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Elastic -meson photoproduction on protons has been measured from 46 to 180 QeV.
The cross section is approximately constant with photon energy and averages 1.10
+ 0.08 pb. The t dependence of the differential cross section is consistent with A exp(b t),
where b = 8.4+ 0.7 Gev ~. The photon-omega coupling constant, obtained from a nor-
malization of hadron elastic-scatterixg cross sections to the photoproduction data of
this experiment (with use of vector-meson dominance and an additive quark model), is
y '/4n= 5.4+0.4.

Elastic ~ photoproduction on protons has been
measured from 46 to 180 GeV at the Tagged-Pho-
ton Laboratory of Fermilab. p and p photopro-
duction cross sections have been published pre-
viously. ' The data were taken during photon
total cross-section measurements. "

The ~ was detected by its all-neutral decay,
&u-m'y-yyy (branching ratio =8.8%), with all
three photons measured in two lead-glass show-
er-counter arrays. The Pb-glass arrays, G2
and G3, are shown schematically in Fig. 1. The
C counter was a lead-scintillator shower count-
er located in the beam region downstream of
63. Four scintillation recoil detectors surround-
ed a 1-m-long liquid hydrogen target. Other
detectors (not shown in the figure for clarity)
consisted of six multiwire proportional chambers
(MWPC's), located in front of GS, and several
multilayer lead-iron scintillator counters. More
details on the detection apparatus can be found in
Ref. 2. The apparatus was moved along the beam
direction to scale the acceptance geometry for
different electron beam energies, E,. Data were
taken with E,=90, 135, and 200 GeV, resulting
in tagged-photon energy from 46 to 180 GeV.

An event was considered an elastic cu-~'y can-
didate if it had three photons of energy greater
than 1 GeV incident on 62 and 63. The electro-
magnetic energy in G2, 63, and C was required
to be at least 90% of the tagged incident-photon
energy. The 10%%uo error margin allowed for the
energy resolution of the apparatus and beam,
and shower leakage for photons incident near the
inside edges of the Pb-glass counters surround-
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FIG. 1. Simplified schematic of apparatus, showing
lead-glass shower-counter arrays 62 and 63.

ing the central hole in G3 and, more importantly,
G2. The lead-iron scintillator counters in the
apparatus were used to veto events which were
inconsistent with exclusive three-photon final
states.

Events with more than one track in the IVPVPC's

were rejected. If there was one track, its posi-
tion given by the MWPC's had to agree with a
shower position in G3. Most accepted events
have zero chamber tracks. There is, however,
a 10%%uo to 20%%uo probability (acceptance dependent)
for one track due to a y-8'e conversion in the
hydrogen target or the vacuum window just up-
stream of the MYVPC's.

The two-photon invariant-mass spectrum for
events surviving the analysis cuts for ~-r y
candidates is shown in Fig. 2(a). Each event
contributes three two-photon combinations. About

3 of the conbinations peak in the m' mass region,
indicating that most events are compatible with
a m'y state. The ~' candidate for each event was
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FIG. 2. Two-photon invariant-mass spectrum for
& -7t y candidates. Each event gives three M&& com-
binations, shown in (a). In Ib) only the combination
nearest the & mass (one per event) is shown.

FIG. 3. Three-photon invariant-mass spectrum for
events passing a11 analysis cuts.

chosen to be that photon pair with a mass nearest
to 135 MeV. The resulting two-photon mass dis-
tribution is shown in Fig. 2(b).

The three-photon invariant-mass spectrum for
events which have a two-photon combination be-
tween 80 and 220 MeV is shown in Fig. 3. The
mass distribution shows a clear peak at the ~
mass (783 MeV). The width of the peak is dom-
inated by the energy and position resolution of
the photon-shower reconstruction and by the un-
certainty of the ~-decay vertex position, as-
sumed to be at the center of the hydrogen target.
The energy and position distributions of the pho-
tons in 63 and G2 agree well with Monte Carlo-
generated distributions for w -m'y production.

The decay polar angle distribution in the helicity
frame for aI-II'y (J': 1 -0 +1 ) is shown in
Fig. 4. The number of events in each cos0 bin
is corrected for acceptance losses. The angular
dependence expected for s-channel helicity con-
servation (SCHC) is 1+cos'0, shown by the curve
in Fig. 4. The data are consistent with SCHC,
in agreement with lower-energy measurements. ~

For the calculation of the ~ photoproduction
cross section, the observed yield of m'y events
above background was corrected for events lost
because of the geometric acceptance of the ap-
paratus, the event reconstruction efficiency, and
the analysis cuts used to select ~-m'y candi-
dates. The correction factor, as determined
by a Monte Carlo simulation of the entire analy-
sis procedure, averages 3.04. The number of
background events was obtained from a fit of
the mass distribution at each of the three elec-
tron beam energies. It ranges from 10% to 20/p
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FIG. 4. Decay polar-a~~le distribution in the heli-
city frame for ~ -&Oy. The curve has the form 1
+ cos20.

of the events in the & mass region. The correc-
tion factor for the contribution of p -m'y events
is 0.98.5

The cross section is also corrected for inelas-
tic aI photoproduction, yp —aIX, where X repre-
sents a target dissociation (or excitation) with no
detected downstream products. Elastic and in-
elastic events ean be statistically distinguished by
their different probabilities for firing n = 0, 1, or
) 1 or the four recoil counters surrounding the hy-
drogen target. Elastic events are expected to
haven =0 or n =1 (usually n =0), with probabili-
ties computable from range-energy relations.
Inelastic events almost always have n =1 or n)1
(usually n )1), with probabilities determined from
a simple Poisson model which agrees with had-
ronic studies of target dissociation. Our re-
sults are not very sensitive to details of the mod-
el, The inelastic-event contribution was deter-
mined to be (26+ 4)%.'
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TABLE I. The elastic cross section, 0(~-&P), edith
statistical uncertainties.

IO—

E, (Gev) E& (GeV) 0 (Pb)

90
90

135
200

53+ 7
71+11
95+ 27

140 + 40

1.17+ 0.18
1.04+ 0.16
1.11+ 0.13
1.08+ 0.18
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Another criterion for elastic v production is
the coplanarity of the recoil proton and the ~.
The direction (specifically, the azimuthal angle)
of the recoil proton can be predicted from the
~direction of flight calculated from the measured
energies and positions of the decay photons. An
event with a recoil signal in a counter other than
the one predicted from the calculated recoil pro-
ton direction may be classified as inelastic. The
fraction of inelastic events thus determined
agrees with the inelastic-event contribution ob-
tained with use of the statistical method.

The elastic ~ photoproduction cross section is
given in Table I and shown in Fig. 5 with some
lower-energy data. ' The quoted errors are sta-
tistical and include the uncertainty due to the
correction for inelastic events. The systematic
uncertainty was estimated to be + 8% for all data
points and is primarily due to the geometric ac-
ceptance, including the shower reconstruction ef-
ficiency.

The differential cross section for + photopro-
duction was determined from a fit to the data of
the form

dc/dt = Ae
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FIG. 6. Differential cross section for elastic & photo-
production A, B, and C correspond to electron beam
energies &p= 90 135 and 200 GeV. The lines are fits
of the form do/dt =4 exp(bt).

where t is the four-momentum transfer squared.
Events with greater than one recoil counter sig-
nal, or a recoil signal in a counter which is in-
consistent with the predicted recoil proton direc-
tion (azimuthal angle) calculated from the ru di-
rection of flight, were not included in the fit.
This eliminated most inelastic events which are
expected to have a smaller value of b than elas-
tic events. The I; distributions are shown in Fig.
6. The fitted parameters A and b are given in
Table II. The values of b are consistent with
those measured for p and ~ photoproduction at
lower energies and with the average slope of
w'p and ii p elastic scattering.

In vector-meson-dominance (VMD) models,
photoproduction of the ~ is related to &up elastic
scattering. The vp scattering can in turn be
related to mp elastic scattering by additive-guark-
model relations. The photoproduction cross sec-

TABLE II. The forward differential cross section
and slope from a fit to the elastic data of the form
do/dt (yp-~p) =~ exp(yt}.

T p T T

Ep (GeV) E& (GeV) A (p,b/GeV ) b (GeV-2)

I 2 4 6 IO 20 40 60 IOO 200
E~(GeV)

FIG. 5. Energy dependence of the ~ photoproduction
cross section. The curve is a VMD-quark-model pre-
diction normalized to the data of this experiment.

90 64+ 18
135 95+ 27
200 140+ 40

Combined data

9.90~ 1.33
10.11+2.11
8.10+ 2.51
9.24 + 0.96

9.05+ 1.00
9.11+1.66
7.52~ 2.14
8.42+ 0.74
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tion is then given by

xexp(- b
I t;, I ), (2)

whereP, and kz are the momenta of the m and
the photon, respectively, in the ~P and yP center-
of-mass systems (evaluated at the same s). Here
y~' is the y-cu coupling constant, and the factor
exp(-b I t;„I) allows for the minimum I t I in ~
photoproduction. Equation (2) is plotted in Fig. 4
with use of smoothed nP elastic-scattering data. '
The curve is normalized to the ~ cross section
of this experiment. The value of the coupling
constant resulting from the normalization is

y '/4s =5.4+0.4,

and compares with 4.6 + 0.5 from colliding-beam
measurements" and 7.5 + 1.3 from photoproduc-
tion on complex nuclei. " The deviation of the
lower-energy & cross section from the VMD-
quark-model prediction is attributed to unnatural-
parity (pion) exchange in the f channel, which de-
creases with increasing photon energy approx-
imately as 1/E'. The cross section which is due
to natural-parity exchange only has been m.ea-
sured by Ballam et a/. 4 and is also shown in Fig.
4. There is good agreement with the VMD-quark-
model prediction.
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Calculability in SU(2)L (3) SU(2)„SU(1): The Mass Matrix and CP-Invariance Violation
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It is shown that calculability of the mixing angles in a class of n-generation, left-
right —symmetric SU(2)1.S SU(2)s 13 U(1) models restricts the fermion mass matrix to
be of the form 2 -0" +I & with the constraint Z 0" ml„=n, whereA is a nonsin-
gular m && m Hermitian or complex symmetric block containing 2m —1 elements and
I is the number of such blocks. Such a mass matrix cannot supply GP-invariance-
violatirg phases.

There have been, in the last few years, many
attempts to derive expressions for the Cabibbo
mixing angles, 0, , as a function of quark masses
only. These results were obtained by requiring
the Lagrangian to be invariant under additional
symmetries —Abelian' or non-Abelian discrete
models only slightly distort the initial spectrum

tries —above and beyond the specific gauge group
employed. The motivation for these works has
been "calculability. " Flavor mixing from the
standpoint of natural flavor conservation is dis-
cussed elsewhere. ' In some of these models' a
mechanism combining the CI -invariance-violat-
ing phases and mixing angles was generated by
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