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on the hypothetical reaction

v reT =y te”, (12)

we find, using expressions for the total cross
section of Reaction (12) given in the literature,!®

f"("e +e~)g(B)dr=2.5%10"% sec™!  (13)

per target electron.
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We report e-m coincidence measurements
on the electroproduction reactione™ +p -e™
+n +7 7 with kinematic conditions chosen to
maximize the contribution from the exchange
of longitudinally polarized photons. The yield
is sensitive to the charge form factor of the
pion, and the data have been compared with
a theoretical model with the conclusion that
the pion charge structure is not very different
from that of the proton.

The electroproduction of a pion is assumed
to take place through the exchange of a single
photon.! Figure 1 illustrates the kinematic
definitions we will use (in general, lower case
letters refer to the laboratory frame, capitals
denote the corresponding quantities measured
in the final pion-nucleon rest frame). We wish
to maximize the effect of the pion-pion ampli-
tude corresponding to the direct absorption

of the virtual photon by a virtual charged pion
emitted by the target proton. The pole occurs
at (g—k)*-u2=0, or cos®=1/B;, so we should
expect the largest contribution in the physical
region at © =0, that is, for pions emitted for-
ward along the momentum-transfer direction
K. Transversely polarized photons cannot trans-
fer their helicity to forward-going pions, so
at © =0 the pion pole can contribute only when
the photon is longitudinally polarized. Further-
more, since the dominant 33 resonance contri-
butes mainly to the magnetic dipole amplitude
(a transverse multipole), the pion-pole term
does not have to compete with the resonance
in the longitudinal part of the electroproduction
yield

Fortunately the contributions of transversely
and longitudinally polarized virtual photons
are readily separable experimentally in the
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(a)

FIG. 1. (a) Diagram for the reactione+N—~e+N+m
assuming single-photon exchange. (b) A view of the
momentum vectors in the laboratory frame illustrating
the angle definitions used in this paper. Although the
angle © between the pion momentum and the momentum
transfer vector k is shown here in the lab frame, © is
referred to the pion-nucleon center-of-mass frame
throughout the text.

case of pions detected along the momentum-
transfer direction, since at © =0 the electro-
production differential cross section can be
written® in the form

A% /dE'dwdS = rT[T(k"’, W) +eL (%, W)],

where
_a E W2—M2< -K? 29)
L& B a2 e Ot g)

a known function of the kinematic variables.

In the above formulas E and E' are the incident
and scattered electron lab energies; dw is the
electron lab solid-angle differential; dQ is the
pion solid angle in the pion-nucleon rest frame;
and

€ =[(=k2/k?) cot?(6/2)][2 + (-#?/K?) cot?(8/2)]*

is the polarization of the exchanged photon (trans-
verse and longitudinal) in the pion-nucleon frame.
The polarization € is mainly dependent on the
electron lab angle (for fixed k% and W), and
varies from €=1.0 at 6 -0 to € =0 at § =180°,

At © =0 the p-dependent terms in the cross
section' vanish, and T and L are functions only

of k%, the invariant four-momentum transfer
(negative here), and W, the total pion-nucleon
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center-of-mass energy.® In the limit 220,
T approaches do/dQ(y +p—n+1t; W; ©=0),
while L approaches zero.

No new techniques were involved in the ex-
periment. At the peak of the acceleration cy-
cle, the internal circulating electron beam of
the Cornell 2-GeV synchrotron struck a liquid-
hydrogen target mounted in the synchrotron
vacuum chamber. The flux was monitored by
observing the forward bremsstrahlung yield
with a Quantameter.* Scattered electrons were
magnetically analyzed and detected using a
quadrupole spectrometer and counter telescope
as in previous Cornell experiments.’> Electro-
produced pions were detected in coincidence
by a similar spectrometer system on the other
side of the beam. Throughout the experiment
the pion-photon angle was fixed at © =0, while
E, E’, and ¢ were always adjusted so that —k?
=2.96 F~2=0.115 (GeV/c)? according to the
relation 2% =—-2FE'(1-cosf). Data were taken
for two values of W, 1210 and 1313 MeV [given
by W2=M?+k*+2M(E~E')]. Each data point
was repeated at several electron lab angles
(6 =15°, 30°, 55° at W=1210 MeV and 6 =15°,
30° at W =1313 MeV),® thus giving a range in
photon polarization € from 0.45 to 0.93. Inci-
dent energies E varied from 600 to 1600 MeV.

The 20-MeV sensitive range in W was set
by the pion-spectrometer momentum resolu-
tion (7% full width at half-maximum) and was
overmatched on the electron side. The elec-
tron momentum aperture (10% full width at half-
maximum) was split into three counting chan-
nels to provide a continuous check on the mo-
mentum matching. The solid-angle apertures
(5 msr on both sides) were split into four co-
incidence channels to check that the yield was
not varying rapidly over the détected angular
range. All data were normalized to elastic
electron-proton scattering yields measured
in the electron spectrometer with the same
incident energy. After normalizing, the sig-
nificant systematic errors come mainly from
uncertainties in the pion apertures Ag and AQ
and the effect of the 0.0005-inch polyimide tar-
get wall. The combined systematic error is
strongly correlated from one data point to
another and is estimated to be less than 9%
in the normalized electroproduction cross sec-
tions. With a beam duty cycle of about 1% and
a coincidence resolving time of about 2 nsec,
accidental coincidences were not a serious
problem, although the true coincidence rates
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were typically very low. Data were corrected
for pion decay and absorption and for radiative
effects.” To check the experimental method
and the interpretation of the results, we also
measured electron-proton coincidences under
the same conditions, corresponding to 7° elec-
troproduction at © =180°,

The data are plotted in Fig. 2 in the form of
the reduced cross section

1 __d
’
FT dE'dwd

vs €(0), the photon polarization parameter.
The single-photon-exchange assumption implies

a straight-line behavior, with an intercept equal

to the transverse contribution 7" and a slope
equal to L, the longitudinal term. The promi-
nent slope in the 7t data clearly show the pres-
ence of an appreciable longitudinal effect; in-
deed both plots are consistent with zero trans-
verse contribution.

In order to draw any quantitative conclusions
about F_(k?) the charge form factor of the 77,
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FIG. 2. The reduced experimental cross sections

plotted against the photon polarization parameter. On-
ly the statistical counting errors are indicated. There
is an estimated 9% systematic uncertainty in the over-

all scale factor. For all of the data #%=-2.96 F™2.
The straight lines indicate the predictions of Fubini
et al.® for various assumptions about the value of the

pion-charge form factor. The backward 7° predictions

are independent of Fr.

we must resort to a dynamical model. The
calculation of Fubini, Nambu, and Wataghin®
has been successful in interpreting the results
of inelastic electron-scattering experiments,®
integrated over pion directions. It is an exten-
sion to electroproduction of the photoproduc-
tion theory of Chew, Goldberger, Low, and
Nambu.'® It is based on the Born approxima-
tion plus the assumption that the 33 resonance
dominates the dispersion integrals. Their lon-
gitudinal contribution comes entirely from the
Born terms, involving Fj (k%) in the pion-pole
term and the gauge term,'* while the transverse
is dominated by the resonance and the nucleon
Born terms. The prediction of Fubini et al.
is indicated by the straight lines in Fig. 2, show-
ing the sensitivity to ;. The predicted yield
of backward 7° is purely transverse, in accord
with the data, but at W=1210 MeV, the pre-
dicted cross section (dominated by the reso-
nance) appears to be about a factor of 2 too
large.'? Best fits to the forward n* data are
obtained for F;(-2.96 F~2)=0.87+0.04 and 0.66
+0.04 (statistical errors only) for W=1210 and
1313 MeV, respectively, although large x® val-
ues (6.6 and 8.5) indicate either that the theo-
ry is inadequate’® or that there are large un-
known systematic errors in the data. Our es-
timated 9% systematic scale uncertainty in the
data can account for only part of the x.

If, however, we assume (and this is crucial)
that the prediction of Fubini et al. is exact,
the weighted average of the two fits (W =1210
and 1313 MeV) gives a pion charge form fac-
tor'*

Fﬂ (-2.96 F~3)=0.76+0.14.

The quoted uncertainty is determined from the
rms deviation of the two measurements from
the mean. For comparison, the proton-charge
form factor at the same momentum transfer?®
is about 0.74. Assuming a linear k? dependence
of F; out to =3 F~2, we can express our result
in terms of the rms charge radius of the pion:

[ 0.70+0.20 F.
If we assume that the photon couples to the
pion through the exchange of a single T'=1 vec-

tor meson, that is Fy (k%) = (1-%k*/m?)™!, then
the mass of the meson turns out to be

m =6007150 MeV.

which is not inconsistent with p® dominance.
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When no conservation law is assumed—P,
C, CP, T, or CPT —Sachs® has shown that the
time dependence of a K,-K, mixed state can
still be described with the help of a short-lived
state |Kg) and a long-lived state |Kj):

IKS>=PS|K0>+QS(KO>,

IKL>:pL|KO>—qL|K0>. (1)
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Several authors'™* have set limits for the
parameters pg, gs, Py, and gy under different
assumptions concerning the decay processes
—either CPT invariance, the Al =3 rule, or
excluding the possibility of accidental cancella-
tion. To our present knowledge, it has not been
pointed out yet how well all these parameters
are known from already performed experiments,
from the properties of unitarity, and from an
assumption of negligible C violations in strong



