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At the Deutsches Elektronen-Synchrotron
(DESY) 6.2-GeV electron synchrotron, exper-
iments are in progress to investigate the lep-
tonic decays of vector mesons. ' We report
here a measurement of the branching ratio

B= 1 (p' —e+e )/I'(p' —~+v ),
—

from which the coupling constant g p may be
obtained directly. To obtain (1), the rates of
the two reactions

y+C-C+ p'
L e++e-

(2)

(a) BH background must be kept small, as
its subtraction contributes to (1) a statistical
uncertainty as well as an uncertainty caused
by lack of precise knowledge of inelastic car-
bon form factors. At symmetry, for a given
pair invariant mass M=2/8 (p is the momen-
turn of the electron and positron, 0 the angle
of each with respect to the y beam), the BH
counting rate varies roughly as 9, whereas
the p'- e+e pair rate varies as 8 '.

Therefore,

( p - e+e )/BH = 8'
and

y+C-C+ p'
~ ~'+~

y+C -C+e++e (4)

For the case that the lepton pair e+e has
an invariant mass M &600 MeV/c', the Comp-
ton term has been estimated and measured'
to contribute less than a few percent to (4) for
pair production angles 8 & 7'. Therefore, for
M. & 600 MeV/c' Reaction (4) can be used as
a sensitive test of quantum electrodynamics
at small distances. ' As first suggested by
Berman and Drell, ' however, the Compton
contribution will be greatly enhanced if I is
equal to the mass of a vector meson (p,
or p); hence (4) can also be used to study the
leptonic decays of vector mesons.

For a measurement of the branching ratio
(1) to be meaningful, three major error sourc-
es must be reduced or avoided:

were measured under the same kinematical
conditions and with the same apparatus, a sym-
metric double-arm magnetic spectrometer
which has been described previously. ' The
measurement of (3) is the subject of the pre-
ceding Letter, s which is referred to as I in
what follows.

To first order, both the Bethe-Heitler (BH)
and Compton diagrams contribute to the reac-
tion

and the BH background can be reduced by ob-
serving p -e+e at large angles.

(b) The process e -e e contributes to the
measured e e rate at the ~ mass. However,
by using a spectrometer with a mass resolu-
tion comparable with the ~ natural width, one
would see any sizable contribution from this
process as an enhancement in the e+e invari-
ant-mass spectrum. Similarly, a large inter-
ference effect between p and ~ could be detect-
ed, as it would cause a distortion in the shape
of the e+e mass distribution. However, there
are arguments that the rate of p'- e+e- » rate
of e —e+e: Bubble-chamber data show for
H2 that e photoproduction =10% of po produc-
tion. If p and ~ are produced by similar mech-
anisms, ~ this holds for carbon as well. Then
the SU(6) prediction' of the ratio

y 2:y 2:y '= 9.1:2
p (d cp

(6)

gives the result that e-e+e is only 10% of
p'- e+e

(c) To obtain an accurate value of the branch-
ing ratio (1) both the po production cross sec-
tion and the p polarization must be known over
the kinematical region for which e+e pairs
are accepted. For this experiment, system-
atic errors caused by the p' cross-section mea-
surement were reduced by measuring both (2)
and (3) with the same apparatus. Also, the
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p polarization was determined indirectly as
implied in I, the conclusion being that p pro-
duction at forward angles proceeds via diffrac-
tion dissociation, the p', therefore, being com-
pletely transversely polarized. The angular
distribution W(8*) in the p' rest system is then
determined: For pion pairs,

11. ~(thear. )

10.

1) Asbury ~taL, PR. L. 18, 65(1967)
2) 8~=9.54, 9 =2.250 GeV/c

3) 8.=15', A=1,400 GeV/c

4) 8a=l5, PI= 1.950 GeV/c

W (8*)=(3/87r ) sin'8*,
7|'7r

(7)

and for the electron pairs,

W (8*)= (3/16m ) (1+cos'8*) (6) i2)

(8* is the angle in the p' rest system between
the decay products and the incident y-ray di-
rection).

On the basis of considerations (a)-(c) above,
the experimental arrangement was chosen to
minimize systematic errors as follows: First,
the largest central pair opening angle consis-
tent with a reasonable counting rate was cho-
sen, namely 30'. The uncertainty in inelastic
form factors then introduces an error =5'fo in
the BH subtraction. Second, hodoscopes (de-
scribed in Ref. 2) giving a mass resolution of
+15 MeV/c' were used to enable &u —e+e con-
tributions to be observed. Finally, as described
in I, errors in the p' production cross section
due to the presence of nonresonant m+m- back-
ground were reduced to +10% by the careful
study of Reaction (3) for different target elements,
momentum transfers, and incident peak brems-
strahlung energies k . (The bremsstrahlung
beam is described in Ref. 2.)

The e+e pair rate at 8, = 15' and p, = 1.400
GeV/c (central pair mass Mo =750 MeV/c2)
was much larger than that predicted by quan-
tum electrodynamics (QED). To show that this
apparent deviation is caused by an enhancement
in the Compton diagram and not by a fundamen-
tal QED breakdown (modification of Feynman
propa, gator or vertex), a run was taken at 8,
=9.5', p, =2.25 GeV/c (M, also =750 MeV/c').
As shown in Fig. 1, the ratio

Experimental yieldR=
Bethe -Heitler yield

increases rapidly with angle, in a manner con-
sistent with Eq. (5), demonstrating that the
large pair rate for M=750 MeV/c2 can be ex-
plained without invoking a fundamental break-
down of QED.

Also shown in Fig. 1 is the value of R obtained,
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FIG. 1. The ratio 1t = (Experimental yield)/(Calculat
ed BH yield) is shown as a function of the invariant
mass of the e+e- pairs.

B = (6.5 + 1.4) x 10

As a direct application of our knowledge of
the behavior of p' photoproduction cross sec-
tions on carbon IEq. (2), preceding Letter]
and B determined in this experiment, the p
photoproduction amplitude (2) is determined
experimentally to be of the form

A =D(k)pe ie /(m -m im 1"), -2at. ip 2 2

p p

where ie'+ is an arbitrary phase and where
D(k) normalizes the amplitude to the observed

on the basis of ten events, for the spectrom-
eter setting 8, =15', P, =1.95 GeV/c (M, =1020
MeV/c'). Here the observed e e pair rate
is =7 times that expected from BH; this gives
strong evidence that the decay y - e+e has
been observed.

The mass spectrum of e+e events is shown
in Fig. 2(a). The BH background has been sub-
tracted, and all corrections have been applied.
The spectrum is in agreement with the modi-

fied Breit-signer mass distribution' of p -m n

of 1 (1" =130+5 MeV' and M =765 MeV/c').p p
The smoothness and approximate symmetry
of the distribution indicates that the cu - e+e
contribution is (5%.

The branching ratio (1) is now obtained by
dividing the integrated yield of Fig. 2(a) by the
yield of p mesons produced in the same accept-
ed region; this latter yield is shown in Fig.
2(b). Taking the polarization factors given
in Eqs. (7) and (8) into account, we obtain the
result'
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zero-degree p' photoproduction cross section. In the region of the p' mass the dominant virtual Comp-
ton scattering amplitude is therefore of the form AC —-A ~ . A e+e —with A ~+e —being they~p py-- y~e y
amplitude for timelike y-& pairs. The interference between the BH and Compton processes is
then described by the cross section

int dE dE dQ dQ , G (q')E E

&at 2
g 7W

P YP'G
(k)m2

(E E i / 1 1
&& 2m I I+21 + I[-,'~ (E E )+k.p E k.g, E ]j (kp kp j ' + — + — — +

/Qe, Qp ~
——(P P +P P )I — -I D(k)ae~ +. —. +& -& ip k

z
ie

(9)
m 2-m2-zm I

p p

where k = photon four-momentum; G(k) = brems-
strahlung energy spectrum; M = mass of tar-
get nucleus; Q =k+P p-p (re—coil four-mo-
mentum of nucleus); P = initial four-momen-
tum of nucleus; and t=(k —P+ —P )'. The met-
ric chosen is@»=1, g;;= —1 (i =1, 2, 3), and

the y-p coupling constant g p is directly deter-
mined from the branching ratio B.
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FIG. 2. (a) Pair yield from p z z as function of
invariant mass. BH background has been subtracted,
and the magnitude of the yield includes the effect of
the complete polarization of the p mesons. The peak
bremsstrahlung energy kmax =6.0 GeV. {b) Pair yield
from p 7(+x as function of invariant mass. Again
the effect of polarization of the p mesons is included
in the calculation of the yield. The momentum p is
2.8 GeV/c, and km~ =6.0 GeV.

The interference cross section dajnt is asym-
metrical under interchange of four-momenta
of electron (p ) and positron (p+), and thus
can be observed by taking the difference between
two asymmetrical yields for spectrometer set-
tings of opposite polarity. The resultant yield
is then independent of any possible systematic
asymmetry in the spectrometer as well as pure
BH and Compton contributions.

Our measurements at 15', 1400 MeVic (m0
= rn&), when compared with (9), give us P = 15
+ 25', consistent with the prediction of a pure-
ly absorptive (Q =0') Compton amplitude.
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The apparent violation of CP invariance in
the 2v decay mode' of the E,' has led Bern-
stein, Feinberg, and Lee to bring attention
to the fact that there is no substantial exper-
imental evidence that the electromagnetic in-
teraction of the strongly interacting particles
is invariant under C and T. These authors
show that strong violation of T invariance of
the electromagnetic interaction may reveal
itself, through higher order effects, as a T-
noninvariant impurity of 0.1 to I /o in the am-
plitude of the nuclear gamma-decay matrix
element. The invariance under T requires
that the relative phase angle y between the
individual multipole amplitudes of a mixed
gamma transition be either 0 or w. A finite
va, lue of sing would be equa, l to the fraction
of T-noninvariant amplitude present. The most
sensitive experiments previously reported have
employed P -p, -&2 triple coincidence measure-
ments and y, -y, coincidence measurements
following polarized-neutron capture, 4 a,nd quote
an upper limit for sing of the order of sever-

al percent. The present experiment employs
the Mossbauer effect on the 90-keV Mj.-E2
mixed transition' in Ru" and is an order of
magnitude more sensitive, thereby bringing
the measurement well within the region of in-
terest.

Jacobsohn and Henley' have tabulated the var-
ious possible quantities which are proportion-
al to sing. Of these, the term of the form
(k ~ j &e) (k j) (e ~ j) can be obtained experimen-
tally by measuring the recoil-free resonant
cross section of an appropriate magnetic hyper-
fine component in a, magnetically oriented ab-
sorber for linearly polarized garnrna rays.
Let the propagation vector k and linear polar-
ization vector & of the incident resonant radi-
ation be directed along the z and x axes of a
Cartesian coordinate system, respectively.
Let the direction of the magnetic field at the
nuclei of the magnetized absorber be specified
by the azimuthal and polar angles & and P re-
spectively. The cross section for a &ni=+1
hyperfine component in the absorber is then
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