the helicity (§)

‘and Adair-(é) system as a function of t (data of Fig. 23). Helicity

(spin fqr,Adair) conservation requires all these b?; to be zero.
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‘proddctLOnfénglé BCm together'With-linesfindicating,whére the

- data polnts should fall if the flip terms are minimal in the

Gottfried-Jadstﬁ (GQJ.),vheiicity (H), orQAdair system (A),

_res ectively. For 6 < 25°, the helicity system is clearly
P s cm < 3 _ . : ‘ .

preferréd;
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rho production_angle CI ‘For the -curves labeled GJ, A, and H,

'see‘text. 
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_ p photoproduction have been discussed by others
In particular,,' Mannheim and Maor

97.

'D. OTHER MODELS

'”fThe bo'mass"Shiftxand'decay density'matrix elements for.
'50,66-68

68 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*ﬂ)n(t), in contrast to the data

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

“tion at iow lt] but not at large It] where helic1ty—flip :
_.Fterms_beCOme’important. Their predictions about helicity

'conservstion are compatible with this experiment.

- The study by‘Satz;SchillingSO presentsva dual resonance

 model which, at highﬁenergies, describes the whole of Reaction
‘(1);. The»three-particle final state description includes both

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

grodnd". ‘Their model describes the i mass diStribution

and predicts signals for the higher mass vector mesons p*(1250)
and p"(1550) (see Section IV-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 Mo > 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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"describes, at high

The model of Kramer and Quinn67

~ energies, Reaction (1) in the poéresonancé region where the
produétioﬁvproCeeds by diffractidﬁ-dissociation'Of the photon
~into a pion pair which interacts strongly’in’thé p-wave state.
They alspuincludevthe effects'bf initiél and_final absorptive
intefactidns with‘the proton. They obtain s-channel helicity
conservétibn for p° production which is dependent on the dipion
mass as terms proportional to %ﬁFMpz in the helicity amp1itudes
become important. For low masses they describe the decrease in
the diffractive slope With increasiﬁg Mﬁw and consequently the
related t-dependénce of the po mass shift. In constrast to

the data near t = Ovthey predict the Ross-Stodolsky exponent
n(t) =4 at t = 0. |
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V. THE p -w INTERFERENCE PARAMETERS IN DIFFRACTIVD PHOTO—
PRODUCTION OF VECTOR MESONS ON HYDROGEN

The'.‘discussion below differs from that of Moffeit et a1.1f>
only 1n that some introductory material has been removed.

Clear evidence for p - interference has been observed
in photoproductlon on carbon by Biggs et al. .20 at Daresbury

with 140 000 events, at a mean photon energy of L.2 GevV.
+

’ The p = 1nterference is inferred from tne shape of the n'n” |

- mass SPectrum near Mw;'they obtained constructive interference

for Mﬁﬁ < M and destructive interference for Mg > M, in

agreement with the prediction of A.‘fGeldhaber;‘Fox, and

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

the relative phase, B, of w = 7 7~ and p° = ntr™ amplitudes.

For‘photdprdduction of'po and w, the value B = O is predicted
assuming the vector dominance model (VDM) and that the photon
transforms as the U-Epin singlet member of an SU(3) octet.

The Daresbury experiment obtained the value B =v2.0 £‘5.l°.

Horn23 and GFQ21 have pointed out that the p°-w phase
+

shouldpbe the same in pO and o production from e e—'colliding

beams as in diffractive_photopreduction (see also Ref. 20,
69) . This follows frbm_fhe observétion that the’production
amplitudes shown in-Fig.r26a,b, differ mainiy by the presence
or absence of avdiffractive process, which does not distin— |

guish between po-and_w,_ For ete™ = n'n™ the Orsay storage
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XBL704‘ 266!4

Fig 26 (a.) Production mecha.m.sm assumed for 7p —*rt+ﬂ P

. (b) Feynman diagram for e+e —>rn .
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ring grdup reported B = 55 * 28°, however, the disagree-
ment with ﬁ "O is not statistitally compelling,

We have analyzed events of the reaction
yp = ninrp - (1)

in termsiof_pgam interference. ,For'the present study we
combined the 2854,eVentsfat E, = 2.8 GeV and the 2910 events
at E = 4.7 GeV that fit Reaction (1).

~ In Fig. 27 we show the ntn™ mass distribution for the
events of Reactlon (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

*+  and phase space production.

Eq. 2 to account for po; A
Althougm’the'dashed curve accounts for the gross skewing of
bthe povshape, there is anAexcess.of events just below Mw and
| a,depletien of events just above M, |

To analyze’our_data we chose the mass mixing theory and
,adopted the notation of GFQ.21 -Here we briefly re-derive
_their result. The informed reader may skip to Eq.mll.

In the splrlt of the vector deminance model we assume
vthat, before mixing, the p and w are produced (py‘diffractiom
scattering of the intermediate vecﬁor meson) in pare states

‘which conserve G parity, i.e.,
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o yp=pwte- |
240— I
o P'3O70events T e o
200|002 <1t1<07 Gev? |

160

Number of events per 10 MeV

120
- 40 '_
| | =¥5 MeV
| ! L !

600 650 700 750 800 850 900
'Mw+w-(MeV)- 

XBL706-3083 .

- Fig. 27. Reaction yp — 1t+1(-p: 1r+1r- mess distfibution for the
combined data at 2.8 and 4.7 GeV. The curves give the results of

maximum-likelihood fits with (=) and without (-=---) p?-(_l) interference..
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lAp> = 2 only U
o - [ initial state.
| Aa)> — 37 only

These states.are then mixed .'by_ the G-violating term
6(ass‘uméd-v_ to be reaial) in the propagator matrix P.

Using the usual abbreviation for the Breit-Wigner
denominators, o =m, - m-1 }‘I“p‘/z,‘A By = similar',‘an'd m for

fe)
the dipion mass, we have



J
-

Dropping ‘the 62 term

After mixing, the 2

sty = (o

104,

H, “p“w 5 +5 HP
gives

1 _6

N R
N Fobo Ho

amplitude is

p -* om), T(w = ‘27r.)> <P> (25) -

' where;the'T' are decay'amplitudes in thé absehce'of mass

'mixing.[We take_T(w-ﬂl2w)>= 0], and the A's are the vector

. meson pfpduction'amplitudes;

A

o _ o ; A v
S(atpmy = ——5—- <1 + g2 et _—?'_1“"") , (10
S ;(mp-m-17§)' : P mw-mAiﬁg" |

vwhe?e B =,Arg'[Aw/Ap]

3
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That is, in the"preseﬁce‘df p°n¢ interferenée, the mtnm™
mass distribution is given by the p line shape (including
kinematicél dependences),vmultiplied by a modulating factor,

iZ} which characterizes the interference:

2 | |
I - (11)

. ‘A ‘ .
Fo= 11 2 2 .
P :

mw-mflyw]?

On the other hand, the Daresbury group analyzed the

p-w interference using the phenomenological parameterization

T A W I -
| wtem S 4 dmr o mSem 4+ dm T SR

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

10, one obtains

A v T .
: i ' : a
| leleiﬁ 5.zv(mpfm-17§)g.¢l .

'Evaluating the right side at the w mass yields the convenient -

approximation
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A r, , i(e-e,)
Bt e s Lee P, (13

.‘r‘

= P s

where .tan ¢

AT '
5 =~ [Kir7§ ¢ and B = a-¢ .

The Daresbury group obtained £ = 0.0097 * 0.0008,

Mp'= 767.7 £ 1.9 MeV, r, = 146.1 £ 2.9 Mev,
M, = 783.2 + 1.6 MeV, a = 104.,0 t 5.1 deg, and
A 2 - 421 . S
.IKB' -=‘7.O_1;5. These values, along with Eq. 13, give
® o : o

5§ = 1.9 + 0.25 MeV,
ﬁ = 2.0 i- 501 dego

To‘investidate-po-w interference in Reactibn (1) we
assumed that the density dlstributlon of Eq. 2 adequately
represents the kinematical effects in p production. We
then made a maximum—likelihood fit, modulating the p ~ampli-l
tude of Eq. 2 by the factor F of Eg. 11. Since B is unde -

fined for 6 = O, we fit the real andimaginary parts of exp(ip).

123
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For convenience we define

s3l§"-’|a.’ (1)
p ‘ .

The solid line in Fig. 27 gives the best fit obtained with
this form, which is better than that obtained without the

factor 7 by =~ 2.5 standard deviations. The fit gives

T cosp = 2.6 + 0.9 MeV,
T sing = -0k £ 0.9 Nev,

resulting in a value of T ;‘2,6’+ 1.0 MeV.: Flvure 28 shows
oontours- of equal X in the T cosB and T 51nB plane, where
8x% = -2A [1n (11kelihood)]. |
In order to relate 7 to ‘the po-w interférence parameter,

6, we must make assumptions conoerning the amplitudes Aw and
Ap. Figures 29 a-d shows the diagrams for the po.and o photo-
production amplitudes resulting from natural-parity eXchange

= (-1)Y7] and unnatufal-parityAexchanaes [P = (-1)J+l]
Analysis of the p° decay in this experiment (see Sectlon Iv-C)
has shown that the reaction Yp -*p P proceeds almost completelyv
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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v
3FAx2= -2 Afn¥) ' Con lev, AOx? 1

60 % i

3% 4 |

04% 12

-

Vg

| rﬂsinﬁ' (MeV) -

0 2 3 4 5 6 7
. B Tcos B (MeV)

XBL706-3085

Fig. 28. Contours of equal -Xe in the plane of T cosP and v sinB

(r=3

A_‘B' 5); & is the mass mixing parameter, and B is the relative
A » v

" phase of the w —rn % and R amplitude.
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natural-parity exchange amplitude for the w inﬁerferesvwith
the po. |

Using VDM_andvaSsuming‘that'the p and w elastic scattering
amplitudes on protons are eQuai’gives lA‘/A’[‘; yp/y , where
j'y& -1 is proportlonal to the photon vector -meson COuplan con-
stant. Augustln et al.,59 using the Orsay ‘Storage Ring
obtained yw/yp = 7.1 % 0.7.7% With this value and'Eq. 14

our result for T gives
8§ = 2.3 £ 0.9 MeV.

In‘comparing the results.for'diffractivé photoproduction .
4on.caben andvbn hydrogen, consideration must be given to |
huélearreffects. An indicatidn of whether coherent nuclear
effects are”importaht in the interpretafion of the Daresbury

69

‘experiment can be obtained. by comparing their determination

of the patio.yw/yp with the Orsay storage ring results,59
- where nuclear effects are not present. As pfeviously‘mentioned,

+§ lys whereas the

the Daresbury group obtained 72/7i = 7.0
Orsay fesults are yi/yi = 7.1 % 0;7; Hénce, neglectlng
differences in po_and m»coherent nuclear scaftering'appears to
be“justified'within errors. If incoherent pfocesées"are'also
ignorea, the Daresburyvresult'for the mass-mixing-parameter, S,
may be comparéd with the results from diffractive photoprodué-

tion on hydrogen and from coiliding ete” béams.go
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Y Ve P° Y VNV w
) > W Ro)

s ,‘Negligible | | ,
Y N PP Y N w
M) (l) > e e e "o L.J : >

:P.'-'('fl):'JH

(7 - exchange)

XBL706-3084

,.Fig;_29.~ Production diagrams for p° and o amplitudes resulting

from (a,b) naturel-parity exchanges, and (c,d) unnatural-parity exchanges .
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Gi&en_in Table XIII are tbé values for & and B. Because
'oﬁr value of & is about 2.5 standard deviations from 5 = O;
we do nétjgive an”error for B. The results‘for 5 and ﬁ'as
determiﬁc—;d by the collivding'-beam‘s' experi'rr.levnt. and by photo-
produétion from carbon are given in Tabie.XIII“for cémparison.

Our determination for 6§ corrésponds to BR[%%E{?}I] = 1.3fé‘g%;

The parameter & has been estimated‘by GFQ from the Coleman-

Glashow mOdel724to be about 2.5 MéV; this éorresponds to

BR[%;—%ITT] = 1.45%.



Tabie XIII: . Values of the phase angle (ﬁ)’ :
and mixing parameter (5). ‘- o

k Source ] B (deg) - 8-(M§V)

(Refs. 21, 23) |

4

Cete” sty 55+ 28 | 3.5+ 1.3
(Ref. 16) ' '
S =are | 20450 | 1.9+ 0.25
~(Ref. 20) ' ' '
i + - a R ' '
P = p ~ -9 2.3+ 0.9

(this expt.)

: % No error quoted on B; Re(SiB) =2,3 + 0.9 MeV
. &nd Imag (5 elB_) = 0.4 + 0.9 Mev. '
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VI. A PRODUCTION IN THE REACTION yp = w*nf‘p '

In Fig. 30 we show:thetwip‘mess spectra for Reaction (1).
At both energies a clear ATt signal is found; some A° pro- |
duction may'elso be preSent The shaded distributions are
for events selected with [t, | < o. 4 Gev® (t, is the square of
~ the four momentum transfer between target proton and out-
going pw system), and wa"- > 1.0 GeV so as to remove most
of the p° reflection and to minimize other beckvfounds.
Corrections for att production due to contamination from w1de-
anole electron-positron pair production and for scanning losses
of A events w1th short recoil protons (proton momentum
< 0.14 GeV/c) were found to be less than 1% (< 4 A events)
from a Monte Carlo simulation. 'S :

Max1mum likelihood fits were made to the Dalitz plot
nassuming A s A°, p production, and a constent»background.-
Tne-parameteriZation of equation 2 was used to'desctibe tne
po'production. The S6ding model (see SectiondI%),'which also
 fits the win” mass distributions well, was not used because
the Drell terms in this model already contain contributionsito
A production. In order to state a total A cross section,
o(An), we must choose a reasonabie parameterization of the A

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

A.
forms, e.g., those discussed by Jackson,51 which describe the
A shape well near resonance but fail far’away,?a we feel it is

more meaningful to use a purely phenomenological form?3 deriVed



NUMBER OF EVENTS / 20 MeV.

114,

g p—’p7r*‘1r |
Eys 286eV 2854 EVENTS Ey = =4.7 GeV, 2910 EVENTS
80 - l Mt >1 GeV. 111<0 4GeV2
70 70 -
60 60 |
50 || 50
40 40
30 | 30
20 20
10 10
O A AR e Pt P e ) O P RndRarss Akt !
1.0 |4 1.8 22 26 10 14 18 22 26 3.0
80 — Mpr+ (GeV)
| 70
60 |-
50
40 |-
30 |
20

10

O ._.:.’. oAy . 0] - - || Y . N B,
I.-O 1.4 18 22 2.6 1.0 1.4 I8 22 26 3.0
- Mp1r (GeV) " _, . g

- Fig. 30. (a) Reaction 7p,—+n+n-p: Effective mass distributions

for the pn+ and pn_ systems. The shaded histograms represent

:events w1th It P< 0.4 GeV2 and Moy - > 1.0 Gev. The curves are the

result of the flttlng with Eq 2, us1ng the experlmental phease shlfts

833 to describe the A shape.
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from the experimental phase shifts 6

sin253AA o (M P(M)>2
_r(M) P(M) < 2-M2> (M P(M))

- (15)

 where T'(M) follows from tan b33 = MAF(M)/ (ﬁi;M2> and
, A'" 1 236 GeV. The values of 633 have been:taken from a ﬁhaSe
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 w1th a
'vconventional parameterization for r(M) as was done, ‘e.g., by
Boyarsk1_g§_gl.,28 one finds a value of o(Am) larger by ~ 20%.
Fig. 30(b) shows by the dotted cufved the fit to our data with
this same parameterization for r(M) (M, = 1236 MeV, Iy = 120
MeV). For comparison we have included the fdll curve of Fig.
30(a) obtained from the 633 phase shifts. Cleariy, the pheno-
~menologica1:form derived from the experimental phase‘shifts is
preferfed. Furthermore; if we fit M, and Polin the usual Breit;
Wigner form using the same parameterization for P(M) as |
Bogarskt et a1.28 we rind M, = 1217 + 3 MeV and r, _72+8
MeV in the 2.8 GeV data. |
In Table XIV the total cross sections for productlon of

A++ and A° (pm™ decay mode only) are given for the two ener~1es
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E =28 GeV

7r'rr>|0 Gev  2|5evt

H’ 1< 04 GeV
30- ','r —WITH 8'33 PHASE SHIFTS

 -=--BREIT-WIGNER (JACKSON 1)

25- | MA=I.236.»F'A“"?O.I420 Gev
20
151

,“.jl_Of —_' 

NUMBER OF EVENTS /20 MeV

O l_]fl 1'! ! | ]
10 8 0 22
rp(GeV) |

Fig. 30. (b) Reaction yp = x ps Mp + 8t 2.8 gev for events
mth ‘t l < 0.k GeV® and M . - > 1.0 GeV. (shaded ares of Fig. 30(a)
‘top-left with expanded scale). The curves give the comparison of ‘the

- A shape with the 845 Phase shifts and a Breit-Wigner shape (Eq. 2.2).



‘Table XIV: Cross Sections fér' 7p —An and Pa.rity

Asymmetry Pc for yp —»AHn-.

Ey (GeV) Ot 9 0.+ P
bpr-
() () | < -5 cev?
. 2.8 3.6 + 0.4 |0.5 + 0.2 [-0.27 + 0.12
b7 1.0 + 0.1 | 0.16 + 0.09-0.53 + 0.15
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Flgure 31 shows the dlfferentlal cross sections dc/th for
att productlon obtalned from the same maximum likellhood

rit (using Eq. 15) as described ‘above for each t- interval
separately Also shown are tne measurements-of Boyarski et

at EW 5.0 GeV. Measurements in the backward dlrectlon
'have been made by Anderson et al. 76 »

' The AT angular dlstrlbutions ‘have been analyzed‘in terms
of the A spin density matrix in the (a*"y Gottfried-Jackson

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

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

~

'to‘the pfoduction plane (} x v X %"). The electrlc vector: eﬁ
'df the photon makes an angle ® with the productlon plane-

cos ¢ = y (exy), sin @ = y e. The decay angles 6 and ¢ are'
the‘polar and azimuthal_angles of <the outgoinc proton in the

A rest system° cose = P+2, COSP = y (z b4 p)/lz x p’

sing = —(y x z) (z X p)/,z x pl The decay angular dlstfibution

7

W(cose,¢,®) is then glven-by:77

v
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A+t
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Fig. 31. Reaction yp —A'Tx". Differential cross sections dcx/th
from this experiment (*) and from Ref. 28 for E7 =5 Ger(é). The
shaded regions in (b), (d) are shown on an expanded scale in (a), (c).-

The curves are the predictions of the gauge-invariant OPE model with

- absorption corrections for C = 0.8 (— ) and ¢ =1 (--==).
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= {03y w0+ (1/2-65;) (v3rees®e)

20 

,éﬁJ? Re pgl cose sin26 - 2/J3 Re pg_l cosQ¢ sin

2

o 1 1 | 2
..Ry.0052¢;[p33 sin”6 + pjy <1/3+cQs”9>

.2/J3 Re p%l cos¢ sin26 - 2A/3 Re p%_l_c052¢VSin26J

Ry_sinE@ [Q/JB.im pgl sing sin26

+ 2A/3 Im pg_i sin2¢ Sinae]}v - (16).

where R&'is the degree of linear polarization;'Py = 93% at 2.8
‘GeV'and»Pﬁ = 91% at 4.7 GeV. We define the polarization asym-
metryz by o o

; @:n/?). (17.1)
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where W(®) is the @ldistribntien integrated over 6 and ¢.
Performing the integration of Eq.516'and evaluating W(®)

at & = 0, m/2 we find.

}: = '2<p§3 +-P%1>'- I (17.2)

' A ‘related quantity is the parity asymmetry, P o? defined in

terms of the cross sections for natural and unnctural parity

exchange in the t-channel, o and o
0+ 0 L _ '

At high energies P = 2<p§3 + pll> 78 and the polarization
asymmetry 'S which is easily measured by counter techniques be-~
comes the negative of the parity asymmetry.

To obtain the nine measurable density matrix parameters,
'events were selected w1th Mp + < 1. 32 GeV and the method of
moments was used with the Eberhard- Pripstein procedure79 to

remove the p° reflection: - only events with cos@y < 0.3 (0.7)
~at 2.8 Ggev (4;7 GeV) were used, whefe eH.is the angle in the
c.m.s. of the A between the decay‘protonvand the A line of
flight in the total c.m.s. Fig. 32 shows the p?k and P_

obtained this way. The values of P averaged over !tAI < 0.5
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Geve are given in Table XIV. It is‘clear that OPE alone
cannot explain the data since it would require P ~l;
Qualitatively the same result was obtained in an experlment"
80 ‘

done at low energy.

~ Comparison with Theory. We calculated the predictions

of the minimal gauge invariant extension of the OPE model
(GiOPE) with absorptlon corrections. ‘Gauge invariance in
this model is achieved by adding to the OPE diagram (Fig. 33-I),
h the s-channel nucleon exchange (Fig. 33-II), the u-channel A
'exchange (Fig. 33:IV), and the contact graph (Fig. 33-III)
according to the prescriptién of Stichel and'Scholz.So The
;decompoéition'ofvthe Born amplitudes into helicity amplitudes
was taken from Locher and Sandhasf8lﬁ In contrast to these
authors, following the idea of vector dominance, we applied

‘ 82

absorption corrections in both initial and final states by

multiplying the hélicity amplitudesbfor'spih J by the factor83

: {lfcin exp< J /2A X 5}1/2{1 Cout exp<_;2/ngutq§ut>}1/2

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

the absorption pafameter (C = CT/MWA, O 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. Ve assumeduthat Ain = Aout = A

and Cin = C

out = C; A was taken from elastic Tp scattering to
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be 8 Gev'ej for C a value of 0.8 was used, The finite width

of the A was taken into account by 1ntegrat1ng over the m p

mass. rance us1nd the (3 3) elastic scattering cross section.
| The;solid curves in Fig. 31 show the predlctlpns of

) GIOPE for dd/th (vp **A+*n‘). For comparison we also give

The predictions for C = 1b(dashed’Curves), Except for the

Very‘low [t]'fegion, too much att is predicted.

" In Fig. 32 we compare:tﬁe predictions of GIOPE with the
measured density matrix péfameters and'Pcbas calculated from
these; It can be seen that the additional diagrams of Fig. 33
- simulate some natural parity exchangé contributions in the

2

~t-channel. Although there is agreenent forblt < 0.1 GeV

Al
~in an average sense we cannot test the strong variations pre-
dicted by GIOPE for |t,| I 0.02 Gev®. For |t,| > 0.1 Gev?
»some of the. pik and P are not reproduced well. ,The GIOPE
predictions for the pik are essentially 1ndependent of the
value of the absorption parameter C. The_density,matrix pafa-
meters pfedicted by the ‘OPE gréph alone, namely, pil = - 1/2,
all other p?kfin Eq. 16 equal to zero, bear no resemblance to
the data.
It is also interesting‘to determiné the ratio

= o(yp — oty “Y/o(vp = a%7F,A° = prr 7). If there is only
t-channel 1% = 1" (e.g., ) exchange, then R = 9. 'Stichel and
Scholz in their versioﬁ of GIOPE keep only/cdntributions equi-

G

valent to this I = 17 exchange in the t-channel and hence:
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81,84 Grop this

predict-Rus 9. Other versions of GIOPE

G

restriction to I” = 17 t-channel exchange and R becomes a

function of t,. If this R # 9 is then irterpreted in terms
df:t4chaﬁne1“effeétsvalohé'it can be taken as evidence for
o e .

 #'1+ (e.g.;'B) or I ='2'_(eXotic) ex¢hahges. Our data
on R (SeévTéblé XIV)'ére;conéisteﬁgwﬁith'éither version of
GIOPE. The data of Boyarski et al. for a**, A%, A” produc-
tionidffprotons and deuterons are inconsistent with the
éSsumptidn of I =1 ekchange,aione and led to speculations
on the éxistence'of exotic”exchanges.29 We point out that
theée data“hay‘bé understood in terms of the GIOPE‘modél.85

| Vector dominance (VDM) reldtes the reaction:yp.—*A+*n'
to the reaction mp —»AVO where Vo'is p°; w or ¢. Gotsman32
has fitted the latter reactions to a sum of Regge exchange
'amplitﬁdes in order to pérform the line reversal needed for
the comparison. With yi/ﬂw =.O.5 (yé describes the 7;p
coupling strength), his predictions for 5 GeV are in fair
agreement with our do/dt, for ltAl > 0.1 GeVe. While his
predicﬁiOns for some of the pgk and for P, (sée dashed curve
in Fig; 32) are in ._qualitative agreement, his prediction

p§3 ~ 0 is not supported by the data.
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VI. CONCLUSIONS |

o The productlon of mhr~ pairs in the S~- channel c.m.
helic1ty-conserv1nc p-wave state, determined in a model inde-
pendent way, accounts for almost all events in the p reglon '

*n mass dlstrlbutions; We

and shows the same skewing as the =
have:Observed a variation of the p° mass shape as a functionof t
and’find'this related'to'the Variétion of the exponential slope:
of the t distribution with M__. The Ross-Stodolsky factor,
tMp/Mwn]43 used to explain the p° mass shift i1s inconsistent

» Withvonr observed t dependence of tne'p”mass shape. Further-

10 and others65--67 that

more, the prediction of Ross-Stodolsky
the factor should work at t = o, 1s not supported.by the data

near t

i

0. We have observed an interference of the po ampli-
tude with background. These‘featuresvare well described byk
the:interference_model'of Soding. Since it is necessary to
use a model to determine the p® differentizl cross section,
_we empha51ze that an uncertainty is introduced which is much
larger than our experimental errors.

From the correlation of the p decay with the polariza-
tibn vector of the incident photon we find that the reaction
Yp —»p P proceeds almost completely throuch natural-parlty .
exchanne up to ]tl = 1.0 Gev® and conserves helicity in the
s-channel c.m. system up to |t| = 0.4 GeVZ. We remark that
these features may be general characteristics of diffraction

86

scattering.



We'heve'obServed evidence for p°-w interference in the
reaction yp —*w+h p.  Our results are consistent with the

21 23 -

predlction by Goldnaber, Fox, and Quigg and'by Horn;

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

ference in dlffractive photoproduction of vector mesons on

'Carbon.zo

" The. cross sections, density matrix elements, and parlty

asymmetry of the reaction YP -'A 1~ have been measured as a
function QfﬁtA' The average values for ltAf < 0.5 GeV2,
Py = -0.27 + 0.12 and P_ = -0.53 % 0. 15 found at 2.8 and 4.7 GeV,

reSpeCtiVeiy exclude a simple OPE model.
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.APPENDIX}A:‘_Comparison'of Measurements at LRL and SLAC

About . half of the three-pronced events from the
2.8 GeVsample Were measured at both SLAC and LRL. The measure-
ments at LRL.were made on Spiral Reader II. The purpose of
thévtesttwasvtp*Check’thatvthe measurement and reconstruction
‘results were consistent between laboratories. |
eFigure 34'diSplays the confidence 1eve1‘scatter plot for

+"rr"p);,th_e abscissa of

the 3-constraint fits (reaction yp =+
an event giVes,the LRL result and the ordinate the value of |
SLAC. The approximately unifofm dehéity of events indicates
that the calculatederrors from TVGP and SQUAW are primarily
due to point scatter in measurement. If Coulomb scattering
errors Wefe dominant, théx2 probability'for one measurement
would be stfongly correlated with a second measuremeht.

In contrast to the eonfidence levels, the incideht gamma
energies as determine@ from the 3;constfaint events measured
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 flnd the measurement

part of the error for Ey to be * 21 MeV. This error 1is slightly
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sinaller than the calculated error from TVGP—.SQUAW of + 24 MeV
(for Ey above 2.4 GeV) again empha51z1ng 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 ¥ in Fig. 37
(see Section IV;C for definition of ¥). Both these distri;
bution are for events in the’po-mass region; Again, we see
a slight difference for the dipion mass as measured by LRL and
SLAC (1. 5 MeV), which is small compared to the uncertainty in
the fitted mass of e. g. the p given by the maximum 11ke11hood
program (6M = t‘3'MeV). The width of the distribution in
Fig. 36 gives the measurement errors for M. to be + 4.5 MeV
and is again slidhtly less than the calculated error from TVGP
(x5 MeV)*and the determination from’the K° decays (i 5 MeV).
ﬂExcellent'agreement is found in the'conparison of the anglevw}
The Widthtof’the distribution in Fig. 37 gives the measurement
uncertainty in the angle ¥y as £ O, 40 which is much less than the
systematic uncertainty in the polarization direction of the
laservbeam itself (£ 5 ) and consequently{in the angle V.

We also compared the events for which one laboratory

obtained a 3-constraint fit and the other laboratory had a
O;constraint."fit" to»the‘reaction ~p = mir"pr®.  From this
sample We conclude that the loss ofrgenuine YpP ¥>ﬂ+ﬂ-p events
4s less than 1% and contamination of O-constraint events into

reaction (1) is less than 1%.
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. Wé found,no significant discrepancigs.between LRL and
SLAC measurémenté,-and'cdnciude that the_prOceduresff6r'

measuring:énd reconstrﬁcfion for the two labpratories'are A

compatible.
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_ APPENDIX B" Fltting Procedure for Reaction 7p —’n+w p |

' Maximum 1ikelihood fits were made u31ng the fitting _
program OP‘I‘IME87 developed at the Lawrence Radiation Laboratory
by P. Eberhard and W. Koellner. The user supplles a function
with m variable parameters. ”OPTIME in a stepplng 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 fuhction.is unnormalized, idtegration data
points are generated by.the Monte Carlo program SAGE§8’which .
1s a set of subroutines in OPTIME. For optimum efficiency
the frequency distribution of the SAGEfgenerated events can
be made to resemble as closeiy_as possiblerthe function to be
integrated by coding various subrouﬁines.'

The‘effect of a.finite number of Monte Carlo-events used

. in the integration.of the unnormalized function was checked. by
generatingia second set of Monte Carlo events to normalize the
function. The optimized parametersvfor the two maximum likeli—s
hood flts were required.to be within 1/évstandard deviation of
each other; otherwise; the number'of MontesCar}o events was

increased.
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APPENDD( :c- Dés‘cription'of the S8ding Model R
. The predlctions of the Sdding modelll have been'ealculated
using a Monte Carlo prooram written by P. Soding. The formulas
employed differ from those given in Ref. ll - We assume the rho
amplitude to be hellcity conservinc in the S8-channel c.m.
system. The rescattering term proposed by Bauer52.and Pumplin53 _
‘discussed ia Section IV is also included. | |
B In the follow1n* e give a brlef description of the Sodincr
model used to fit the data of this experiment. We assume that

+

the matrix element for the reaction Yp T p is the sum of

(Dia I of Fig. 15), Drell type (Dlag II and III), and the

rescatterlnc amplitudes (Diag. IV)

+ F,,”r+'(?:y.%'f) 12, 9y

PP

|M|2 = !F ey 4 (e cms

cms

where ey is the polarization vector of the incident photon in
the center of mass system, € =P X [e_y x‘p] and p is the p°

~direction of flight in the center of mass System; rt is'thef

direction of the wi in the appropriate system. The coefficient

ep.w; multiplying Fp insures helicity conservation for the rho

in'the's-channel c.m. system. The p®-production is assumed to

‘be malnly absorptlve and its decay is taken to be a Brelt-

Wigner form with a Jackson type width?® Thus for Fp ‘Wwe use .
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| . At/2 |
p mm T T Ve

wher¢ Ab,isffhe exponential slope of the,pp’(See Table VIII
-bottom) gnd t is the momentum trénsfer squared between target
and recdil ﬁrotqns._

For the Drell amplitudes we use

. - | S B~ DR
RS rd : : - M
F t = Np T(mte) . "o L 21
T : 2 2 2 (21)
. 2-»« + v m_" -'t_rri‘ (Mp —Mm—- i MpI") . ’
(mtp#) (1 + ) :

whereAtﬂi is the Square of thé momentum transfer between the -
phbtdn‘ahd 7. The tern (1 +](mn25twi)/g)“1 is the Ferrari-
Selleri form factor89'with g = 65 Gevg,-‘The elastic mp-

‘scattering amplitude is

3 , |
T(ﬂip) = ,;E; [(2+1) A; + £ AE] P, (cose) (22)

where 6 is the mp center of mass scattering'angie and Pz(cose)

-are the Légendre polynomials. The elastic mp partial wave

amplitudés,go défined by .

A

i+
|
~~
3
S
o

- 1)/2ik . . (23)
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correspohdtobJ = + %; For ﬂfpthe appropriaté‘isospin éum
is used; :F6r th? eﬁérgy»of thé‘ﬂp-sySteﬁ greatef:than i)74
déV'we édkeTT(wip) to be purely;imaginafy7With an éxpdneﬁtial
t dependence.: Thé Spin+fiip'térmiwhich-should not interfefe
“with the p, was ‘not included for the determlnation of the p
cross sectlons. Within errors the same p cross sections are
obtained when the extreme assumption is made that the mp elastic
'.scatterlng amplitude T(mp) is purely 1mag;nary,_T(ﬂp)
1] (mp)] . R

The;term multiplying the ﬂp-scattering_amplitude in'Eq._2l
is to account for double counting (see Séctipn IV).54 This
- factor hés*been.shown by Bauérsa'and Pumplin53 to be.equivaé
lent to édding the absorptive part of the rescattering ierm
(Diag._ IV of Fig. 15) to the p° and Drell aimplitudes.

P, SBding11 has pointed out that poSSible modifications to
‘make the.amplitude gauge-ihvariant will not change the essential

results_of the model.
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