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'ABSTRACT

A neérl&'monochromafic'and liﬁcarly pd19fized phoﬁon beém‘
produced by Compton backscattering of ruby laser light was used'
to study the reactlon YP - ntr"p at 2.8 and 4.7 GeV in a hydro-
gen bubble ‘chamber, ~The~cross sections for this reaction at
2.8 and 4 7T GeV are found to be 30.6 £ 1.2 and 19.9 % 0.8 ub,
respectlvely .

Rho producuion and decay via Yp —vp P 1s studied and found
to proceed almost: completely throuch natural parity exchange.
The contribuulons from unnatura1 parity excnange at 2.8 and

L.7 GeV are 3.1 # 3.1% and -1.1 # 2.8@, reSpectlvely, for

momentum transfer lt[ < 1 GeV®. The behavior of the density

*
Work supported in part by the U.s. Atomlc 1T‘ner gy Comnission’
. and the Natlon°1 Science FoundthOQ
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matrix elements shows that the rho production mechenism con—~
serves s-channel c.m.s. helicity for [t] < 0.4 GeVZ. The
dependence of the pO mass shape on the momentum transfer is
inconsistent with the Ross-Stodolsky factor. Evidence is
presentea'for'an interference of p° production with background.
The data arecompared with models including that of Sﬁding,and
the total and differential cross sections for po production
are presented.

We measured the po-m interferenoe'perameters. Assuming
thevfatio_of the p° and w-photoproductien amplitudes

|8,/4,]°

Im(6e®) = -0.4 * 0.9 MeV, where 6(~ 2.3 MeV) is the mass mixing

il

7.1 we find R_(se*P) = 2.3 £ 0.9 Mev and

parameter and B(= ~9°) is the relative phase of the po-m'ampli-
tudes.

The_productionbof A(1236) via vyp —*Aﬁ*ﬁ' (A°ﬂ+) was studied

*1™p. We present cross sections and

in the reaction yp —
measurement or the parity asymmetry‘Po; for att production with

2 we found the values P =

momentum transfer [t,| < 0.5 GeV
~0.27 * 0.12 and -0.53 * 0.15 at 2.8 and 4,7 GeV, respectively,

whereas pure one-pion exchange would lead to Po = -1,



I. INTRODUCTION |
In this thesis we report the results from a study of
photoproduction with a lineariy polarized photon beam at

1 -The backscattering

average energies of 2.8 and 4.7 GeV.
:of aﬁ 1ntensé'ruby laser beam on hi:thnergy electrons re-
sults in a nearly monocnhnromatic pnhnoton beam with a degree

of polarization greaﬁer than 90%. By exbosing the 82-inch
hydrogen bubble chamber at the Stanford~Linear Accelerator

Center to this photon beam we make a clean selection of

" the reaction

yp = ntnTp . (1)

The prbduction of rho meéons in reaction (1) with
'1inear1ylpolarized photons brovides anbelegant technique to
. study the production mechanism in detail. Fbr example, a |

separatidn into fhe orthogonal contributions froﬁ natural
“and unnatural parity (P =t(-1)J) exchanges in the t-channel
can be made by measuring the po decay angular distribution
with respect to thé photon pola'rization}plane.2

Diffractive p° ohotoproduction (Sect. IV): Previous'pé

photoprdduction studies3'6 have shown that the p° Cross section'
is approximately constant above 2 GeV indicating a dirfractive
character of the production mechanism. Recent expefiments at

" DESY’ and Corne11® using polarized photon beams from coherent

bremsstrahlung ondiamond crystals together with counter tech-
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niques to measure the p° cross eection parallel and perpendi-
cular to the polafization plane have shown that the transverse
part of p° production in reaction (1) is dominated by natural

parity exchange. The DESY bubble chamber experiment, using an
unpolarized bremsstrahlung photon beam; has indicated that s; : .
channel c.m. system helicity is conserved.4 By observihg the

full p° deeay angular distributions correlated with the polaril-
zatibn vector of the incident photon we establish that p° .
production is dominated by hatural—parity exchange'and'thaf it
conserves s-channel c.m. system helicity for |t| < 0.4 GeV®

(t is the squafe of the four-momentum transfer between targect
‘and recoil protons).

Rho Mass Shift (Sect. IV): The first observation of p°
9

photoproduction on hydrogen” reported a mass for. the p of

~ 720 MeV. Bubble chamber experiments performed at the

Cambridge Electron Accelerator> and DESYA confirmed the appar-
ent.ﬁass shift (lower by = 40 MeV from p pfoduction by charged
pion,beamsL and it was shown that the rho shepelis skewed with
respect to the plwave Breit-Wigner resonance shape. Thece ob-
servations have necessitated the use of models to fit the daté,

" and because no model has been preferred experimentally, the p°
prdduchion cross section has been uncertain to about 20%. We ,;
present mpdeleindependent cross sections for production Qf ntn”
pairs from reaction (1) in the s-channel c.m. heiicitysconserving )
p-wave state which dominates in the p°® region. The high statis-
tics of this experiment allows ﬁs to test the Ross-Stodolsky

10

factor by investigating the t dependent of the p°



‘mass shape.  We also determined the p?-production Cross
sections using the SSding‘model,11 which we found to agree
with the data. | |

th-omega Interference (Sect. V): We ‘have examined,‘

‘reaction (1) for evidence of po-& interference.12 The pos-

sibility of the w — 7™

-

~ (G-violating) amplitude interfering

with the p® = ntnr™ amplitude was‘propbsed'some time ago,13
buf interference effects amounting to two or more étandard

-+

deviations in the 7'~ channel have been reported only re- .

cently.lu'go’25 .These experimental results have stimulated

21-24

new -theoretical studies of p°-w mixing. The magnitude

of the observed w =7

" amplitude agrees with these theoretié'
cal expectations, and its relative phaée, as seen in the de-
tailed shapes of the intefference effects, can be interpreted
in terms 6f simple models for pO and w'produétion in‘quasi-'
”two#body reactions,

Deita’Production (Sect. VI): Previous photoproduction'ek-

26,27 and the SLAC-Spectrometer?8'

periments using bubble.chambefs
have studied A++(l236) production in reaction 1, and héve shown
that for phqtqn enefgies Ey 2 2 Gev the differenﬁiél ?ross
.Section‘dd/th(tA is the square of the fou#-momentum‘tranéfer
between :target proton and outgoing A) is proportibnal to

1/E$ in common with a number of two-body photoproduction pro-
cesses.29 Such an energy dependence wbuld be expected for:pro;
cesses doninated by one-pion exchange (OPE), but -OPE leads to.

a' zero cross section in the forward direction in contrast to

.l
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experiment;“~ it is also not gauge invafianu. These
difficulfies are overcome by a gauge-invariunt extension
. of the OPE model proposed by Stichel and Scholz.SC The
angular correlations in A production by polérized photons
providg a further check of the gauge invariant OPE model31
and a test of relations based on vector dominance'(VDM).:ii2
The evaluation pf the data in this eXperiment.was
carried oﬁf by the SLAC-Berkeley-Tufts Collaboration.t
Preliminary results have already been rcported in a geries

of publications.l

For éompleteness this thesis includes the
results on.A production and po-m interference. The.treatmént
of the crbss sections found in Section III and thé p° produc-
fion_results_of Section IV is significantly different from
that presented in publications a and b of reference 1., A

detailed study of the reactions involving missing neutrals

(e.g., yp =+ wp) can be found in the thesic of William Pudolsky.33



II. EXPERIMENTAL PROCEDURES
A. Photon Beam
In 1962, R. Milb_urn,34 concurrently with F., Arutyunian,

35

et al.,”

ol
!

pointed out that backward Compton scattering of an
intenserpolariéed laser light beam by high energy electrons
would produce useful yields of monoenergetic, polarized
photons. Such a beam36’37 was used for this'exﬁerimeht‘which
was performed at the Stanford Linear Accelerator Center (SLAC).

Because the reaction

Y(k;) + e (Ey) = e + v(k)

is“a two-body process, the energy‘kf of the scattered phdfon
depends oniy on the laboratory . angle, 6, as measured with re-
spect to the incident electron beam. It can be ‘shown that when
the energies of the incbming photon ki and electron Ee ére.

fixed:

e



where s is the cecnter of mass enerzy squared,

. 2A- " ' 4 Eee ki
S &~ m + k . E 3 k = e = and
, e i Te fm S )

ky = 1.78 eV. By collimating the backscattered photon bean

and incident electron beam we find

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

Thus, the energy resolution (FWHM) is expected to vary frdm

about two percent for % = 1 GeV to ten percent for
. max .
F = 7.5 GeV, Annther feature of the Compton process in
max
that if the incident light is polarized, aftcr backscattering

k

(6 = 0°), it is still almost completely polarized in the same

way.
11

Figure 1 shows the beam schematic layout. About 10
electrons in a 100-nanosecond pulse passed through the five-
meter-long intcraction region. The electron beam in the

interaction 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 laser of frequency
6943 ] (k; = 1.786 eV) with a maximum output of two joules,

and pulSc length equal to fifty nanoseconds. The plane of
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Fig. 1. Experimental layout of the beam. The beam profile is shown in the horizontal

and vertical planes (not to scale). .
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linearly polarized light could Be rotated‘90° by inserting

a half-wave plate into the beam 1line, After the two béams
~clashed at a relative angle of 3 milliradians, the .electron
 beam was deflected into a dump. To minimize synchrotron -
radiation the electron beam first traverséd a weak magnetic

- field until it was clear of the beam line. The Synchrotron
radiation spectrum resulting from electrons deflected in this
weak field was low enough to be removed by a high-2Z photoelectric
absourber (10 Uranium foils of 0.015 radiation length)thin enough
to have a negligblé attendation of the high-energy photon beam.
The Compton backscattered photon beam waé colliméted to é 1072
radians by a two-millimeter diameter»hole in the final colli-
mator = 100 meters downstream 6f the interaction region. The
signals from scintillators embedded in this collimator38 vere
used to control the electron beam (and hence the center of the

6

photon beam) steeriny to » 107~ radians. These signals were
also used to monitor the photon-beam intensity; control of thé
intensityAwas accomplished by édjusting the laser output
(voltage adjustment to the flash-lamps) or the electron beam

intensity.



B. Bubble Chamber

Approximately 740,000 pictures were taken at average
photon energies of 2.8 and 4.7 GeV in the Lawrence'Radiation
Laboratory (LRL) -~ SLAC 82-inch hydrogen bubble chamber re-
sulting in 92 * 4 and 150 * 6 events per ub, respectively.
The magnetic field at the center of the chamber was 17.6 kG.

In Fig. 2, a typical bubble chamber picture containing
an hadronic interaction is shown. It is noted from this
example: |

1) Bubble chamber piétures permit a clear distinction
at the scan table between electromagnetic and hadronic
interactions.

2) Because of the collimator approximately twenty
meters upstream of the bubble chamber, an event or ete” pair
fal}s within + 1.5mm of a line from the central point of the
interaction region through the center of the final collimator.

-+

Hadronic events and e e pailrs that are outside this area do

not result from primary photons.

3) In the picture there are eight et

e  pairs; with more
palrs, it would be very difficult to find hadronic events and
even more difficult to measure them. Therefore, most of the
pictures were taken with = 50 photons per pulse; this corre-

sponds to about seven pairs per picture.



Fig. 2.

!'*.’..

XBB 708-3776A

Typical bubble chamber picture with an event of

] + -
the reaction yp - m p. The background tracks are
electron-positron pairs.

10,
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C. . Energy Spectrum

In Fig. 3, the photon energy spectra are shown for thé
two energies. The spectra were obtained from the events
which sétisfy a threesconstraint fit to the reaction
Yp —>ﬂ+ﬁ-p. Because the cross seétion for this reaction
isAdependent on the photon energy, we weighted the events
by their relative production probability,
"r7p (E,)

O yp =+ mtn7p (E)

Ovyp =

P(E,) =

where Eé is the average energy of the spectrum. The low-
energy dependence of the cross section was taken from a

. . b o . .
previous experiment. Because of the kinematical cutoff

+ﬁ’p, e+e" pairs vere used to determine the photon

for yp =7
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 ana 4.7 GeV, respectively) contain more than 90 percent

of the photons. In addition, there is a small tail of a few
percent;extending to low.energies.

| The energy determination was checked by measuring Ko

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

*r~ mass resolution at the K° mass is % 5 MeV.

0.2%. The
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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| Ee.= 12 GeV | F.e-: |6 GeV
t T » v. 300 Y T T Y 1
E 600+ 2885 ‘Events || . R 3162 Events |
8 | 1 200f i
n-"\-’ 400} h ‘
i y
P
W 200F 4 1oof 1
w I | i |
0] 4 A r! 'l Q!- =il e .l\ :
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XBL 709-6508

Flg. 3. Photon-energy spectra obtained from events fitting the
reaction 7p.—*n+nfp; weighted by their relative production cross
sections. Below 500 MeV the e+-e- pair spectra were used to obtain

the photon spectra.
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Fig. 4. Fitted dipion mass from 51U K® decays (combined data
of the two energies). Provides test of momentum determination

and mass resolution.
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D. .Pélarization’Propertieé

A reéult of Compton scattering polarized light from
electrons is that the backscattered photons.fetain theilr
polarizétion (left circularly polarized light beccnes right
circulariy polérized). This is a simple result of conser-
‘vation of éngular momentum in the case of circularly polarized
light. However, for linearly polarized'light there is a
depolarization effect that is important at higher energies;
the effecf comes from a eign differcnce between the J = 1/2
and 3/2 amplitudes for lefﬁ and right circuiarly poIarized
light. Aside from this effect for 1inéar1yApolarized light,
there is a decrease in polarization for photons out of the
exact backward direction. A complete treatment of polariza-
tion in Compton scattering can be found in Ref. 34-36.

The first third of the pictures were taken by alfernately
switching the plane of polarization from horizontal to vertical.
This was done pulse-to-pulse by'flipping é half-wave-plate in
and out of the laser beam path. These pianes were chosen to
maximizé any chamber related environméntal biases that could
occur. After it was found -that the half-wave—piate attenuated
the laser light intensity by approximately 30 ﬁefcent, the plane
of polarization was alternated only at every magazine chang |
(about 2“00 frames); the intensity of photons at tno bubble
chamber was then maintained at a constant value by adjusting
the amount of laser light when the~ha1f-wave;p1ate was in ?he

laser beam path. No detectable dirfferences were found in the
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scanning effiéiency for vertical vs. horizontal polarization.
The half-wave platé used during the first run at the

accelerator was found to bé defeétive. Approximately 18 per-
cént of the pictures were taken with this'"half—wave" plate,
and from ité characteristics we found the backscatteréd photons
involved had their plane of polarization 45 degrees from the
vertical and the degreé of linear polarization = 81 percent.
For the remainder of the photons (82 percent) the degree of
linear polarization as calculated for the Compton scattering

process was 95 and 93 percent fqr 2.8 and 4.7 GeV, respec-
tivelys; averaged over the photon energy spectra.

.. The alignment and transport of the lasef beam -introduces
an uncertainty in the polarization 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
1aéer, we estimate total uncertainity from all effects to be
if3° for the polarization state without the - half-wave plate.
For the half-wave plate data we éstimate a further uncertainty
of * 50 in polarization direction. These uncertainties‘intro-
duce a'systematic uncertainty in quantities such as the parity
asymmetry Pé (see Section IVC, Eq. 7) and the total heiicity
conserving p-wave 7w intensity II (see Section IVB, Eq. 5).

For the combined polarization states these uncertainty are
less than 2%.

The average polarization and a summary of the beam and

exposure are given in Table I.
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TABLE T

- Beam Paroameters and Exposure Stetistics

Avg. beam Avg. Linear No. of  E_ limits Evts/ub
energy, E WHM Polarizalivn Piclures agcepted '
(Gev) Y (MeV) B, (GeV)
2.8 150 93% 292,000 2.4-3.3 92 + It

L7 450 91% 454,000  4.1-5.3 150 # 6
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E. 'Scanﬁing Procedures

‘The purpose of the scan was to find the hadronic inter-
actions and to determine the photon flux. An interaction
was défihea as a number of outgoing particles resulting from
a gamma-proton collisioﬁ; The outgoing particles had to be
hadrons such as the proton, pion, kaon, etc. Becadée‘the
initial state is of positive'charge, the nuhber of outgoing
tracks "prongs" from the primary vertéx normally is odd with
net unit of positive charge. Raré exceptions occur when a
-negative‘prong annihilates (e.g. W-p.-*ﬂon) before it travels
a visible distanCG, or when the outgoing proton has;less than
BC'MeV/c momentum, corresponding to about lmm of range in
hydrogen. Strange particles are often recognized‘by theif
decay signature. The eléctromagnetic background is easily
identified by one of the following characteristics: 1) elec-
tfon-poéitron pairs have even charge-balance and are normaily
of zero opening ahgle (rare wide-angle pairs can be qonfused
with 2 prong events at the scan table), 2) triplets, where
the et pair was produced off an electron, have negative charge
balance, and 3) Compton electrons, resulting from elastic
photon-electron scattering, are identified by a éingle negative
track. |

The determingtion of photon flux was made by céunting the
electron-positron pairs within the fiducial area of the cvents.
This area on the film is well-defined beéause the diameter of

the photon beam is l§ss than 3mm in the bubble chamber. The



18.

arga was determined during the scan byvplacing a straight
'édge'on'the scan table so that it intersected the average

of the péif vertices; an event's pfimary vertex or a pair
vertex was required to fall within #2.5mm of the straight
edge. The length of the scanning area was chosen so as to
allow measurement of the tracks of allvevénﬁs to a suffi-~
cieﬁt 1eng£h (a minimum of 35 cm for forward tracks and &

cm fdr baékwarq tracks). Frames which met any one of the fol-
lowing requirements were not scanned but recorded: A missing |
view, abnofmally light tracks, overlapping views, and blgnk
areas due to illumination failure.

The film was double-scanned with discrepancies resolved
in a third pass. The combined double scan efficiency was
found to be greater than 99% for all events except those
fitting reaction (1) (vyp -+t “p) with short recoil protons.
Both wide-angle pair productlon (WAP), simu]af:nn hadronie
events, and a low scanning efficiency present dlfflcultles
 here. Tﬁe'number of WAP events which could have béen confused
with events of reaction (1) has been calculated using the
Bethe-Heitler cross section formula.39 Wide angle pair candi-
dates contaminating the events of reaction (1) were found to
be 1.6% at 2.8 GeV and 2% at 4.7 GeV, the majority of which .
have recoll proton momentum less than 140 MeV/e (!t| < 0.02
GeV2, t is the square of the momentﬁm transfer between the
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. Aftér



19;

removing the WAP candidates tﬁe t distribution was examined
for scahning losses«aé a function of Mo ‘Assdming that the
distribution is of the form exp(At) and allowing A to vary
with M"%'the scanning losses were found to be 1.2 t'O.3% at
2.8 Gev and-5.4 + 0.4% at 4,7 GeV. The double-scan efficiency
was calculated as a function of t and found tO‘be'greéter than
99% for those events of reaction (1) with t > 0.02 GeV-. In
summary;éorrectibns to thevcross section for +p "W+ﬂ-p due
to WAP contamination and scanning losses amount to -0.4 *+ 0.5%
at 2.8 GeV and+3.4 + 0.5% at 4.7 GeV. For other topologies
'scanniné losses due to short recoil protons were found to be
negligible. |
Discrepancies between the two scans in counting the
electron-positron pairs occurred on about 19% of the pair
coupts. These were resolved in a third pass; and 1t was
found that the normal mistake was for one scanner to record
~one too many or one too few pairs (see Table II). The re-
sulting‘cofrected combined double scan efficiency for counting
pairs was =~ 100%. Because the evaluation of the cross sections
for hadronic events is normalized to‘the ete” pairs; conisider-
ation ﬁust be given to possible differences in the scanning-

proceduré for events and pairs. Ve estimate uncertainties in

the pairé counted (as compared to the events) to be 12%.
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TABLE II
' : + - . a
Under-and over-counting of e'e pairs.

61'5 +N means scahner_l recorded N pairs too many,
and similarly for 6,. Thus in 2265 frames, there
were 99 in which scanner 1 recorded correctly and

scanner 2 recorded one too few.

1
4] 31 -2 | -1 o | +1| +2| +2| Zu
f-ﬁ 1
-3 € _
-2 6
-1 1 39 3 ) o 1
6oy 0. 2 1 5 |107 1824‘ 861 11 2
+1 1 5 76 "&\\ 1. 1
42 1 1 15 o
+3 3 1
L 1

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

descrepancies were resolved on a one ©o one hasis,
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Both 1aboratoriéé scanned a common subset of the film
(10”) | Comparison of the scan results indicated that the |
scanning procedures for the different laboratories gave
consistént results except for events of the reaction
vp = mirTp with short.récoil‘pfotons ([t' < 0.02 GeVo).
For-the'different 1abofatories»these events were found with
varying degrees of efficiency (the éverage double scan
' efficiency was found to be =~ 87%).

F. Measuring and Kinematical Reconstruction

Half thé evénts-were measured on éonventiohal meaéufing :
machines at SLAC.and half at LRL. The last fwo—thirds of
the first meaéurements at LRL were processed by the Spiral
Reader‘II; the paSsing rate was comparable to conventional
measuringtmachines. Further information of the performance
of the Spiral ReaderAcan be'found in the thesis of W. Podolsky,33
At both 1ébbratories thé events were analyzed using the programs
TVGP and SQUAW.YO | | |

After two measurements thé failing'events,were looked at
on the scan table, where the event type and other identifi- "
cation was checked.béfore sending the event back for a third
measurement; After the third measuremént ~ 2% of the 3-prong
events remained to be measured. The fraction of 3-prong events
whlch could not be measured due to secondary scatters or track
obscuration was = /p (see Table III).

The fit hypothesesimade in SQUAW-are given in Table III.



TABLE III

Numbers of Events

Number o

S

Pairs counted

Frames (Pairs counted on)

Good Frames

292,927

Mark Topology Constraint =280 : ivinltf'( TV
1 |yp—=ntnp 3 2936 3281
2 — pirtn"n® (mn®) 8 0 3238 4688
3 — nrtatn T (o) 8 ) 1707 2286
4 -~ pK'K” b 3 79 104
| Marks 2, 3 ambiguous 681 2900
Marks i, 4 ambiguous 5 19
No fit 35 73
Remeasurable 183 308
Unmeasurable 387 737
| E‘otal_ ?:prong 9251 ] 14396 J
1 |y = pntrtae 3 354 795
2 — prtrtn T 0 ® (on©) @ o] 260 1194
3 ~n 3t 2n” (mm®)® 0 €4 429
'y - pk*"n'tnT ® 3 1 hs
Marks 2, 3 ambiguous 4o 528
Marks 1, 4 ambiguous o] 1
No fit 5 8
Remeasurable \ S 101
Viieasurable &5 234
Total 5-prong _55 F E
SN SRR ISR PP JUI Y R .
' r‘l vp = p 3nt 3w 5 4y
2 ~p 3t 3n” 1r°(nm°)a 0 43
3 -+ n 4t 307 (m®)® 0 11
Marks, £, 3 amlLlguvus 0 19
No rit ’ ° 2
Remeasurable (+] 13
Unmeasurable ¢} 9
Total T-prong _; -1—’l1. :
PSPPI ENORGURPEEEE AU AU VIV SUPII G S 4
Total Q-prong —_—

452,239

&
b,

m =0, 1, 2.

The number of events for Mark 4 do not include those events
with a visible K-decay (11 at 2.8 Gev and 18 at 4.7 Gev for yp — 5 K'p).

22.
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No constraint was placed on the'incident gamma energy. 'Hence,
marks 1 and 4have 3-constraints in the kinematiéal fit and
ﬁarks 2 and'3 have no constraints. Selection of fits was
accomplished by accepting fits compatible with bubble density
and 3~-constraint fits with kinematic X2 < 30 (see also Thesis
of W. Podolsky).53 |

We have investigated those events with X2 greater than

+W~p events. The

30 for possible losses of genuine ~yp — 7
momentum and energy distributions of the charged particles

in the 3-pronged events shbws this loss < 1% (see also

Appendix A). Ue have also looked for possible biases in the
kinematic reconstruction and event identification by generating
Monte Carlo events with the program PHONY41 and applyingz the
same selection criteria as for real events. This study indicates
the loss of yp — nTn"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'i 2%.

The x2—distribution for the events giving a 3-constraint fit
to yp =71t 7p (reaction 1) allows one to check the treatment of
errors in TvGp. If the error treatment is correct and the nmeasure-
ments haVe,a Gaussian distribution, the x2 distribution for the
events should follow the theoretical x2 distribution.fof tirree
degrees of freedom. However, it is more common for»bubblé chamn-

i

ber experiments'2 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+1r—p.

The curves give the theoretical'x2—distribution for 3-degrees of

- freedom.
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5, we give the X2 distribution for the events of reaction (1).
Fof:comparison we give (full curve) the theoretical x2 dis-
tribution for three degrees of freedom. The =~ 7 pércent too
many evénts f‘or'x2 > 10 1s primarily due to non-gaussian fails
which are not taken into account. This percentage is not ‘un-
reasonable. If we assume that all input errors are equally

tod small by ¢, the x2 distribution would scale by ae. Out-
put errors are then assumed to scale also by a. We selected
those fits with x2 < 10 to determine a2; thus we avoided the
excess of events with large x2 that are assoclated with errors
having, for example, non—gauésian tails and not an under-
estimation of the gaussian width itself. We then made a fit
of the remainins events to the x2 function shape

- 01/2
P(x%) @ (x°/a®) exp(-x°/2a%).

This correéponds to the theoretical 3-constraint distribution

at @ = 1. We obtained for a® the values 1.09 + 0.02 ai 2.8

GeV and 1.08 + 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 a = 1.04 + 0.01.

As discussed earlier (see Fig. 4), effective masses and
their errors have been checked by observing the ntr” mass
distribution for k° decays. Agreement was found for the mass

o

of the Ké‘and the calculated error fiom SIOUX (K~ mass corrsct

to 0.2% and o1, . = % 5 MeV). From the calculated error in
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SQUAW for the events of reactioﬁ (1) we find oM, = * 5 MeV

in the p mass region. A further check vias made by comparing
events measured at SLAC and also at LRL on the Spiral Reader
II. Details of this comparison can be found'in Appendix A,

. The results of the measurement and reconstruction for thi

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

agreement,
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IIT. TOTAL‘AND PARTIAL CROSS SECTIONS
| The- photoproduction cross sections were obtained by
relating the number of hadronic events N and the number of

ete” pairs N (pairs) produced in the same chamber volume to

the known ete” pair-production cross section_cpéir:

. . N

'Pair'production cross sections on hydrogen:used in this
paper result from the theoretical work of ‘Jost, Luttinger, and

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

unitarity of the S-matrix, has
the advantége that electron screening of the proton is included.
Khaseluu evaluates by'nqmerical means the formula of JLS td an

accuracy of 0.1% above 20 MeV. The values of Knasel agree in
both the high energy and'IOW'energy limits with the Bethe and .
‘Bethe-Heitler results,us respectively.l The formula of Bethe
and Heitler negleéts éledfron screening of the proton and

is therefore good only at small photon energies (below 50 MeV).
The formula of Bethe has approximations of the order 1/k and
is thus only good at high energies (gfeater than 10 GeV).
Knasel appiies various corrections to the result of the JLS
cross section to account for retardation effects,and'radiative

L6

correctlion using the work of Mork and Mdrk and Olsen. The



Table IV: Cross sections for pair production on hydrogen

according to Knasel as a function of photon energy k.

X (Mev) o 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
hoo.o 16.28 3000.0 19.65
500.0 16.85 4000.0 119.87
600.0 1¢7.28 5000.0 20 .02

700.0 17.62 8000.0 20.25

800.0 17.88 10000.0 20.33

'900.0 18.10

28.
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cross section values‘determined'by Knasel for pair production

on hydrogen arevgiven in Table IV and are precise to #0.5%,

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

mental work at DESY has determined the total pair production

b7

cross section in hydrogen with errors of about 1%. These

results are. in agreement with the work of Knasel.

The numbcr of e+e pairs waé determined by counting the
pairs in the fiducial area on four frames per roll yielding
= 30 pairs per roll compared with = 25 events pef roll.
Corrections were made for pairs produced outside the
energy selection (see Table I) and fiducial volume. The
energy correction was made using the photon-energy spectra
- of Fig. 3 (weighted by the relative pair production cross
section). The fiducial volume correction for the pairs was
made from -the photon energy spectra obtgined from the events
- of feaction (1)-when the 'vertex falls outside an ellipse de-
fined by [(Ax)2 + (132/2)2]1/2 = 2mm; Ax (horizontal) and Az
(vertical) are the distances the vertex is from the central
beam line. The beam line was determined from a least squares
it to.thé events of reaction (1). The factor two dividing
Az is to accéunt for the larger measurement uncertainty in

the vertical direction. These corrections are given in Table

Corrections were made for hadronic events outside the

fiducial volume from the distribution of the primary vertices.

For the energy correction we used the photon-energy specira



Table V: Corrections to be applied to the events
in Table III. '

Corrections™ in percent for E7(GeV)

Topology 2.8 g
| ' Q) -0.4 + 0.k +3.4 + 0.5
Cypoxnp |B)  -1.3+ 0.2 2.8+ 0.3

7Y  -2,3% 0.3 =9.6 + 0.6
£) 0+ 2 0+ 2
“pther 3-prong|B) -0.6 + 0.1 -0.9 + 0.1
7)  -l1.1+ 0.3 ‘ -7.0 + 0.5
£) 0O+ 1 0+ 0.6
5-prong  |B) -0.1 + 0.1 -0.3 + 0.1
7) -0.6 + 0.3 -4.5 + 0.l
T-prong |7) - -3.2 4+ 0.2
a) o+ 8 ' 0+ 2
Pairs B) -1.2 + 0.4 -2.1 + 0.4
7)  -1.9+ 0.4 -7.0 + 0.6

-1 . : ; .
The entries @, B, 7, & denote corrections for:

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

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

y) for events outside the energy selection
(2.h <E, < 3.3 GeV and 4.1 < Ey < 5.3 GeV
et Ey = 2.8 and 4.7 GeV respectively), and

¢) uncertainty in the kinematic reconstruction
end event identification (+ 2% error in
yp =% n p andtin other 3-prongs are correlated).
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4of Fig, 3;>Weighted by the felaﬁiveAtopoldgy croés sectibn.
These corrections are given in Table V.

For thé calcﬁlation of cross sections, the unmeasurable
and remeasurable events of Table III were distributed among.
~ the difféfent'channels in the same proportions as for the
heasurable e#ents. In Teble VI we give the cross sections
by_topologj and for reaction (1). 1In Fiz., 6 the cross section
'fdr‘reaction (1) as measured in this eXpefiment is shown as a
function of the photon energy together with the results of
previous experiments.e’ug’_55 Using the previously publishédla
1 prong cross sections found in this experiment (based on =~ 10%
of thé éxposure),we obtain the total éross sections given in
Table VI. The results are in agreement with the preliminary

values reported for this experiment.®



32.

Table VI: Cross Sections

Cfoss sections by topology at the averége photon energies
E7 = ?.8 gnd 4.7 GeV for events selected in the intervals
2.""< E7< 3.3 Gev and 4.1< E7< 5.3 GeV at 2.8 and 4.7 GevV,
respectively. Errors include systematic uncertainties

+ -
(3% for yp = n n p, 2% for other topologies).

Cross Section in ub

fbpoldgy For E7 = 2.8 Gev L .7 Gev
- FWHM = 0.15 Gev © 0.45 Gev
7P —*n+ﬂ-p . © 30.6 +1.2 '19.9 + 0.8
OTHER 3—pronga 61.1 + 1.9 61.5 i 1-7‘
5-prong 8.4 + 0.4 19.6 + 0.6
7-prong 0.05 + 0.03 0.84 + 0.08
with strangeb
perticle decay 8.1 + 0.5 8.5+ 0.5
1-pmrié,° 22,7 + 1.5 15.6 + 1.2
Total 131 + 3 126 + 3

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

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

¢ cross sections for l-prongs taken from ref. 1a Which is based on
10% of the data. :
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Fig. 6. Cross section versus energy for the reaction yp —?1r+1t-p..
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IV. p° PHOTOPRODUCTION IN THE REACTION yp = 7 7 p
In sections IV A through D we give results. for p° pro-

duction and decay in the reaction

vo =7t . : (1)
We find this reaction dominated by po production in the quasi-

two body.final'state reaction
Yo =+ p°p .

A less significant feature of reaction (1) is A++(1é36) pro-
duction which is discussed in section VI. The effects of
contamination by wide-angle pairs and scanning losses of events
with a short recoil proton in feaction (1) have been discussed
in previous sections. The corrections were found to be ﬁegli—
gible for events with |t] > 0.02 Ge_V2 (t is the square of the

" four-momentum transfer between incoming and outgoing proton)
and Qonéequently, for all further studies only events with
[t] > 0.02 “GeV® were considered.

“A. Dalitz and Chew-Low PlotADistributions

Figure 7 shows the Dalitz plot distributions at the two
energies for M?(ﬂ+p) Vs, M2(w+n'), in reaction (1). A dis-

tinctive p° band is clearly visible at low M(w+w-). The
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sin®6 decay distribution of the po (see Section'IV-C) is

H
related to the non-uniform density of events in the p° band
as a function of M2(n+p);‘at low ‘and high.M(ﬂ+p) there are.
relatiyely fewer events than for intermediate values. The
,A++(1236) is significant at 2.8 GeV, and 1s less important

at 4.7 GeV (see also Section VI). There appears to be no
signifiéant'éontributions from other resonances in the dipion
or the proton-m' system. Little A°(1236) production’is
found in the proton-m~ system as seen in Fig. 7.

The "Chew-Low plot" disﬁributions (at the two energies)
for Itl_zg.‘the square of the dipion mass are shown in Fig:
8. The diétinctive p° band is concentrated at low |t]. The
po mass shift to low M%w is seen as a higher concentration_of
events at masses below Mp. It is also apparent that as lt]
increases the density distribution becomes more symmetric
about the rho mass.

B. Cross Sections and the po Mass Shift

1. Parameterization and Model-Independent Results.

'Figure 9 shows the m'm~ 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 thé evenﬁs
grouped into various t intervals. The dominant featﬁre is
po production, which has the characteristic downward po mass
shift found in previous photoproduction studies at CEA3 and
4 +

7~ mass distributions for the

DESY. We have looked in the
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productidn of higher—mass mesons, iﬁ particuiar‘the vectof
mesons p! and p" with mass of ~ 1.3 and ~ 1.7 GeV predicted
by'J. Shapirou9 using the Veneziano model. <The-upper limits
(1 o) on théir productioh cross sections at 4.7 GeV are 0.5 ub
‘and 0.4 b, réspectively, assuming for both p! aﬁd p" a width
ofv200 MeV and decay into ntm” only. These upper limits agree
with other experiments6 but are still consistent with a re-

cent Veneziano model calculation by Satz and Schilling.5o

+

In the past, good fits to the m'm~ mass distributions were

obtained.(ABBHHM)4 by multiplying the Breit-Wigner distribution
with an energy dependent width according to Jackson51 for the

p° by a mass-skewing factor [Mp/M;m,]4 from the diffraction

dissociation model of Ross and Stodolsky.'® TIn order to test

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

n(t)  Maximum likeli-

, o .. '
Wigner for the p- by the factor [Mp/Mnn] _
hood fits were then made to the events of reaction (1) assuming

the density distribution
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AP(M s Mty =585 8,) = | £ NpBH,(M,T,) 0 ‘
. - _ [ M n(ﬁ) Aot
+ fe NP Bwp(Mp,Pp) wA(coseH) M;;ﬁ:] - e
| (2)

+ (l'fd'fp)'NPsil] d (P@ase Byace)

A= square of the momentum

ﬁhere Mw+p = w+p invariant mass, t
transfer between incoming proton and the outgoing (n+p) system.
The~parameters fA and fp are the fractions of events of A++(1236)
o s ' - ' '
~and p- to be determined. BWA(Mpn+) and BWb(wan—) are the

_resonant distributions for AT and °,

M (M)

BW, (M) = grwy

3 - (2.1)

2
("4 %) + m_*re(m)

re - f° %%)3 %827 - | (2.2)“
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po‘prodgctiohﬁ att produétion:
X = p X = A
M= M_"-i-,"— ) M= Mp7T+ .
M, = M, (parameter) M, = 1236 MeV
T =T, (parameter) } r, = 120 MeV |
q(M) = 3-momentum of the at q(M) = 3-momentum of the proton
in the mr rest system : in the pw+ rest system
-1 ' -1
2 2 - 2.
p(M) = (a°(M) + a~(4,)) p(M) = (2.2 M % + ®(m))

M7r = pion mass

The normalization NA, Np, and NPS

Carlo integfation. W(coseH) = 3/4 sin

were determined by Monte

29H describes the ©

dependence of the pO decay distribution in the helicity system.
The factor exp(7.1 tA) approximates the t, distribution of the
A++(1236)._ A brief description of the maximum liklihood fitting
program can be found in Appendix B. | |
The contributions from the A++, po andAphase space together
"with the parameter n(t) were determined in the fit as a function

*n~ 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 contrast to the pre-
diction of Ross and Stodolsky, namely n(t = 0) = 4, the para-
meter n is > 5 near t = 03 it drops to zero around !tl = 0.5

GeVZ.
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Table VII: The parameter n(t) in the factor
{Mp/Mm}n(t) at 2.8 and 4.7 GeV. Results

are also plotted in Fig. 10.

| - (GeV2) 2.8 cev 4.7 Gev.
0.02 - 0.03 5.3+ 0.3 5.3+ 0.3
0.08 - 0.18 L5+ 0.3 4.9 + 0.3
0,18 - 0.k 3.5+ 0.4 2.6 + G.3
o4 - 1.0 1.0 + 0.9 - 0.3+ 0.6
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—-—- ROSS-STODOLSKY FACTOR

----=== EMPIRICAL EQ. 2.3 (USED TO FIT M,.[},)
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Fig. 10. Fitted values for n(t) in the parameterization (Mp/Mscxt) (t) .

. . - ‘ N M . o .
-as the mass skewing factor for the reaction 7p —p p. For numerical

values see Table VII.
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'For comparison, the curves correspondiﬁg-to»n(t) = U and
the fitted value n(t) = 5.3 (see Table VII) ere shown in Fig.

11 for the lowest t bin (0.02 < ltl,<'0;08,GeV2). The dashed
line gives the fit results of n(t) (COnfidence‘level.s 30%) ,
and is far better than that obtained'with the factor n(t) = 4
shown as a'selid line (confidence level < O;i%). | |

The pafameter n(t) wao determined again allowing for
p°~w interference (see Section V) by'modulating the po ampli—
tude by the factor F of Eq. 11 Section V. ‘The mass mixing
parameters were set at the values & = 2.5 MeV‘and_ﬁ = O degrees.
No-change.Was found for n(t) (for 0.02 < [tl < 0.08 GeV2
n(t) =5.25 * 0.3). . This result is not'surprising because
theApo-w interference only affects'appreciably the mr mass
distribution from 750 - 810 MeV. However, the factor (M,/
M"")n(t) is most strongly influenced by the signals for
Moy < 650 MeV and > 850 MeV,

A test was made to determine what influence the energy
-dependent width had on the determination of n(t) Replacing
the Jackson form of Eq. 2.2 by a constant widlh- in the Breit-
'Wigner of Eq. 2.1 we determined again the values of n(t), M 0?
| and Tpe For the lowest t bin (0.02 < ltl < 0. 08 GeV2) we obtain
n(t) = 4, however the predicted w tor= massAspectrum does not

"agree with the data (confidence level < 0.01%); too much -

signal 1is predicted at low M"n.
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" maximum likelihood fits using Eq. 2 with the parameterization (Mp/Mmnr)

. " for n(t) = 4 (Ross-Stodolsky factor) and the optimum value n(t) = 5.3.
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To detefmine the rho mass and width we approximate the

n(t) dependence of Fig. 10 at

2.8 GeV by n(t) .= 5.6 + 8t for |t| < 0.7 GeV?,

n(t) = 0 for RIS O.?tGeV2s

(2.3)

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

0 for |t] > 0.6 Gev® .

n(t)

h ters M
The parameters 0 o

for the p width, Eq. 2.2) were then determined 1n_£ﬁe maximum

, I' and Ap of Eq. 2 (with thelJacksoﬁ,form

likelihood f'it for events in the lowest three t bins
(0.02 < |t| < 0.4 GeV®) which contain =~ 75% of the events of
Rcaction (1). Wec obtained for the rho mass aud wldlh Lhe
values (766 + 3), (145 + 6) and (762 + 3), (141 * 5) MeV for
- 2,8 end L,7 GeV, respectively. The values obtained for the
exponential slope, o0 Were (6.36 + 0.30) and (6.31 % 0.26)‘
Gev™2 for the two energies. : '
In Plg 12 we g;ve the exponentlal slope of thc t dis-
tribution as a function of the mtm™ mass,u The slope, A,

was obtained by fitting the events in a given mtr” mass bin

with 0.02 < [t| < 0.4 GeV® to the form
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o A( t
%%(Mvm)me Mmr)

The strong variation of A with the 7tr™ mass is related to the
.t dependence of the m'nr” mass distributions, i.e. n(t). This
can be seen~by writing the density distribution of Eq. 2 in

the form

n(t) Aot

82 (50) = B0k () !

contributions from A++ and constant background. Assuming

. =2
= 6.3 GeV , n(t) = a + Bt, neglecting contributions from

e ]
£

A and constant background, and laklng the 1In; we find

4n °'= in [B(Mww) <M£—> ] + [B n (M /M) ; Ap]t .
?he lipear term in t is

A(Mp,) = B fn (M/M) + A, e



bkg.

Usingfﬁ obtained from the appfoximate n(t) behavior found
in this experiment (sée Eq. 2.3 and Fig. 10), we show by the
dashed curves of Fig. 12 A(Mnn) obtained from Eq. 3. A(Mwn)
describes well the dependence of the exponential slope of .the
.tAdistribution on the mtr” mass. . |

The total po’proddction cross section in Reaction (1) ob-
tained by fittinngith the parametrization (Mé/Mww)n(t) and.
correcting for the interval lt] < 0.02 GeV? 1is given‘in Table
VIII (middle). N

The ahalysis of the p° decay in this experiment showé
(see Section IV;C) that for |t] < 0.4 Gev? the o° decay angu-

lar distribution is

}w(e,w) =‘§%-{sin29 + Py‘sipge cosZﬁ} . (%)

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

. the décay w+, ¥ is the polarization angle defined as ¥ = ¢-§,

4where ¢<i§ the azimuthal angle of tbe ﬂf‘With respect to the

produgtion plane, ¢ is the angle between the photon electric
vector‘gnd the ﬁroductioh plane, and Py is the degree of linear

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

7™ helicity system. Equation 4 can be expressed in terms

of the moments Yg(e), Yg(e) and Re Yg(e,w):



Table VIII:

Total cross sections for yp —pr n

total and

forward differentlal cross sections and slope A for produc-

tion of % n_ pairs in the s-channel c.m. he11c1ty conserving

p-wave state (N1) and for p production as determined from
fits with the parameterizatlon (Mp/Mnn)n(t) and the S&ding

model.
By -"4 2 (t=0) Ag
' (GeV) (ub) (ub/Gevz) (Gev™®)
hel. eons. p-wave (IT)
2.8 18k s 1hbd 4+ 12 7.5 + 0.6
4.7 14.0 + 1.0 ¥+ 7 : 7.i + 0.5
© production with parameterization [Mp/Mnn]p(t)
2.8 20.8 + 1.0 18+ 8 6.6 + 0.3
L.7 15.6 + 0.7 106+ 5 7.0 + 0.3
p production with Sodlng model
2.8 18.3 + 1.0 9T+ T 53+oh
L.7 15.3 + 0.7 8+ 5 5.8 + 0.3
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W(e,v) ;Ilf" Yo(8) - == ¥3() + 2 P \Jm Re Ya(6,9) (4.1)

Zs

Because of its ¥ dependence, Re Y§(9,¢)'is the least
- affected by background anﬁ therefofe has been used to deter-
mine the‘s-éhannel c.m, helicity - conserving p-wave 7 inten-

sity I. Integrating Re Y3 over Eq. 4 (or 4.1), we find
1 [or 2

P 3 ZRe Yg(91,1//i)

v 1 o

= 2.5 Z Pl sin29i cos.’»:'wi
: y ' '

II

(5)

where thé summation is over éll eyents. The dots marked on the
- histograms of Fig. 9 show II is axfunction of M"* for different t-
intervals. We notice that a) in the p region II accounts for
almost éi1 e&ents and shows the same skewing as the mass dis-
tributioné; b) above M%ﬁ'= 1 GeV, I is zero within errors,
again emphasizing the absence of higher vector mesons; this
also shows that the background which is present above 1 GeV
does not contribute to Re Yg. The total ﬁelicity-conserving
p-wave cross section (corrected for the interval [t| < 0.02
GeV?) is given at the top of Table VIII.

We héve also studied the m'm™ mass dependence of other
Y§(6,¢) moments. In Fig. 13 we show the moments‘Yg to Yﬁ and
Yg. The Yg moment shows the behavior expected for the singe

decay of the po. The slightly positive values of Yg above
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Fig. 13. (c) Reaction 7p ->x'ax p: The moments Yg(e), Y;(Q,W),
' y%(e,w), Yg(e,w), Yg(e), and Yg(e) in the helicity frame as a function
of M for 0.02 <t < 0.l GeV2. The curves show the results of the

'Soding Model.
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1 GeV are due to the A™F reflection. The moment Yﬁ shows a
distinctive interference pattern in the}p”region at 4.7 Gev
which can bé'interpreted as an interference between the.p°~

Fop~ partial wave state of spin J 2 3. At 2.8 GeV the

and a 7
,momenf Yﬁ dqes not show a'statistically siénificant inter-
ferenée effécﬁ,‘ This is due to the.large A++.production, which
plays only a minor role at 4.7 GeV. | '

| Figuré'lu and Table IX show the différénfial cross sections
do/dt fbr'po production from an independent maximum ii&elihood
fit-separately for each t-interval with thé density distribu-
tion of equation 2. For these fits the ekponential t-dependence
for the p° and A*F vas removed,. and we used for n(t) the linéar
behavior of Eq. 2.3. Also shown in Fig. 14 and Table IX are
the differential cross sections for the helicity-conserving |

p-wave state; I. Fitting the differential cross section values
for |t| < 0.4 GeV® to the form

Q.
Q

_ do = At
= dL/(t 0) e

o8

L

we obtain do/dt (t = 0) and A as given in Table VIII.?® For
|t] < 0.4 Gev® the differential cross sections and the slopes
obtained for I(t) and for the p° fitted with the parameteri-

zation (Mp/an)n(t) agree within errors.
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 Tab1e IX: Differential cross sections for production of ﬂ+ﬂ_ pairs in the s-éhannel c.m.

helicity conserving p-wave state (;7) and for o° production with the parameterization

-[Mp/Mﬂn]n(t).and o° production using the S8ding model* at 2.8'§pd'h.7 GeV. Results are

plotted in Fig. 4.

- -do/dt (gb/Gevz)
E7=2.8 GeV E7=h.7 GeV

-t (Gev®) . : (Mp 7;; Srﬁ?t)' 0°(S3ding) - | (Mj;,,sltl?t) 0°(s5aing)
0.02 - 0.05 . 1120 + 11 121 + 9 80+ 7 T3+ 7 85 + 6 T+ b
0.05 - 0.075 | 8 + 10 ® + 8 69 + 7 63.+ T T2+5 | 61+5
o.o75-o'.1o' 67 + 10 ™+ 7. 63+ 7 51+ 6 Sho+ 4 51 + 5
0.10-0;15 56 + 6 55 + 4 5015 by + 4 45 + 3 45 + 3
0.15-0.20 | 36+5 43+ b b2 + 4 % + b 35+2.5 | %+ 3
0.20 - 0.25 | 29+ 4 33+ 3 28 + 4 16 + 3 18.7 + 1.6 [21.3 + 2.1
0.25- 0.30 | 19+ 4 21 + 3 2k 4 4 13+ 3 177+ 1.5 |20.6 + 2.2
0.30 - 0.35 | 15+ 4 17+ 2 18+3 | 9.0+2.2 11.0 + 1.1 [13.5 + 1.6
0.35 - 040 |7.7+3.0 | 12+2 13+ 2 6.7 + 1.8 8.4 +1.0 | 9.2+ 1.5
0.40 - 0.50 {4.3+1.5 | 5.6+ 1.1 | 72+ 1.3 | 5.5+ 1.1 57406 | 6.5+ 1.0
0.50 - 0.70 |3.24+0.8 | 2.6+ 0.6 | 2.9+ 0.7.| 0.6 + 0.5 2.2+ 0.3 | 2.6 +0.5
0.7 -1.0 1.0 + 0.6 2.2+ 04 0.9 + 0.3 0.77 + 0.16 ’
1.0 - 1.5 0.7 + 0.k 0.7 + 0.22 0.15 + 0.20 0.33 + 0.08

1.5 -2.5 |o. %017 0.17 + 0.09 0.20 + 0.09 0.066 + 0.027

2.5 - tMAX 0. + 0.11 0.23 + 0.08 0.015 + 0.013 0.016 + 0.008

*
The differential cross sections for]tl > 0.7 GeV2 were determined by describing po

production by a p-wave Breit-Wigner.
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Fig. ih. Reaction yp —*f+n-p: Differential cross sections as a
function of t for the helicity-conserving p-wave contribution TT,
for p° prodﬁction as obtained from fits with the Soding model and
‘using the parameterization (Mp/Mnn)n(t). The shaded reéions are

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

Table IX.
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2. The S8ding Model

We have compared our data with the model of S6ding,11
which explains the p° mass shift in térms‘of an interference
between the p° amplitude (Diag. I of Fig. 15) and a Drell-
vvtype background amplitude (Diag. II and III’; In adding the
Drell background terms to the p resdnance'production amplitude,
one stands in danger of 'double éounting"f For example, if
one thinks of the p as being formed by repeated1; exchange
then Diag II, TII correSpund to Just vne term in the 'sum of
diagrams corresponding to yp —vp p followed by p —>w+h .53

T. Bauer)2 and J. Pumplin53 avoid double counting by multi-

54 is

plyinv the Drell term in the p-wave state by e cosé, where

e} is the rho phase.shift. In terms of a Breit-Wigner form‘

M 2 M2
el® coss = 23—2 .
M _€-M<-iM
M, o)

The follbwingjustificationfbr this factor is an argument:of
J. Pumplin.53 In the lab frame the lifetime for forwérd pO is
~ EY/Mp-F at high energies, which is'long compareq to the time
assodiaﬁed with production and scatfering 2 Ey/Mpz. It is
"therefore natural to treat the p as a stable elementary object
in considering the dynamics of its production. Pumplin then

adds to the Drell terms, a rho resonance production term, and
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a rescattering ferm (Diag. IV of Fig. 15) and -shows that
adding the absorptive part of the rescattering term (corre-
sponding to the pions which form the p being on the mass
shell) to the Drell.terms is equivalent to ﬁultiplying the

16 cosbd.

Drell terms by e
The results for this experiment for the S8ding model
without the fescattering correction can be found in reference

- 4 : .
The predictions of the SSding.model-have'been calculated
uéing a Monte Carlo program written by P. SSding, but modified

52 and Pumplin®3

by us to allow for the Bauer réscatteriug'Lerm
and to permit noninterfering constant background and additional
A++(1236) amplitudes. A description of the S8ding model as
used in this experiment can be found in Appendix C.

‘The lowest three t bins (0.02 < lt] < 0.k GeVe) were used
to determine the rho mass and width appropriate for the S&ding
modei; we find Mp =778 £ 3 (769 = 3) MeV and Pp =.146 + 10
- (146 * 10) MeV at 2,8 (4,7) GeV. As shown in Fig. 16 the S8ding

*r~ mass distribution.

model (full curves) describes well the =
The additional curves of Fig. 16 give the contributions from

the rho, Drell, interference (po and Drell), éonstant background,
and extra A++(1236) terms. From these curves we note fhe

following:
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a) At Mp the p° production accounts for almost all

the nt siznal,

b) The shape of the m'm~ mass distribution is a con-
sequence of the interference term being positive

below M _ and negati for M > M .
P gative Q S P

c) 'The*SBding_model describesRéaction(l) wéli.as in-
dicated by the small contributionsfrom constant backf

gfound 5(3.3)% and extra A+f 2(0.7)% at 2.8(4.7) GeV,

The fitted values of ODRELL/opO.are shown in Fig. 17(a)
as a function of t. The curves give the t dependence of .
CDRELL/GPO as calculated from the SGding model. The S3ding
model describes the t dependence of the ﬂ+ﬁ- mass distributions
(solid lines of Fig. 9) and of UDRELL/opo,gnd consgquently,
the related dependence of the exponential slope of the t dis-

o massu’55’(solid lines of Fig. 12);_ The

tribution on the =
shape of the interference pattern obéerved fdr Yﬂ and other-
‘7Y¥ of Fig. 13 is also.correctly predicted. The total p°
productibn cross sections obtained by fitting the~88dingvquel
to our -data (and correcting for the interval |t]| < 0.02 GeVE)
are gilven in Table VIII.

In Fig. 14 and Table IX we give the differential cross
sections obtained from fits with the S8ding model. From the
differential cross section values for lt,-< 0. Gev® we obtain

do/dt (t = 0) and the eXponential slopé, A, as given in Table
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'OINTERFERENCE “is the integral of theAinterference tgr@ over phase space.
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VIII. These values are smaller than those for the para-

n(t o -
meter;zation (Mp/Mmr) (t) or for n by 25% (17%) at 2.8 (4.7)
GeV for the forward differential cross section and = 20% for
the slope. 'The smaller values of the S8ding. model are a con-
~sequence of two effects: 1) the interference term is strongest

at small lt’ and 2) the integral over the interference term

GINTERFERENCE from'M7r7r = threshold to Mﬁw = MMAX (t) decreases

and becomes negative with increasing lt,. This behavior 1is
seen in Fig. 17(b) where we give the t dependence of
GINTERFERENCE/Up as calculated from the S8ding model. Thus
the differential cross section for po production will be smaller
than the pérameterizatién values which cﬁunts almost all the
ntn~ signal as rho at small momentum trénsfers. Conversely,
at 1argerimomentum transfers the p° production as determined
by the S8ding model may becdme larger than the parameterization
values.

We note that there are theoreticai difficulties with the
- 88ding model, namely:
(1) The S¥ding diagrame are not gauge invariant.
(2) There are uncertainties in the off-mass shell correc-

tion. ‘ |
(3)  The resonant pO production émplitude_is assumed to .

| Be purely imaginary. |

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. 'Cemparison with the VectorADominance Model
. The optical theorem can be used to relate the total
_photoproduction Cross sectlon, T(yp), to the forward«Compton

scattering dc/dt(yp Y p)t o» Which in turn can be related

‘by the vectqr dominance model to the forward diffractive photoe'. 

57,58

production cross sections,

o -1 N 1/2

opop(¥0) = VI ). [(}.,‘%- Rlw=v)o]

where V° is a vector meson. In addition to p° we have
contributions frem o and ¢; their contributions are shown in
Table X and together contribute less than 20 pb to oT(yp).

Assuming that each of these contributions has the same phase,
v 2
we can determlne —B— from our values for on(vp) (see Section

Yar
ITI) and .CF (vyp = p P)t=0 . Using the forward differential

- cross section for p° production determined by the S6ding model
5 :

Yo - _
we obtaln E--: 0.26 + 0,04 at 2.8 and 0.28 + 0.04 at 4.7 GeV.
o v , 2 -

This should be compared to the value Eﬁ—-; 0.52 * 0.03 deter-
mined byvthe Orsay Group.59 Also in disagreement with the
Orsay value is the result for 7p2/4ﬂ using for the po forward

- differential eross section the s-channel c.m. helicity-con-
o _

' Y o |
serving p-wave mm contribution, II: "Eg- = 0.37 £+ 0.04 at 2.8

and 0.32 + 0,04 at 4.7 GeV.



Table X: Vector dominance celculation for w and §

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

(b) -

v° 2 (2 49 (o v°p) tribut
v E =s\7p—>V'D Contribution
m Y dat t=0 to UT(7P)
GeV ub/GeV2 ub
. 2.8 134 k4 11+ &
0w ‘l3.7 0.7
b7 15 + 4 12 + 2
0.8 1.5 1 0.6 (1)
é 2.8+ 0.k
L.,7 2.6 + 0.5 + (6 + 1)

() Ref. 59.
()

Ret'. 4, 6U.

For o see Ref. 1d (this experiment) and for g see
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C. ;Conservation~of s-Channel Helicity in p° ?hotopro- '
duction, ' ‘ : ' -
' We now discuss the p decay angular distributions. The

analysis uses the formalism of Schilling gﬁ_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):

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

. the direction of the incident photon in the poArest system;

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

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

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

incidenﬁ photon in the overall c.m. system. The y-axis is
always normal to the'production plane. For forward-produced
pO mesons, all three systems coincide.

We define the followiné angles (see Fig. 18 and fdotnote
61): @ is the angle of the photon electric polarization vector

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

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

+

azimuthal angles of the 7' in the po rest system. The decay

angular distribution W(cos6, ¢, ®) for rho mesons produced by

linearly polarized photons can be expressed in terms of niner
~
2,t2

independent measurable spin density matrix parameters Pir:
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Fig. 18. Definition of decay angles and quantization axis for the

" three reference system used to study the p° decay.
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W'=.%F.{%-<l - pgo) + %-<3pgo - l) cos®e
- =2 Re_p‘{0 sin26 cos¢ - pi_lsinge cos2¢

1 2 1 2
- P& cos2¢[p11 sin~6 + Poo COS 6

. (8)

1 1 2
- a2 Re pyo 81in26 cos¢ - py_,sin%e cos2¢]

- 5
- Py sin2® [J? Im p7, sin2e6 sin¢.

+ Im p%_l sin®e sin2¢]} .

Héré, fy 1s the degree of linear polarizatioﬁ of the photon{
which is calculated from the Compton scattering process to be
93% at 2.8 GeV and 91% at 4.7 GeV (see Section II-D). The
matrix eléments pgk describe the rho decay in the case of an
unpolariZed beam; the additional terms p%k and pfk result
from the linear polarization of the photon.

Matters are simplified if we use the'angle Y = ¢-d
(see Fig._18) which for forward p production, ié the éngle
befween,the photon-polarization and p° decay planes. If the

rho is transverse and linearly polarizea (just as'the photon)

"then it can be shown in the helicity éystem that
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1 21
pl-l = 5 :. Im pl—l = T %5 (6'1) .

all other pik = 0 in Eq. 6. In this case a little trigono-

metry shbws that
2, 2,
W(cos88,¥) « £in“e cosy ., (6.2)

For a dgcay distribution of Eq. 6,2 we intuitively define y
as the azimuthal angle of the decay at with respect to the
. plane 6f.polarization of the ﬁransverse and linearly polarized
rho. |

Figgre 19 shows the distributions of the polar angle @
and the angle ¢ in the helicity system for events in the rho
mass region with 0.02 < |t| < 0.4 GeV> where t is the ‘square
of the four;momentum'transfer between‘incoming‘andvoutgoing
proton. The coseH distributions are proportionai to sinzeH;'
i.e., the rho mesons are produced in Reaction (1) with c.m.s.
helicity * 1, The ¢ distributions are‘proportionalito
(L + Py cos2yy) (this equals 2 cosgw for P& f_l)sénd shows
_that the rho is almost completely linearly polarized. The
density distfibution shown in the scatter plot of cosOH versus
wH'is proportional to sinzeH cosewH and indicates an absence .

of correlations in coseH and wH‘
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" XBL 708-6430

Fig. 19. (a) Reaction 7p —o% at 2.8 GeV: Rho decay angular
- distributions in the helicitx system without background subtraction.

2
The curves are proportional to sin"© and (1 + P7 cos 2V¥).
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NUMBER OF EVENTS 7 0.05 ,,
H

: Ey' 4,7 Gev

0.60¢M,, <085 GeV
© 0.02¢It1 ¢ 0.4 GeVv®

1457 EVENTS

NUMBER OF EVENTS/10°

XBL708-6429

Fig. 19. (b) Reaction 7p —p°p at 4.7 GeV: Rho decay angular
distributions in the helicity system without background subtraction.

' n
The curves are proportional to sin"© and (1 + P7 cos QW)-
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1 and 2 can be sed to examine th
ik Pix be-u € € the

production mechanism;-for:example,'the'cqntributions oN, oq

The matrices pgk, P

from natural parity (P = (-l)J)'and unnatural parity
(P = -(-l)J) exchangeS‘in the t-channel can be obtained with

the parameter Po’ defined by

. PO' —ZW_U'. . . - (7)

To leading order in energy P, is given by2’78

1 o1
P, =2p]_q = Poo * | (8)

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

around -the normal to the production plane.

P P -

<'Fdr the special case of J = ot (e.g. Pomeron) and J° = O
(e.g. pion) exchanges. the relationship of Eq. 8 is easily shown
to be valid. We expect for O+ exchange and forward p° production
_that the rho polarization direction will be the same as the
incident photon

= € .
o0 T &y

Then the dccay matrix is proportional to



76.

which results -in the decay angular distribution
2 2
W(cos8,y) o« sin“8 cos“y , (8.1)

and we know from Eq. 6.1 and 6.2 that if the flip termsare

| | PSS |
zero and Im py_; =-py_; Eq. 8.1 follows for P11 = 3

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

| parity exchange O+.' However, in order to conserve parity

and angdlar-momentum for 0° exchange, the rho polarization is

90® from the incident photon polarization direction.

’; =I;: XE{.
P Y '

Then the decay matrix is proportional to

M&mw . = -{c. X k
Sp = r(ey X K)

- Which resuits in the decay angular distribution

W(cos6,¥) « sin®o 0052(900 + ) = sine singw . (8.2)

In thih‘ndﬁe'we find Eg. 8.2 foullows from the general decay
distribﬁtion of Eq. 6, when the "flip" terms are zero (including
p%o), Im pi_l ='-p%_l, and p}_l = ;1/2. Using Eq. 8 we find
that indeed P, = -1 for the case of the unnatural parity
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exchange 0~. _
' We studied the influence of poésible background by
determining the pik as a function of the mim™ mass‘M1r7r with

the method of moments, .using all events in a given W+ﬂ- mass

. , ) 1
interval, Fig. 20 shows the M7r7r dependence of Poo and Pl-1

in the helicity system and thét of P . There is a pronounced
difference between their values-inside and outside of the rho
region. The values pgo * 0.5 and P * 1 in the rho region
are clearly associated with the production of the rho.

We took the background contribution into accdunt by deter;
mining the rho density matrix parameters through a maximum

*t* ang flat background contribu-

likelihood fit including p°, A
tions using the density distribution of Eg. 2 but replacing
W(cosby) with W(cos6,¢,o) of Eq. 6.3 Tnis method was checked
by evaluatidg the pik inside and outside of the rho region

and interpolating the contribution from the background. Within

errors, the same result was obtained. Even 1f all events in

_ the mass region 0.60 < M. o< 0.85 GeV are dsed without back-

ground subtraction the values of the ng do not change by more
than one standard deviation. A further check of the influenée
of the background on the values of the p?k was made by using
the S8ding model.‘ Ve have evaluated the S8ding model assuming
for the po production the values obtained from the maximum
likelihood fit for the density matrix parameters. ' An analysis

of the resulting T angular distribution shows that the Drell
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yp—~pr'n”
£,=28GeV - E, =47 GeV
| 11<0.4 Gev®
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) + = . o
Fig. 20. Reaction yp —xn =n p: The two density matrix elements

o

pOO

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

- asymmetry, Po’ as a function of Mgyx.
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term does not significantly alter the decay angular distribu-
tion of the rho. . At 4,7 GeV the Drell term is =~ 90% p-wave
and ~ 10% 3% = 37. We conclude that the rho density matrix

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

We see that rho production is completely dominated by natural
parity exéhange up to.ltl =‘1 GeVe. Averaging P0 over the
range [t| < 1 GeV® we find the contribution from unnatural
parity exchange to be 3.1 + 3.1% at 2.8 GeV and -1.1 * 2, 8% -
at 4.7 GeV.

| In Fig. 22 and Table XI we display the quantity & defined

ase

o 1 1
zz _op -9 P tAia
oy + -
™% p3q + P74

(9)

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

l .
decay (6 =

" are the cross sections for the pions from symmetric rho
N '
'2" ]
polarization (¢ = g).or perpendicular to it (& = 0). Our

'¢ = 5)64 to -emerge in the plane of the photon

values ul X at 2.8 uyeV are in agreement with measurements at
2.4 GeV made by Criegee, EE.El'T and at 3.5 GeV by Diambrini-
Palazzi;_gg.gl.

Before giving the density matrix parameters; we remark
that the'p?k's can be expressed in terms of bilinear combina- - -
t,A_A_ where

P YD

tions of Lhc helieity or spln amplitudes'T'xpox
the A's denote helicities or spins of the respective particles

of the reaction yp —*pop.2 For example,
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Ta.ble XI: :Pa- ar’idi for the réa.ction rp —>p°p. Results are plotted in
Figs. 21 and 22. ' : ' :

- p -9 =9 ):=av-4cl

t (Gev) T N4 o9 ta

2.8 Gev 4.7 Gev 2.8 Gev | . L.7 Gev

0.2 - 0.05 |1.11+0.10 | 1.18+ 0.08 | 0.9 + 0.10 | 1.12 + 0.11
0.05 - 0.08 |0.89+ 0.2 | 0.79+ 0.11 | 0.8 + 0.15 | 0.85 + 0.1k
0.08 - 0.12 0.99 + 0.09 1.09 + 0.08 0.96 + 0.13 1.13 + 0.11
0.12‘-'.64.18- 0.87 + 0.12 0.97 +0.09 | o6+ 0.19 | 1.00+ 002}
0.18 - 0.25- 0.93 + 0.134 1.07T+ 0.12 | 1.08+ 0,26 | 0.93 + 0.17
0.25 - 0.50 [ 0.54 + 0.15 | 0.92 + 0.12 | 0.66 + 0.17 1.16 + 0.16
04 -1.0 |1.00+4020 | 0.2+ 0.15 | 1.1 +0.k 1.25 + 0.27
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yP =+ pp°
Ey=28GeV  E,=47GeV

| $ . Vo4
5 = ol ot
i+ [+ i -
=< 1 | '
bib 4 0
n - .
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o .--LO,.I 1V1 | I I | _1 S S I A

-10
0 05 IO O 05 1.0

It p/p (Gevz)

XBL 708-1979

Fig; 21 Reaction 7p —>p°p: The parity asymmetry PU es & function
of t. Po is the same in all three systems(Gottfried-Jackson, Helicity,

Adair). See data in Table XI.
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- Yyp——pp° |
. - ¢ This Experiment.
4 DESY, E=24GeV
SRR ¢ CORNELL 3.5 GeV
 E,-28 GeV | E, =47 Gev
B . 7 [ 1 .
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y i ™
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XBL 708-1977

Fig. 22. Reactiop 7P e»pop: The asymmetry £ as a function of t.
"Z is the same in all three systems (Gottfried-Jackson, Helicity, Adair);

" See data in Tablc XI. The DESY and Cornell values are from Ref. 7 and

8, respectively.



o 1 2 : 2
Poo = 2R Ez [’Tox 1y +10 1%+ 1 Ton 1, =12 | ]
Ay p p P P

where N is a nofmalization factor, receives only contributions

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

1 1 ' o
Pra1 =W 25 [T+1A 1,=1A o1 1,412
“ﬂﬂp p P p P

+ T T* ]
s L+ Tooa L -1
p'"* " p p'* " "p

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

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

1 2

spin density matrix parameters of Eq. 6 only P11 and P1_1

receiﬁé contributions from helicity (or spin) non-fiip ampli-
tudes.

Finally, Fig. 23 and Table XII show the density matrix
parameters themselves, evaluated in the Gottfried—Jackéon,'

helicity and Adair systemsas a function of .t.



Table XIT:

Results are plotted in Fig. 23

a) E.y =2.8 GeV, Gottfned—Jackson system

ltI(Gev )

0.02 - 0,05

0.05 - 0,08

0. 08 - 0. 12

0.12 - 0.18

_ Rho-Density Matrix Elements for the Reactlon yp-—»pp .

0.18 - ¢.25

0.25 - 0.40

0.4-1.0

0
Poo

0.079 £ 0,030

0.143 % 0,019

0.151 + 0,037

-0.140 £ 0, 056

0.091 % 0,040

-0.085 % 0,035

0.505 = 0,045

0.136 + 0,035

~0,462 + 0,036

0.119 # 0,035
0.195 = 0, 023
0.112 + 0,035

-0.057 + 0,048
0. 048 = 0, 045

-0.170 + 0, 033
0.414 2 0.055
0.249 = 0, 040

-0,417 = 0,053

0.298 + 0,041

0,180 + 0, 020.

0.111 + 0.033
-0,231 %+ 0,071
0.092 % 0.040
-0.167 ‘0. 029
0.358 = 0,039
0.229 + 0, 032

-0,254 + 0,058

0,431 % 0,047,

0.158 % 0,024

0.161 + 0,035
-0.328 # 0, 081
0.114 # 0,037
-0.113 2 0,037
0.270 £ 0. 046
0.274 % 0.034

-0,240 + 0,054

0,455 + 0, 051
0.146 £ 0, 027
0.160 z G, 037

-6.390 + 0,085

0.208 % 0, 042

-0,111 = 0, 042

0.258 £ 0, 047

0,259 = 0, 042

~0.244 = 0,058

0,525 + 0, 052
-0, 002 = 0, 027
0.267 = 0, 038
-‘0.359 + 0,094
0.212 % 0, 045
-0.059 % 0,042
0.125 2 0,060
Of 341 + 0,033

~-0.046 = 0, 040

. 0.476 + 0,071

-0.089 + 0,046
0.071 2 0. 057
~0.483 # 0,118
0,134 4 0. 067
0.119 # 0, 067

0.246 £ 0,088

0.094 % 0,073

-0,095 £ 0,091

.98



_ Table XTI (continued) - 2

b) Ey= 2.8 GeV, heiicity system

It](Gev?) | N
' : 0.02 - 0,05 0.05 - 0,08 0.08 - 0,12 0.12 - 0,18 9.18 - 0.25 0.25 - 0,40 0.4-1,0
pgo -0.045 £ 0,030 | ~0.034 + 0,033 0;02]; + 0, (29 0,026 + 0,036 0,016 0,042 | -0,071 + 0,042 0.173 & 6. 064
Rep(l)o 0.013 +0,018 | -0.032+0,020! (0,008 = 0. 023 0.026 = 0,027 7 -0,.028 + 0,023 i 0.112 + 0, 027 0.140 x 0. 043
pl_1 0.078 + 0,037 0.027 £ 0,040 | -0,024 £ 0,41 | -0,.045 = 0,040 -0,052 + 0,043 | -0.001 £ 0,047} -0.079 &+ 0.. 060
péo -0.061 £ 0.056 0.. 018 £ 0,059 -0.036 £+ 0.047 | -0.015+ 0.055 | 0,241+ O, 05'3' 0.172 £ 0.063 ] -0,088 = 0,108
pil 0.042 £ 0. 046 0.001 £ 0,050 -0.008 = ‘0. 042 | -0,049 + o.-050 -0.011 + 0, 054 -‘0. 050 0,061 | -0.073 £+ 0. 079
REp::O 0.015 1+ 0,030 0.071+ 0. 030 ‘ 0.026 + 0,037 [ -0,009 £ 0,039 0;004 i 0.037 | -0,037 £ 0.042 | -0. i38 + 0,062
pi_l 0.539 £ 0,044 Q. 453 + 0, 052 0.458 = 0, 43 0.427 £ 0,050 0,484 + 0, 064 0.355 % 0, 062 0.457 + 0,085
Impio -0,050 + 0,034 0.. 012 +.0, 040 0.012 + 0, 034 0.016 £ 0, 637 -0,073 £ 0,044 0.036 = 0.‘031 -0.070 £ 0, 064
Il‘npi_1 -0.496 + l0. 39 | -0.551+ O, 653 -0, 427 ‘:t 0.064 | -0, 445 + 0,049 | -0.424 % 0.053 | -0.465 + 0,043 | -0.157 £ 0,101

0.0
o



Table XII (continued) - 3

c) E.y= 2.8 GeV, Adair systems

|t|(GeV2) ‘ :
0.02 - 0,05 0.05 - 0.08 0.0‘8- 0.12 0.12 - 0.18 0.18 ~ 0.25 0.25 - 0,40 0.4-1.0
pgo -0.023 % 0,029 1 -0.029 + 0.033 | 0.066 = 0,032 0.114 :t'O. 043 | 0.084+ 0,040} 0,238+ 0,040} 0,512 % 0,073
Répgo 0.063 + 0,019 0.060+ 0,019 | O, 104 + 0,022 | 0.141 2 0.023 | 0.129# 0,030 } 0,237 + 0,030} 0.115 0,041
p;.)-l ¢. 088 = 0,037 0.030 + 0.040 | -0,002 % 0. 039 “ -0.001 + 0,039 |-0,020+ 0,045 | 0,152+ 0,045.{ 0.091 % 0. 055
péo -0.071 % 0. 055 0.039 £ 0. 054 » -0.052 + 0,054 |-0.084 + 0.071 |-0,054 % b. 056 | -0.027 + 0,071 | -0.442 # 6. 123
pil 0,048 £ 0,044 | -0.009 = 0,049 0.001+ 0,042 |-0.015+ 0,049 | 0,038 = 0,050 6. 051 + 0,048 | 0.105 + 0,066
.Repio -0.026 %+ 0,033 | -0.019 42 0.031 | -0.064 + 0.034 -Of 114 + 0,034 |~0.148 = 0.044 | -0.202 0; 046 | ~0.168 = 0, 062
pi_l ‘0.531 + 0,043 0.464 + 0.053 | 0.450 = 0,043 0.392+ 0,049 | 0,438+ 0,059 | 0.258 + 0,063 | 0.276 % 0, 087
Impio 0.008 + 0,035 0.096 = .0. 041 0,099+ 0,032 | 0.132 = 0,035 0.063 % 0,044 | 0,185+ 0,035 | O, 00;1 + 0,074
Impﬁ_l :-0.499 + 0,038} -0, 531 + 0,051} -0,405 = 0, 056 .-0'.404 + 0,051 |-0,427 = 0,058 | ~0,372 + 0,035 | -0.155 = 0.086

¢L8



Table XII (continued) - 4

d)y E

= 4.7 GeV, Gottfrizd-Jackson system

y
ltl(Gev?)
0.02-0.05 | 0,05-0.08 | ¢c.og-012 | 0.12-0.18 | ¢.18-0.25 | 0.25-0.40 | 0.4-1.0
pgo €.143 % 0,029 | 0.227 = 0,036 oL31:_>; +0.038 | 0.35740.c33 | 0.47420.047| 0.577 5 0.084| 0.476 ¢ 0.0
Rep(l)o C.158+ 0,016 | 0,234 0,020 0.148 0,021 | 0.167 + 0.¢19 | 0.114 4 0.022 | 0.017 + 0.027 | -0. 029 + 0. 036
| pd . | 0.0662 0,029 | o. 082 = 0,033 | 0.1334 0,032 | 0.1484 0.¢30 | 0.229+ 0,036 | 0.199 % 0,026 | 0.077 + 0. 048
poo |-0.172+0.041 | -0.187 % 9,054 _0.245 % 0,060 [ ~0.315 % 0. (56 | ~0.554 £ 0. 063 | 0.338 0. 085 | ~0.377 # 0.095
pl, | ©.06140,037 | 0,083%09.038| 0.119+0.036 | 0.147% 0,631 | 0,193 0,035 [ 0,195 % 0,036 | 0,157 £ 0,048
Repl, {20,117 % 0,028 | ~0.179 = 2,029 | -0.159 + 0. 020 | -0.196 0. 33 | ~0.186 = 0. 028 | -0.111 + 0.045 | 0.064 % 0.051
ply | 0.521%0.037 | 0.302292.044'| 0.416%0.038 | 0.302%0.037 | 0.259% 0,049 | 0.273 % 0.041 | 0.269 # 0,059
Imp2, | 0.15240.026 | 0.202402.029 | 0.277 £ 0.033 | 0.30120.c25 | 0.30520.036 | 0.249+0.039 | 0.2562 0. 051
tmp? | |-0.326 2 0.044 | -0.413 2 5,042 | -0.343 + 0.043 | -0.278 + 0.037 | ~0.158 + 0,047 | -0.090 4 0.051 | 0.164 2 0076

0]
9 o)



Table XII (continued) - 5

e) E,=4.7 GeV, belicity system

|t|(GeV2)

0.02 - 0,05

0.08 - 0,12

0,12 - 0,18 .

0.18 - 0,25

oo 25 - 0.40

00A4 - 1. o

0
Poo

0
Repyq

0
P11

1
Poo

1
P11

-0. 009 A:l: 0. 022
0.009 + 0,018
-0, 001 = 0,031
-0, 087 + 0,038
0,018 + 0,039
0,033 % 0,027
0.548 = 0.039
0.014 = 0,024

-0,388 = 0,047

-0.037 £ 0,025
0.001 + 0,019
-0,064 + 0,041
0,052 + 0, 032
-0,035 % 0,041
-0,022 + 0, 028
0.A420‘ % 0, 054
=0, 023 = 0,030

-0,475 = 0, 042

0. ozf + 0,031
0.010 0, 023
-0.003 0, 035
-0.051 # 0, 043
0. 025 + 0, 039
-0, 001 % 0, 037
6.521 + 0,036
-0, 002 # 0, 027

-0,508 = 0, 047

0,021 + 0.029

~0,024 = 0,019 |

-0.031 # 0, 033
-0.001 # 0, 045
-0, 020 % 0, 039
0. 008 % 0. 028
0.484 + 0,038
-0. 028 # 0, 028

~-0,510 + 0,038

-0.002 £ 0,035 |
0.031 + 0,023 }

-0,006 + 0, 044

0.054 = 0,045
-0.105 & 0, 047
-0,.007 = 0, 028

0.563.1 0.050

0.009 = 0, 031

-0,470 £+ 0,051

0.062 = 0,028
0.067 % 0, 0?7
-0, 052 + 0, 042

-0. 049 + 0. 057

0. 048 + 0,048

0.018 = 0.046
0.434 % 0,051
-0. 007 + 0. 039

-0,344 = 0,054

0.208 + 0,054

0,043 2 0, 037
-0, 048 # 0, 056
-0.140 # 0, 078

0,040 # 0, 055

-0.076 £ 0,053

| 0.390 # 0,065

0,099 = 0, 056

-0.366 = 0,069

068



Table XII (continued) - 6

) Ey= 4.7 GeV, Adair system

[t} (GeV?)
0.02 - 0,05 0.05 - 0,08 .0.03 - 0,12 0,12 - O. 18 0.18 - 0,25 0.25 - 0.40 0.4-1.0

pgo 0.005+ 0,023 | -0,014 & 0,028 0. 059 £ 0,022 0.044 x 0, 030. 0.079 + 0,038 0.207 £ 0,041 0.320 £ 0, 056
Rep(llo 0.056 £+ 0,017 0.078 £ 0.019 0,031 - 0,023 0.074 £ 0,018 0.135 + 0,023 | 0.170+ 0,021 0.092 £ 0, 035
pg_l 0.005+ 0,031 | -0,054 + 0,040 0.014 4+ 0,034 | -0.022 + 9. 033 0.036 + 0, 042 0.021 £+ 0,040 0.002 £ 0, 056
pto -0.086 + 0, 038 0,017 £ 0,038 | -0,0Y3 % 0,045 ] -0.032 = 0,C50 |-0.030 % O, 047 | -0,072 = 0,077 | -0.296 + 0, 078
pil 0.017 £ 0,039 | -0,019 + 0,041 0,035+ 0,038 }| -0.003+ 0.C39 | 0,069 0,045 | -0, 061 % 0, 047 0.120 + 0,052
Repio -0,008 +£ 0,028 | -0,085+ 0,028 -Q. 087 + 0, 036 -0,084 + 0,627 }-0,152 + 0,028 | -0, 072» + 0,040 | -0,105 + 0, 048
pi_l 0.550x 0,038 0.}405 + 0,053 0.597+ 0,037 | 0.466 + 0,038 0.519 £ 0,050 0.419 :‘k 0.050{ 0,306 x 0,072
Impio 0.049 + 0, 024 0.036 % 0.030 0,078 ¢+ 0, 029 | 0,070+ 0, 027 0,114 + 0, 031 0.091 + 0,040 0.225 + 0,056
Impi 1 -0.382 .:i: 0.. 07 {1 -0,472 + 0,042 | -0,498 + 0,046 1 -0,499 + 0,040 {-0,441 + 0.050 ¢ -0.320+ 0.052 |-0.233 + 0,072

O
o
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We conclude from the behavior of the pik'

1. The density matrix parameters vary rapidly in the
Gottfried-Jackson system., 3,65 . The t-channel helicity-flip
amplitudes increase rapidly with 1ncreasing_[t|, This be-
havior rdies outlt-chanhél héliciﬁy'conservation and hence
‘exdludes'a Zzero spin particle exchange without aﬁsorption'
as the only éontributor to rho production.

2. ,Thevpzk in the Adair systém'also vary significantly
with t (see also Fig. 24). This excludes’ the hypothesis of
spin independence in the total c.m. syétem for rho production.65

3. In the helicity system the helicity-flip contributions

ﬁlare_zero‘within errors up to |t] = 0.4 GeVe,

i.e., the rho
behaves 1iké é photon with the spin aligned along its direc;v
'tion of'mdtion. In other words, the rho production mechanism
conSefvés s-channel c.m.s. helicity. The fact that the flip
contributions are minimum in the helicity system is further{
demonstrated in Fig. é5.A 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-ﬁ for which flip terms become minimal, that is, we

.minimized

y | ) - B (ororon)

2
X“(B) = ,
 i,r,a A Py (B)

where p3, (photon) is the rho density matrix of .the photon

(Eq. 6.1). Fig. 25 shows B as a function of the rho c.m.s.
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‘productibh'angle GCm together with lines indicating where the

data points should fall if the fiip terms are minimal in the
Gottfried-Jackson (G.J.), helicity (H), or Adair system (A),

‘respectively. For ecm 3 250, the helicity system is clearly

preferred.
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 Rotation Into "Minimum Flip" System
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Fig. 25. ‘The angle B (measured from the helicity oyatem) for

rotation_ihto the "minimum f1lip" system as a function.of the c.m.s.

rho productioﬁ angle ecm. ‘For the curves labéled GJ, A, and H,

see text..
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D. OTHER MODELS
' The p° mass shift and decay density matrix elements for
- p° photopfoductibn have been discussed by'others‘50566—6$

68

In particular, Mannheim and Maor utilize the
t-channel kinematics of a two-body reactipn}and obtain a t
dependence of the'po mass shape. However, at t = O they have
n(t) = 4 in the factor (Mp/Mﬁw)n(t)’ in contrast to the data
(see Figs.lO-ll). They do predict s-channel helicity conserva-
tion at low |t|, but not at large |t| where helicity-flip
terms become'important. Their predictions about helicity
conservation are compatible with this experiment.

>The study by Satz;SchillingSO presents a dual resonance
mbdel»which, at high energies, describes the whole of Reabtion
(i).' The-three-barticle final state description includes both
resonance and multiibéripherél aspects as well as any "back-
ground", Their model describes the ntr™ mass distribution
and predicts signals for the higher mass vector mesons p’(1250)
and p"(1550) (see Section IV-B). The flatteninz of the diffrac-
tion peak with increasing Mnn is also predicted by this model -
and is shown at 4.7 GeV in Fig. 12. The behavior of A for
My <,O.9'GeV describes the data well. However, the increasé‘
in A for M__ > 0.9 GeV due to the p' is not supported by the

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

‘model.
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The model of Kramer and Quinn®’

describes, at high
enefgies; Reaction (1) in the pC-resonance region where the
production proceeds by diffractioh—dissociation of the photon
~into a ﬁion pair which. interacts strongly in the p-wave state.
They alsp'include the effects 6f initial and,final absorptive
interactions with the proton. They obtain s-channel helicity
conservation for po production which is dependent on the dipion
mass as terms proportional to MsFMpz in the helicity amplitudes
become important. For low masses they describe the decrease in
the diffractive slope with increasing M*ﬂ and consequently the
related t-dependence of the po mass shift. In constrast to

the data near t = O they predict the.Ross-Stodolsky exponent

n(t)=4att=0.
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V. THE p°-e INTERFERENCE PARAMETERS IN DIFFRACTIVE PHOTO-
PRODUCTION OF VECTOR MESONS ON HYDROGEN

The . discussion below differs from that of Moffeit g£<gl.lf

only in that some introductory material has been removed.
Clear-evidencé for po-w interference has been observed

20

in photoproduction on carbon by Biggs et al. at Daresbury

with 140,000 events, at a mean photon energy of 4.2 GeV.
The p°-w. interference is inferred. from tne shape of the nte”
mass sﬁectrum near Mm5 they obtained constructive interference
for M. <M, and destructive interference for M. > M, in
agreemént with the prediction Qf‘A. Goldhaber, Fox, and
.Quigg_(GFQ).21 »

the relative phase, B8, of w—m

The interference is determined by measuring

K *r~ amplitudes.

~ and p° =
For;photoproduction of po and w, the value B = O is predicted
assuming the vector dominance model (VDM) and that the photon
transforms as the U-épin singlet member of an SU(3) octet.
The Daresbury experiment obtained the value B = 2.0 % 5.10.
Horn23 and GFQ,21 have pointed out that the po-w phase

should be the same in p° and o production from ete” colliding

- beams as in diffractive photoprbduction (see also Ref. 20,

69). This follows from the observation that the productioﬁ
amplitudes shown in Fig. 26a,b, differ mainly by the presence

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

guish between p° and w. For ete™ — n™n” the Orsay storage
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. XBL704-2664

Fig. 26. (a) Production mechanism assumed for yp —-}ﬂ+1r-p.

(b) Feynman diagrem for ete” =nn .
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. .
ring group reported B = + 280, however, the disagree-
ment with B 0 is not statistically compelling.

We-have analyzed events of the readtion _
vyp = ntnTp . (1)

in terms opr°-¢ interference. For the present study we

combined the 2854 eVents at Ey = 2.8 GeV and the 2910 events

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

. In Fig. 27 we show the w+n mass distribution for the

events of Reaction (1) in the region’ of the‘p . We show by

- the dashed curve the results of a maximum-likelihood fit to

the events of Reaction (1) using the density distribution of
Eq. 2 to account for po, A++, and phase space production.
Although the dashed curve accounts for the gross skewing of

the po shape, there is an excess of events just below Mw and

a depletion of events just above Mw'

To ahalyze'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.'ll.
In the spirit of the vector dominance model we assume
that, before mixing, the p and o are produced (by diffraction

scattering of the intermediate vector meson) in pure states

‘'which conserve G parity, i.e.,
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240 1 T T
- - 3070 events T — P9 §
R 2 : ‘
2 200 002<“|<07G3V -==No pw —
o
<160
[72]
=
-2 120
(/3]
S .
w80
-
L0
g_
.2z 40
' =¥5 Mev
L. ' ! L i i

600 650 700 750 800 850 900
Mysq- (MeV)

XBL706-3083

Fig. 27. Reaction 7p -’ﬂ+ﬂ-p: 1(+:r- mass distribution for the
combined data at 2.8 and 4.7 GeV. The curves give the results of

maximum-1ikelihood fits with (—) and without (----) p°-w interference.
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lAp>: — 21 only. A v
e initial state.
'Ah> - 37 only

These states are then mixed by the G—vioiating term
&(assumed to be real®l) in the propagator matrix P.

Using the usual abbreviation for the Breit-Wigner

denominators =m
! > Bp =Ty
the dipion mass, we have

- m-1 Pp/2, M, = similar, and m for
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. Ko =6 . H, +
= ———.—-—-2- IS
8 Hy HpHy=0™ |0 Ky
' 2
Dropping the 6~ term gives
1 %
5 - .1

After mixing, the 2r amplitude is

.' ‘_S('rr'*‘,,,_') = <T(P - 21), T(w —> 27,)) <P> <2Z> ’

where tﬁéVT' are decay amplitudes in thé'absence of mass
mixing [we take T(w = 27) = 0], and the A's are the vector

. meson production amplitudes,

A T : A ' : A
eb . (14 g2 ML), (0
<(mp-m-17§) P

| S(Tl'+7T-) =

whe?e B =‘Arg'[Am/Ap].
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That is, in the"presénce‘of p°—¢ interference, the m'im~

mass distribution is given by the p line shape (including
kinematicél dependences), multiplied by a modulating factor,

iZj which characterizes the interference:

A ’ 2
F o= |1+ lx‘fleiﬁ mw-m(-s-il"a]?l , o

On the other hand, the Daresbury group analyzed the

p-w Interference using the phenomenological parameterization

. ja ' ‘ |
S(wa-)m <m2-m > L + £ g > . (12)
! P |

+ impr m 'mm + imwF

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

10, one obtains
A r .
wy 1 io
IK;I e B 5 = (mp—m-—i-?p-) & e

. Evaluating the right side at the w mass yields the convenient

approximation.
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A r Ci(a-¢ ) L
|2t s ~Lee P, (13)
p .
r
where ta_rl ¢p = 2(mp€ mm) ,
» A T
6 = ,Iif1§ £ and R = a-¢p

The Darésbury group obtained £ = 0.0097 % 0.0008,
767 7 £1.9MeV, I o = 146 1 2.9 MeV,
783 2 + 1.6 MeV, «a 104.0‘ t 5,1 deg, and
2 12,1 . . |
| = 7.0_) 5+ These values, along with Eq. 13, give

B

6 =1.9 * 0.25 MeV,
B = 2.0 + 5.1 deg.

To investigate p% - interference in Reaction (1) we
éssumed'that.the‘density distribution of Eq. 2 adequately
- represents the kinematical effects in p° production. We
fhen made a maximum-likelihood fit, modulating the po.ampli-‘
‘ ;

tude of Eq. 2 by the factor 7 of Egq. 1l. Since B is unde-
fined for & = 0, we fit the real andimaginary parts of exp(iB).
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For convenience we define

. | |
Tsalx‘;—’lé- (14)

The solid line in Fig. 27hg1ves the best fit obtained with
this form, which is better than that obtained without the

factor‘?fby'é 2.5 standard deviations. The fit gives

T cosf = 2.6 * 0.9 MeV,
T sing = -0.4 % 0.9 MeV,

resulting in a value of T = 2.6 * 1.0 MeV. Figure 28 shows
contours of equal X2 in the T cosf and 7 sinf pléne, where
ax° = -2 [1n (1ikelihood)].

In order to relate T to the po-w interference parameter,
6, we must make assumptions concerning the amplit&des Aw and
A . Figures 29 a-d shows the diagrams for the po and photo-

P
production amplitudes resulting from natural-parity exchange

[P = (-l)J] and unnatural-parity exchanges [P = (-1)J+1].
Analysis of the’po decay in this experiment-(éee Sectidn Iv-C)
has shéwh'that'the reaction «yp —*pop proceeds almost completely
through naﬁural 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
R
3lAx2= -2 Afn 2]

Con lev, Ax2 7
60% 1

13% 4
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T sinB (Mev)<v o
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¢

XBL706-3085

Fig. 28. Contours of equal 'X2 in the plane of T cosP and T sinP

(1 =3 A_“_’l 3)3 & is the mass mixing parameter, and B is the relative

phase of the @ —n '« and p° — x'x  amplitude.
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natural-parity exchange amplitude for the w interferes with

the p°. |
Using VDM and assqming that the p'and &'elastic scattering

amplitudeé on protons are equal giyes lAw/Ap .= 7p/7w , Where

, yv-l is prpportional to the photon-vector-meson coupling con-

59

stant. Augustin et al., using the Orsay Storage Ring,
bbtained'yi/yi = 7.1 £0.7.7% With this value and Eq. 1k

our result for 7 gives
6 = 2.3 * 0.9 MeV.

"In comparing the results for diffractive photoprbduction .
on carbon and on hydrogen, consideration must be given to
nuclear effects. An indication of whether coherent nuclear
effects are important in thé interpretation of the Daresbury

69

experiment can be obtained by comparing their detefmination
of the ratio yi/yi with the Orsay storage ring results,59

where nuclear effects are not present. As previously mentioned,
th? Daresbury group obtained yi/y§'= 7.0 ti:i, whereas the
Orsay‘results are yi/yi =7.1 * 0.7. Hénce, neglecting
differences in po and coherent nuclear scattering.appears to
be juStified within errors. If incoherent processes are also
ignored, the Daresbury result for the mass-mixing parameter, 65,
méy be compared with the results from diffractive photoproduc-

tion on hydrogen and from colliding ete” beams.20
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. Fig'-‘.29. Production diagrams for p° and o amplitudes resulting .

from (a,b) natural-parity exchanges, and (c,d) unnatural-parity exchanges.
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Given in Table XIITI are the values for 5 and B. -Because
our value of 6§ is about 2.5 standard deviations from &6 = O,
we ‘do notfgive én'error for B. The results‘for 5 and ﬁ“as
detérmiqed by the colliding-beams experiment and by photo-
, produétion'from carbon are given in Table XIII for comparison.

our detérmination for & corresponds to BR[%}E}%%T] = 1'3Té.g%.

The parameter 6 has been estimated by GFQ from the Coleman-
Glashow m'odel72 to be about 2.5 MeV; this corresponds to

BRSZ2T) - 1.4,
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Table XIII: Values of the phase angle (B)
and mixing parameter (5). ‘

!

Source : B (deg) 8 (Mevj

_ Theory 0 25
(Refs. 21, 23)

é+e- —*:rr+_1r-' 55 + 28 3.5+ 1.3

(Ref. 16) ‘
v oxtxe o | 20851 | 1.9+ 0.25

(Ref. 20) ' ‘ ‘

7p > x P & -9 2.3+ 0.9

(this expt.)

. ® No error quoted on 6;’Re(aiB) =2.3+ 0.9 MeV

Y

and Imag (5 elB) = -0.4 + 0.9 MeV.
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VI. A PRODUCTION IN THE REACTION Yp —*W+ﬁ"p
In Fig. 30 we show‘the Wip mass spectra for Reaction (1).
At both energies a clear A++ signal is found; some A° pro- |
duction may also be present. The shaded distributions are
for events selected with [t,| < 0.4 Gev® (t, is the square of
the four momentum transfer between target proton and out-
Hgoing pﬁ+ system), and Mﬂ+ﬂ— > 1,0 GeV so as to remove most
of the‘po reflection and to minimize other béckgrounds.
Corrections for att production due to contamination from wide-
'angie electron-positron pair production and for scanning losses
of att events with short recoil protons Eproton moméntum
< 0.14 GeV/c) were found to be less than i% (< 4 At events)
from a Monte Carlo simulation. 'S ‘
 Maximum likelihood fits were made to the Dalitz plot
-assuming A++, AO, p production, and a constant background.
The parameterization of equation 2 was used to describe the
' 0° production. The S6ding model (see Section_fv),'which also
. fits the wfﬁ- mass distributions well, was not Qsed because
the Drell terms in this model already contain contributions. to
A production. In order té state a total A cross section,
a(am), wé must choose a reasonable parametérization 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

74

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

more meaningful to use a purely phenomenologicai form73 derived
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Fig. 30. (a) Reaction 7p —*n+n-p: Effective mass distributions

The shaded histograms represent

"events with hQJ< 0.4 GeV2 and Mi+ﬂ- > 1.0 GeV. The curves are the

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

o)

33

td'describe the A shape.
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from the experimental phase shifts 5331

> s1n°65, | <M P(M)) o
A v“ﬁm— T“r(e_Mg) (M " (25)

where P(M) follows from tan 833 = M,T(M)/ <Mi;M2> and
M, = 1.236 GeV. The values of 633 have been taken from a phase
shift arialysis.T5 The full curves ofAFig. 30 were obtained from
the maximum likeiihood fit with Eq. 15 describinglthe A signal.
Ifiinsteéd the second part of Eq. 15 is used together with a
conventional parameterization for I'(M) as was done, e.g., by
BoyarSki:gz.gl.,QB one finds a value of o(am) larger by ~ 20%
Fig. 30(b) shows by the dotted curved the fit to our data with
this same parameterization for I'(M) (M, = 1236 MeV, I'j = 120
MéV). For comparison we have included the fﬁll curve of Fig.
30(a) obtained from the 6,5 phase shifts. Clearly, the pheno-~
-menological form derived from the experimental phase shifté is
preferred. Furthermore, if we fit MA and Fo in the usual Breit-
Wigner form using the same parameterization for r(M) as. |
28

Boyarski et al. we find M

A = 1217 * 3 MeV and P =72 + 8

MeV in the 2.8 GeV data.
In Table XIV the total cross sections for production of

A++ and Ao(pﬂ' deééy mode only) are given for the two energies.
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- E,=2.8 GeV

Myz > 1.0 GeV 215 evt
11,104 Gev?

30  —WITH 833 PHASE SHIFTS
> | --=-BREIT~WIGNER (JACKSON T)
o 25 My=1.236 , I =0.120 GeV
= 7| | |
o 20L_
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g_: o
= |5
w
>
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o |
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o
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Fig. 30. (b) Reaction 7p —>n+1r-p: Mpﬂ.,. at 2.8 gev fcir_ events
with ‘tAI < 0.4 GeVP and M 4 _ > 1.0 GeV (shaded area of Fig. 30(a) 4
top-left with expanded scale). The curves give the comparison of ‘the

A shape with the 833 phase shifts and a Breit-Wigner shape (Eq. 2.2).
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‘Table XIV: Cross Sections for yp —Ax and Parity
Asymmetry Pa for yp —+AHn-.

E7 (Gev) Ot = 9o, + P
. "o
() | ) |lgd< .5 cevt
'.2_.8 3.6 + 0.4 [0.5 + 0.2 |-0.27 + 0.12
L.7 1.0 + 0.1 0.161 0.09{~0.53 i 0.15
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Figure 31 shows_the'differential crpss éections do/th for
A++ production obtained from the same maximum likelihood
fit (using Eq. 15) as described above for éach t-interval
separately. Also shown are thne measuremeﬁts of Boyarski et
21.28 at‘E,y = 5.0 GeV. Measurements in the backward direction
have beeh made by Anderson 33_31}76

"The A" angular distributions‘have’been‘analyzed in terms
of the A spin'density matrix in the (A++) Gottfried-Jackson
frame. fhe z axis is taken as the direction of the'incident
proton in the A rest frame; the y axis 1is defined as the normal
to the production plane (} ¢‘; X ;'). The electric vector ¢
Aof the photonvmakes an angie d with the production plane:
cos @ ='§.(2£}), sin & =‘}w2. The decay angles 6 and ¢-are’
the'polar and azimuthal angles of the outgoing proton in the
A rest system: cosd =‘£-2,“cos¢ =‘}-(; x ;)/’E x'ﬁ!,
siﬁ¢ ='~(}'x‘;).(; X ;)/[; X ;l. The decay angular distribution

W(c030,¢,¢) is Lheun glven by:77
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Fig. 31. Reaction yp —A 'n . Differential cross sections do/th
from this experiment (¢) end from Ref. 28 for E7 ='5 GeV (Z#). The
ghaded regions in (b), (@) are shown on an expanded scale in (a), (c).
The curves e.fe the predictions of the gauge-invariant OPE moAtviel with
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120.

W= ﬁ%-{bg3 sin®g + (1/2-p§3> <1/3+co$26>

£

23 Re pgi cose sinée - 2/A/3 Re pg-l cose¢-sin29

. 1 2 1 ( | 2 )
Ry‘cos2¢_[p33 sin’e + P 1/3+cos“0

- 2//3 Re p%l cos¢ sin26 - 2A/3 Re p§-1 cos2¢ sinEGJ

' P‘Y sin2a [2/\/'3. Im pgl sing sin26
2 . - 2 -
+ 2A3 Im P3.1 sin2¢ sin 6]} (16)

where P,y‘is the'degrée_ of linear polarization; Py = 93% at 2.8
" GeV and P, = 91% at 4.7 GeV. We define the polarization asym- .

metry Z by

z '_ 1 W(o=0) - W(®=m/2) - . ' '
L = P W(e=0) F w(d=r/2) - (7).
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where W(®) is the & distribution integrated over 6 and ¢.
Performing the integration of Eq. 16 and evaluating W(®)
at & = 0, /2 we find

Z = —2<p§3 + .ph>. | (17.2)

A related quantity is the parity'asymmetry, Po’ defined in
terms of the cross sections for natural and unnztural parity

exchange in the t-channel, oY and oU:

Py = ZN - T . . (18)

At high energies Po = 2<p§3'+'p%l>,78 and the polarization'
asymmetry Z which 1s easily measured by counter techniques be-
comes the negative of the parity asymmetry.

To obtain the nine measurable density matrix parameters,
evéntSVWere selected with Mbw+ < 1.32 GeV and the method of
moments was used with the Eberhard-Pripstein procedure79 to
remove the p® reflection: only events with coséy < 0.3 (0.7)
at 2.8 Gev (4.7 GéV) were used, where eﬁ is the angle in the
'c.m.s._of thé A between the decay proton and the A line of |
flight in the total c.m.s. Fig. 32 shows the P?k and Po

obtained this way. The values of P averaged over ltAI < 0.5
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GeV2 are given in Table XIV. It is‘clear that OPE alone
cannot explain the data since it would require P, = -1.
Qualitatively the same result was obtained in.an experiment
80 '

done at low energy.

Comparison with Theory. We calculated ‘the predictions

of the minimal gauge invariant extension of the OPE model
(GIOPE) with absorption corrections. Gauge invariance in

this ﬁodel is achieved by adding to the OPE diagram (Fig. 33-I),
the s-chénnel nucleon exchange (Fig. 33-II), the u-channel A
exchange (Fig. 33:IV), and the contact graph (Fig. 33-III)
according to the prescription of Stiéhel and Scholz.30 The
decomposition of the Born amplitudes into helicity amplitudes
was taken from Locher and Sandhas,81 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 helicity amplitudes for spiﬁ J by the féctor83

| 2 2 1/2{ 2 o /2
"+ Cin exp -J /2Ainqin>} 1-Copt &XP 'q /2Aoutqout>

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

T
section for scattering of either the initial or final state

the absorption pafameter (C = oT/4wA, 0., is the total cross

particles) and the indices "in", "out" refer to the initial

and final states respectively. WUWe assumed that Ain = AOut = A

and Cin =~COut = C; A was taken from elastic mp scattering to
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be»8'Gth2;’for C a value of 0.8 was used. The finite width
of the A Wés taken intd account by integfating over the n+p
mass rangé.using the (3,3)_elastic scattering cross sectibn.
The solid curves in Fig. 31 show the predictions of

GIOPE for dd/th (vp —>A++ﬁ"). For comparison we also give
The prédictions for C = 1 (dashed curves). Except for the
very low [t| region, too much a*™ is predicﬁed.

" In Fig. 32 we compare tﬁe predictions of GIOPE with the
measured density matrix parameters and Po as calculated from
these. It can be seen that the additional diagrams of Fig. 33

simulate some natural parity exchange contributions in the

t-channel. Although there 1s agreement for ltA, ~ 0.1 GeV2
in an average sense we cannot test the strong variations pre-
2.

dicted by GIOPE for |t,| X 0.02 Gev®. For |t,| > 0.1 Gev
some of the pgk and P_ are not reproduced well. The GIOPE
predictions for the pik are eséentially indgpendent of the
value of the absorption parameter C. The density matrix para-
meters pfedicted by the OPE graph alone, namely, p%l = - 1/2,
all other pik{in Eq. 16 equal to zero, bear no resemblance to
the data.

It is also interesting to determine the ratio

R = o(yp -*A++w")/o(yp — a%rt,A% = pr”). If there is only -

f-channel IG

= 1 (e.g., ™) exchange, then R = 9. Stichel and
Scholz in their version of GIOPE keep only_cdntributions equi-

valent to this IG = 1~ ‘exchange in the t-channel and hence:
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81,84

predict R'= 9. Other versions of GIOPE ‘drop this

G _ 1~ t-channel exchange and R becomes a

restriction to I ’
function of tA; If this R #9 is then interpreted in terms
of t-channel effects aloné it can be takeh_as evidence for

G G _

I" = l+‘(e.g.; B) or I 2'_(ekotic) exchanges. Our data

on R (See Table XIV) are consisten%uwith'either version of

GIOPE. The data of Boyarski et al. for a*', a°

, A" produc-
tion offprotons and deuterons are inconsistent with the
éSSumption of T =1 ekchangé aléne and led to spernlations
on the existence of exotic exchanges.29 We point out that
these data may bé understood 1in terms of the GIOPE modei.85

Vector dominance (VDM) relates the reactionvyp'—*A++n'
to the réaction ™D - AV° where V° is po, w or ¢. Gotsman32
has fitted the latter reactions to a sum of Regge exchange
amplitudes in order to perform the line reversal needed for
the comparison. With 'yi/’-#‘lr = 0.5 (v, describes the y=p
coupling strength), his predictions for 5 GeV are in fair
agreement with our do/dt, for ItAl > 0.1 GeV®. While his
predicfions for some of the pik and for P (sec 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

The production of i pairs in the s-channel c.m.
helicity-conserving p-wave state, determined in a model-inde-
-pendent way, accounts for almost all evénts in the p° region
and showé the same skewing as the n+ﬂ- mass distributions. We
haveiobserved 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 Mﬁﬂ. The Ross-Stodolsky factor,_
[Mp/Mm]u, used to explain the p° mass shift is inconsistent
with dur observed t dependenée of the p mass shape. Further-

10 and others65'67 that

moré, the prediction of Ross-Stodolsky
the factor should work at t = O, is not supported by the data
near t = 0. We have observed an interference of the po ampli-
tude with background. These features are well described by
the interference model of S¥ding. Since it is necessary to
use a modei to determine the p® differentiel cross section,

we emphasize that an uncertainty is introduced which is much
larger than our experimental errors.

From the correlation of the pO decay with the polariza-
tion vector of the incident photon we find that the reaction
yp —’pop proceeds almost completely thrqugh natural-parity
exchange up to |t| = 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.
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We have observed evidence for po-w interference in the

reaction,yﬁ,F*ﬂ+ﬂ'p. Oour results are consistent with the

21 23 -

prediction by Goldnaber, Fox, and Quigg and by Hornj

they are also in agreement with the results for poaw inter-

ference in- diffractive photoproduction of vector mesons on
'carbbn.go"
A‘The cross éections, density matrix elements, and parity

asymmetry of the reaction <yp f*A++ﬁ- have beén measured as a

function'of«tA. The average values for ltAf < 0.5 GeV2,
P, = -0.27 + 0.12 and P_ = -0.53 * 0.15 found at 2.8 and 4.7 GeV,

respectively exclude a simple OPE model,
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‘APPENDIX A: Comparison of Measurements at LRL and SLAC.

| About  half of the three-pronged events from the
2.8 GeV sample were measured at both SLAC and LRL. The measﬁre-
ments at LRL were made on Spiral Reader II. The purpose of

the test was to check that the measurement and reconstruction
‘results ﬁere consistént between laboratories.
Figure 34 displays the confidence level scatter plot for

+

the 3-constraint fits (reaction Yo =+ 7' 7w p); the abscissa of

an event gives the LRL result and the ordinate the value of
SLAC. The approximately uniform density of events Indicates |
that the calculatederrors from TVGP and SQUAW are primarily
due to point scatter in measurement. If Coulomb scattering
errors were dominant, the‘xe probability for one measurement
would be'stfongly correlated with a second measurement.

In contrast to the confidence levels, the incident gamma
energies as determined from the 3-constraint events measured
by LRL and SLAC, as shown in Fig. 35, display the expected
450 line behavior. The scatter from a straight line indicates
the meaéurement error for Ey. There 1s a small energy differ--
ence (z.15 MeV) between LRL and SLAC. This discrepancy 1is
small, and consequently no attempt was made to reduce it,

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

part of the error for Ey to be * 21 MeV. This error is sligntly
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smaller than the calculated error from TVGP-SQUAW of * 24 MeV
(for Ey above 2.4 GeV) again emphasizing the dominance of
measurement errors over those due to Coulohb scattering.

We givé the difference betweeﬁ the LRL and SLAC values
for the dipion mass in Fig. 36 and the angle y in Fig. 37
(see Section IV;C for definition of ). Both these distri;
bution are'for events in the p° mass region. Aéain, we see
a slight difference for the dipion mass as measured b& LRL ahd
SLAC (1.5 MeV), which 1is small compared to the uncertaint& in
the fitted mass of e.g. the pO given by the maximum 1ikelihood
program (éMp = * 3 MeV). The width of the distribution in
Fig. 36 gives the measurement errors for Mﬁw to be * 4.5 MeV
and is again siightly less than the caléulated error from TVGP
(+ 5 MeV) and the determination from the K° decays (* 5 MeV).
Excellent agreement is found in the comparisoﬁ of the angle Y.
The width.of'the distributién in Fig. 37 gives the measurement
uncertainty in ‘the aﬁgle Y as # 0.49 which is much 1ess‘thén the
systematic uncertainty 1in the polarization direction of the
laser beam itself (% 5°) and consequently in the angle .

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 +yp - 1t pn®. From this

*trp events

sample we conclude that the loss of gZenuine yp =
is less than 1% and contamination of O-constraint events into

reaction (1) is less than 1%.
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_‘We found no significant discrepapcies.between IRL and
SLAClmeasuréments, and conclude that‘the procedures for
measuring.and reconstruction for the two laboratories are

compatible.
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APPENDIX B: Fitting Procedure for Reaction &p — aTr"p.
Maximum likelihood fits were made using the fitting

program OPTIME87 developed at the Lawrence Radiation Labofatory
by P. Eberhard and W. Koellner. The user supplies a function
with n vapiable parameters. OPTIME, in a stepping process,
'adjusts the parameters such that the sum of the logarithms of'
the funcfion over all data points reaches a maximum. If, as
in our case the function is unnormalized, integration data

points are generated by the Monte Carlo program SAGE?8 which

1s a sel of subroutines in OFIIME. For optimum efficiency
the frequency distribution of the SAGE-generéted events can
be made to resemble as closely as possible'the function to be
1ntegfated'by coding various subrogtines,'

The effect of a finite number of Monte Carlo events used
in the integration of the unnormalized function was checked by
generating a second set of Monte Carlo events to normalize the
function. The optimized parameters for the two maxiﬁum likeldi-

hood fits were required to be within 1/2 standard deviation of
each other; otherwise, the number of Monte Carlo events was

increased.
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APPENDIX C: Description of the S3ding Model

11

The predictions of the S8ding model have been calculated

using a Monte Carlo program written by P. Séding. The formulas
employed'differ from those given in Ref. 11. We aésume thé rho.
amplitude to be helicity‘conéerving in the s-channel c.m.
"system. The rescattering ﬁerm prqposed by Bauer52 and Pumplin53
“discussed iﬁ Section IV.is.also included. _

In the following we give a brief description of the Sdding

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

+

the matrix element for the reaction yp = 7w 7 p is the sum of

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

rescattering amplitudes (Diag. IV) -

IM[2 = |F, e Tt

,2
P PP

oms T E"+(€y-w") s (19)

~ A+
+ E"-(ey-w ) oms

where 67 is the polarization vector of the incident photon in

~ A lad A ~ :
the center of mass system, ep =p X [ey x p] and p 1is the,po :

-direction of flight in the center of mass system; nt ié the

directlon of the wi in the appropriate system. The coef'f'icient

ep.w; multiplying Fp insures helicity conservation for the rho
in the s-channel c.m. system. The po-production is. assumed to
be mainly absorptive and its decay is taken to be a Breit-

Wigner form with a Jackson type width?l Thus for Fp we use
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. . A t/2
FP = NP 2-1 g P 3 (20)
M “- - i
o an i MpPp A

where Ap is the exponential slope of the.po (see Table VIII

~bottom) and t is the momentum transfer squared between target

and recdil,protons,

For the Drell amplitudes we use

- o 5
) t N, T(m+p) Mp - Mrw , R
P = - s - (21)
o m -t * (Mp M -1 MpP)
(mp=tt) (1 + —) |

where t"i is the square of the momentum transfer between the

photon and 7>, The tern (1 + (mwg-twi)/g)"l is the Ferrari-
89

~ .
Selleri form factor - with g = 65 GeV-. The elastic mp-

scattering amplitude is

3
T(Wip) = ;E; [(E+1) Az + 4 AE] P, (cos®) (22)

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

. are the Legendre polynomials. The elastic mp partial wave
am.plitudes,90 defined by

+
. - 218

A= (e - 1)/2ik | (23)
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correspordto J = 4 #* %. For mp the apprbpriate isospin sum

is used. For the energy of the mp system greater than i;?4
GeV we fake T(wip) to be purely imaginary with an exponentiél
t dependence. 'The_spin-fiip\term;which should not interfere
with the p? was not inéluded for the determination of the po
‘eross sections. Within errors the same p° cross sections are
obfained‘whén the extreme assumptioh is made that the mp elastic
scattering amplitude T(mp) is purely imaginary, T(mp) =
i|T(mp) ]| . | - |

The term multiplying the np-scattering’amplitude in Eq. 21
ié to account for double counting (see Section IV).54 This
factor has been shown by Bauer52 and Pumplin53 to be equiva-
lent to adding the absorptive part of the reécattering term
(Diag. IV of Fig. 15) to the p° and Drell amplitudes.

L1 jas pointed out that possible modifications to

P. S3ding
make the amplitude gauge-invariant will not change the essential

results of the model.
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