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The reaction y+ C-7t++m + C has been investigated in the invariant-mass region of
the p and ~ mesons and shows distinct interference effects between the p and ~ contri-
butions to the cross section. The experiment was performed at a mean photon energy of
4.2 GeV with 140 000 events. A phenomenological analysis of the data yields the result
r~ 2~=0.091 +0 Dg MeVlc . The relative phase of the p and cu terms in the amplitude is
obtained and discussed.

Several observations of the 6-parity-noncon-
serving decay ~ - n'7t have been made for vari-
ous production processes' ' by using interference
between the p a.nd & channels. These have indi-
cated that the decay width I' 2, is up to two or-
ders of magnitude higher than that calculated for
the pure electromagnetic decay. Such experi-
ments have, however, been of limited statistical
significance to date.

One of the earliest calculations of the effects
to be expected is due to Greenberg' who gives
references to earlier work. The first quantita-
tive observation of the effect was made by Flatte
et al. ' who used the reaction & P -Am'7t and ob-
tained I',„/I' s, —=8„„)0. 2%%uo. A later ex-
periment (m'P -n'w b, ")by Goldhaber et al. '

showed evidence for a dip at the ~ mass in the @-
pair invariant-mass spectrum. They deduced
that & „=(2.7',",)%.

The production of charged pion pairs in elec-
tron-positron annihilation provides a means of
observing p-v interference in a reaction which
is independent of strong interactions. Such an ex-
periment has recently been performed' using the
electron-positron storage rings at Orsay. An
analysis of the mass spectrum obtained yielded
the result 8„, „=(3.5's2', )%%uo. The interference
was destructive. The pha, se obtained will be dis-
cussed in the conclusions.

The reaction y + C —~'+ 7t + C is equally attrac-
tive for observing the decay ~ —~'Tt, since the
production mechanism is reasonably well under-
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stood, and it has the advantage that good statis-
tics are easily obtained. Previous experiments
of this type' have failed to detect interference be-
cause of insufficient data at one setting or inade-
quate mass resolution.

The present experiment overcomes both these
shortcomings'. 140 000 events were observed at
one photon energy with an experimental mass
resolution of +4 MeV/c'. The data show clear
evidence of p-~ interference.

The apparatus consisted of two identical mag-
netic spectrometers and was basically the same
as that described previously. '' The mass reso-
lution was improved by overlapping the scintilla-
tors of the momentum hodoscopes and by intro-
ducing extra counters into the 6) hodoscopes. The
effective number of bins in each hodoscope was
doubled, resulting in a calculated mass resolu-
tion of +4 MeV/c'. The acceptance of each spec-
trometer was defined by scintillation counters to
avoid slit scattering effects. The solid angle of
each spectrometer was 0.5 msr with a momentum
bite hP/P =0.11. No discriminating devices were
required to identify pion pairs since the produc-
tion of other particle pairs at the settings used is
negligible.

A collimated photon beam of maximum energy
4, 6 GeV from the accelerator NINA was used to
produce pion pairs in a thin carbon target. Car-
bon was chosen as a convenient zero-isospin nu-

cleus, for which one-pion exchange effects are
small. It also gives strongly coherent production
of vector mesons in the forward direction and
was suitable for the related electron-pair experi-
ment. ' The spectrometers were set symmetri-
cally for a mean momentum of 2. 1 GeV/c and at
six angles between 8.0 and 10.5'.

The raw data were reduced analytically to pro-
duce a cross section (da/dtdm)~, „asa function
of mass, which could be compared with theory.
This is in contrast to the electron-pair experi-
ment, ' where a Monte Carlo method was neces-
s ary.

For each angle setting, events were initially
classified into invariant-mass —squared bins of
width 0.006 (GeV/c')' using 'm= 2m'+ E2, E
—2P+P cos(9, +& ), where symbols have their
usual meanings and P„P,0, , and 9 were the
mean values of these quantities for the appropri-
ate momentum and angle bins. Events with a
count in only one bin of each hodoscope were an-
alyzed to produce the mass spectrum. Ambigu-
ous events with not more than two counts per hod-

oscope were included in the final cross section.
The total events in each run were corrected for
dead times and accidentals.

Accurate relative acceptances of the momentum
(&p) and angle (&8) bins were obtained using the
pair data itself. The overall acceptance was cal-
culated by a Monte Carlo method. Hence the ac-
ceptance in laboratory parameters (rP, EP b, Q, b, Q )
for every hodoscope combination was calculated.

Now assuming that (a) the photoproduction of p
mesons is mainly diffractive, ' (b) the pion-decay
angular distribution in the p c.m. system is pro-
portional to sin'0*, where ~* is the angle between
one pion and the p direction, and (c) the photon
spectrum is proportional to dk/k, one may show
that

de 1 do
dtdm, 0 SZdp, dp dQ, dQ

where

htS= — -k'e 'sj.n 9*
Bn'

J= B(Q, , k, m, Q*)
8(p„p,Q„Q )'

Here ~& is the solid angle in the laboratory into
which the p meson is produced and ~ is the solid
angle corresponding to 0*. Hence for a given
mass bin, the cross section is given by

dv Q No. of events
dtdm, o VQS J(b, P+hP AQ, AQ )

'

where the sums are taken over all hodoscope
combinations defining a mass within the bin and
X is a normalizing constant. The data were ana-
lyzed in this way using' ' b = 47 (GeV/c) '. Abso-
lute normalization of the cross section took into
account decay and absorption of the pions and ab-
sorption of the photon beam in the target. The
measured cross section as a function of invariant
mass is shown in Fig. 1. In Fig. 1(a) the data
from the various angular settings of the spec-
trometers are shown separately to indicate their
consistency while in Fig. 1(b) all the data are
combined.

Experimental resolution was taken into account,
by smearing the theoretical spectrum during the
fitting procedure.

The general theoretical cross section used was
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of the form

dtd
—

dt „mPrP 2 2, l- + 2 2„.r +U+ZV +N'

re
0 rn, rn 4m„d(~ C

m mf

which incorporates the Jackson" form of the
Breit-signer formula for the p propagator. The
first two terms of the amplitude may be inter-
preted phenomenologically as due to contributions
from the diagrams of Figs. 2(a) and 2(b). The pa-
rameter ( is then given directly in terms of the
partial width I

where (em„a/2y„)is the photon-vector-meson
coupling constant and A t/z is the amplitude for
vector meson-nucleus scattering.

A more useful interpretation may be derived
from the suggestion~'" '6 that the physical p and
co states are mixtures of pure isospin states p,
and ~, so that one may write
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where e is small and complex. Thus the ~ me-
son may be considered as decaying to n'm

through the p, cha.nnel is shown in Fig. 2(c). If
the amplitude for the two diagrams 2(a) and 2(c)
is written to lowest order in the ~-p coupling
constant 0, each term contains a p propagator,
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FIG. l. (a) Differential cross section da/dtdml ~-0 in
mb Qeg nucleon ' as a function of invariant ma.ss.
Data obtained at different angular settings of the spec-
trometers are compared. Some points are displaced
I MeV/c2 for clarity. The vertical scale includes a
possible normalization error of ~5 "io. (b) The data
of (a) combined. The solid line is the best fit to the
data described in the text. The dashed line shows the
same fit with $ = 0 (no ~ contribution) and the chain
line shows the incoherent background.

FIG. 2. Diagraxns for the photoproduction of 7r pairs
from a nucleus. (a) Kith intermediate p; (b) with in-
termediate ~ decaying directly to 2z; (c) with inter-
mediate ~ coupled to p by a coupling constant A, .
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but by suitable algebraic manipulation and assum-
ing X is small, it may be expressed" in the form
of (1) with

rz' ——146.1 + 2.9 MeV/c',

m =783.2+ 1.6 MeV jc',
$ =0.0097+0.0008, o.'=104.0+ 5.1'.

where y~ and q ~ are the arguments of A~~/A~~
and A, respectively, and the mixing parameter e

is related to A via

The values for the cross section, masses, Bnd
width are in good agreement with previous re-
sults. ""

The absolute value of $ gives

Hence, assuming a, positive value for (y~/y~),

p
m ~

If a negative value of yz/y„ is used, all experi-
mental values of yz in the following discussion
should be changed by 180'.

The coherent background terms, U and V in (1),
have been suggested" as a general modification
to the Breit-Wigner formula Bnd give an effect
similar to that proposed by Soding. " The poly-
nomial background term, W, simulates nonreso-
nant and incoherent m-pair production which is
assumed to vary smoothly over the mass range.
The parameter n is set at 0, 2, or 4. The latter
two values correspond to the models of Kramer
and Uretsky" and Ross and Stodolsky, "respec-
tively.

Formula (1) was fitted to the data with n =0, 2,
and 4 and with coherent and incoherent background
terms. Fits with n =0 were not acceptable be-
cause of the necessary magnitude of the back-
ground terms and high values of the p width and

mass. The best fits were obtained with the Ross-
Stodolsky factor (n = 4). Fits with coherent back-
ground were not so good as those with incoherent
background and gave rather high values for the p
mass. The best fit to the data was obtained using
n = 4 and the previously defined background pa-
rameters C» ~» and C, only. The other free pa-
rameters were do/dt ~, -„mz, r~', m, $, and

e. This fit had y =46.9 for 47 degrees of free-
dom. The corresponding fits for n=0 and 2 had
y' = 54.5 and 48.6, respectively. Apart from the
values of y', the only significant differences be-
tween the fits with n =2 and 4 were in the values
of mz and r&0. The best fit is shown in Fig. 1(b).

For n=4, the best-fit values of the various pa-
rameters were as follows':

dv/df I —,=0.98+ 0.05 mb GeV ' nucleon

m z
——767.7+ 1.9 MeV/c',

„=(0.80",,",)%.

Equivalently ~A. ~/mz ——3.4+ 0.5 MeV/c .
These results'2 use the value of (y /yz)' = 7.0+", ,

given in the preceding paper, ' and assume ~& ~/
Az~~ =1. No a.ccount has been taken of incoher-
ent p production but if the cross section for this
is less than 10% of the total, the effect on the
values of r~ 2„and ~A.

~
is considerably less than

the statistical errors. The above results may be
compared with the Orsay value ~A~/m ~

=8+ 3
MeV/c .

Assuming' '' that y~ in Eq. (2) may be identi-
fied with the phase p =100"„'deg, measured in
the electron pair experiment, ' the result for o.

gives pz ——-99",,' deg. The corresponding phase
from the Orsay result, e =164+28', is, Bssum-
ing yz/y =+1, yz —-54+ 28' in direct contrast to
the above. If, however, one takes the value of

cp~ —-22*25', as suggested by preliminary results
from DESY,"which is consistent with the diffrac-
tion model, one obtains yz ——-21+25'. This is
also not in agreement with the Orsay result but
is compatible with the predictions of several au-
thors, """based on both theoretical and experi-
mental values for the magnitude of A..

The imaginary part of X, which is due to real
intermediate states in the &u-p coupling (2~, 3~,
&Oy), has been estimated" to be approximately
+0.2 MeV/c'. The real part of A. , due to the self-
energy contributions of virtual intermediate
states, h3s been predicted" from the mass split-
ting of the meson states in SU(3) to be +5.0 MeV j
c'. Thus the theoretical estimate of ~A~/m~ is in
reasonable agreement with the experimental re-
sult, whereas the theoretical phase, pq = 2',
would agree with experiment only if y& were
close to zero.
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