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250 keV. The estimate of this matrix element
with a simple model yields a value which is just
50'%%uo larger than this experimentally determined
value, whereas a similar comparison in 2 Pb
showed a factor of -5 difference. There is,
therefore, no a priori need to introduce the iso-
vector mode in the '"Po case. It is, however,
not clear what the effect of the isovector mode
would be in this case, since the coupling is be-
tween protons and neutron holes, whereas in
2 'Pb the coupling is between neutrons and neu-
tron holes. It will be important to determine
whether the introduction of the isovector quadru-
pole mode can explain simultaneously the large
deviation from the simple model in "'Pb and the
near agreement in '"Po.
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A careful search has been made for possible CP-nonconserving differences between
X+-n ~ y and E n n'Op decays. In a sample of over 4000 completely reconstructed de-
cays in the charged-pion kinetic-energy interval of 51 to 100 MeV, the asymmetry is
0.005+ 0.020, with a systematic uncertainty of + 0.022, indicating no evidence for a CP-
invariance violation. This result, combined with that obtained from the sum spectrum,
suggests that the direct emission is largely magnetic dipole.

In a previous paper, ' we presented evidence for
direct emission in this decay which confirmed the
possibility that a CP-invariance violation could
be observed. In particular, if the direct emis-
sion of the magnitude observed were largely due
to a CP-nonconserving electric-dipole transition,
we could expect an asymmetry (R' —R )/(R'+R )
in the decay rates R' up to approximately 0.06
in the charged-pion kinetic-energy interval of
51 to 1000 MeV. Furthermore, in some region
of the Dalitz plot an asymmetry as large as ap-
proximately 0.2 could be observed. In the pres-

ent paper we compare R' - ~'m'y with K —m 7t'y

decays and set limits on the asymmetry.
The v'~'y decay mode was studied from kaon

decays in flight in an experiment performed in
a 1.8-GeV/c partially separated beam at the
Brookhaven National Laboratory alternating gra-
dient synchrotron. The incident kaon and its
charged decay pion were recorded with a core
read-out wire —spark- chamber spectr om eter.
The conversion points of the three y's were re-
corded in a y detector' which consisted of eight
layers of lead, an optical spark chamber, and
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FIG. &. g distributions for the fitted events obtained
from (a) 8.39&&10~ incident E 's, and (b) 8.46xlo in-
cident A 's.

a 32-element seintillator hodoscope. The t;rigger
required an incident kaon, three or more y's in
the y detector, and a charged particle in a hodo-
scope at the end of the spectrometer. Approxi-
mately equal numbers of K' and K events were
recorded. The recorded information was used to
make a tmo-constraint fit with the m'~'y hypoth-
esis. Some 4000 events above background were
obtained in the charged-pion e.m. kinetic-energy
(T, ) interval of 51 to 100 MeV. Further details
of the experiment are given in Ref. 5.

Great care was taken to keep the experimental
detector symmetric for K' and K . The detec-
tion apparatus was left-right symmetric and the
magnetic field was frequently reversed to avoid
differences in geometric detection efficiency. Al-
so, the beam was frequently switched from K'
to K and the kaon flux equalized to keep running
conditions and spark-chamber performance the
same for each sign. The average wire-chamber
reconstruction efficiency for the K' runs was
equal to within 0.1% of that for the K runs.

In Figs. 1(a) and l(b) we show the y' distribu-
tions for the fitted &' and K events. The equal-
ity of their shapes indicates that there are no ob-
served asymmetries in the measurement errors.
A comparison of the backgrounds from 15 & y & 50
gives a confidence level for equality of t5% and
an asymmetry of 0.025+ 0.022. Before compar-
ing the K' and K distributions, the backgrounds
under the p'&10 peak were subtracted by a linear
extrapolation from the region 15 & y' & 50. The
interval of T, used for these distributions is the
full range scanned (51 to 100 MeV) rather than
the more limited range, (55 to 90 MeV) used in
Ref. 5, because there are no end-effect prob-
lems that are not charge symmetric.

Several checks were made to see that there
were no systematic biases between the observed
K'- v'm y and K —~ ~'y decays so that the kaon
flux could be used for normalization. During the
scanning and measuring of the K - v' m y events,
a 1-in-20 sample of events within the 7' region
(T, &45 MeV) was also included in the scanning
lists. Over 60% of these events showed three or
four y's in the correct counter groups of the y
hodoscope. Because these events had very near-
ly the same scanning and measuring difficulty as
the n'w'y events, they are an excellent cheek on
the relative normalization of K' and K for al-
most the entire analysis procedure. The asym-
metry for these events was 0.012+0.013 using
incident kaons for normalization. A previous ex-
periment' has shown that 3y and 4y events in the
&' region have an asymmetry of 0.0017+ 0.0020.
Sets of K„, runs (requiring two or more y's in
the trigger) interspersed between the wry runs
were scanned, measured, and fitted with three
conStraints using the E„,hypothesis. These runs
had an asymmetry of —0.003+ 0.026. A 1-in-5
rescan of the mmy events yielded a scanning and
measuring efficiency of 0.746+ 0.020; the effi-
ciences had an asymmetry of 0.024+ 0.035. The
inner-bremsstrahlung component of the fits to
the E' and K spectra gave an asymmetry of
—0.056+ 0.032. To cheek that the small differ-
ences ln beam dlstrlbutlons for + and K had
no significant effect, actual samples of beam
tracks of each kind were used in the Monte Carlo
detection program. Identical detection efficien-
cies were found for &' and & decays and for
both magnet polarities. The average beam mo-
menta for K+ and K were determined to be the
same to within ~%.

The asymmetry in the K' and K rates that we
obtain for the total data sample between the T,
limits of 51 to 100 MeV is

(R'-Z )/(Z'+Z ) =0.005~ 0.020.

From a study of various methods of event selec-
tion and background subtraction it is estimated
that the limits of the systematic uncertainty are
+ 0.022. This asymmetry ean be compared with
the values of —0.055+ 0.05 and 0.03+ 0.12 from
other experiments" for slightly narrower T',
ranges.

Since we can fully reconstruct our events on
the Dalitz plot. , a more sensitive comparison i.s
to fit the difference spectrum of the K' and K
decay rates, as projected on the variable W,
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d(R' —R )/dW = 2fe(W)I(W)L2h sin(5, ' —5o') sincp(g'/m')Ws].

This is the spectrum due to interference between direct emission and inner bremsstrahlung . The
variable W is defined in terms of the kaon mass (m), the pion mass (p), the y energy (E&), and the

energy (&,) as [&&(&m —&,)/p'J"'. Contours of constant asymmetry on the Dalitz plot a,re given by
fixed values of W in the lowest multipole approximation. I(W) is the inner-bremsstrahlung branching
ratio as a function of W, 8 is the electric-dipole amplitude, 5, —5o is the vv phase-shift difference
(=10'),' y is the CP-nonconserving phase which would have a value of 90' for maximum CP noncon-
servation, s(W) is the detection efficiency as determined by Monte Carlo means, and f is the fraction
(0.053) of incident kaons decaying in our fiducial volume.

The W projection of the difference between the K and K rates is shown in Fig. 2. The best fit of
Eq. (1) to the data gives

h sin(5, ' —5o ) sing = 3.1 + 2.4,

with a p' of 18.0 for nineteen degrees of freedom. The error shown above is statistical only. From
a study of various methods of event selection and background subtraction it is estimated that the limits
of the systematic uncertainty are + 2.1.

The sum spectrum of the two decay rates is given by

dR' R 2 4
= 2fe (W) I(W) 1 + 2 8 cos (5, ' —5,') cosy, W'+ (P +%'),W', (2)

where in addition to the electric dipole amplitude ~ in the direct-emission term, there is a noninter-
fering magnetic-dipole amplitude %. Using our result from Ref. 5 for the fit to the sum spectrum,
and the present fit to the difference spectrum, we obtain the total asymmetry by integrating Eqs. (1)
and (2) for the T, range 51 to 100 MeV of (R' —R )/(R'+R ) =0.025+0.019.

A fit has also been carried out to the difference spectrum of K' and K decay rates as projected on
the variable T,. This fit gives

h

sin�(&,

' —50') s in' = 0.8 + 2. 5.

The value we obtain from the difference spectrum for csin(5, ' —5,') sing is small (and consistent
with zero), which eliminates some of the earlier estimates for large CP-nonconserving differences
in K'- m'ir'y decays. " Since we have previously found from the sum spectrum that icos(5, ' —5,') cosy
is also small and consistent with zero, the most probable interpretation is one in which the magnetic-
dipole transition dominates the direct emission. In addition, the CP-nonconserving phase y must be
indeterminate. However, the hypothesis that the direct emission is pure electric dipole with @=90'
is less than 2 standard deviations from our most probable value.

It can be shown" that CI'T invariance requires that

R(K'-it' iso)+R(K'- w'troy) =R(K -s' m )+R(K -m soy),

neglecting the final states with ~ 2y's. Our re-
sult on the difference of K'- n'm'y rates thus
gives a 90%-confidence limit on the difference
of the K„branching ratios of & 7 & 10 ', assum-
ing CI'T invariance in the decay.

In conclusion, the values we have found for the
asymmetry of K'-m'm'y and K —n m y are con-
sistent with zero, and therefore the data show
no evidence for C& nonconservation in the K'
—w'~'y decay mode.

This experiment would have not been possible
without the skilled assistance of C. Anderson,
G. Munoz, H. Sauter, F. Seir, and 0, Thomas.
We wish to thank our very able scanners and the
alternating gradient synchrotron staff. We are
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FIG. 2. Results for d(R+-R )/dW' fas defined in Eq.
(1)] as a function of 1K The curve is the best fit to the
interference spectrum.
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The reaction n p —qvr p at 6.0 GeV/c hss been studied at the Argonne zero-gradient
synchrotron using optical spark chambers. About 1400 events have been obtained in the
range 0.80&M&~ & 1.65 GeV/c, yielding approximately 1000 events of the type A2
with 0.27& lt I (0.42 {GeV/c} . No structure is discernible within the &2 mass spectrum
with an experimental resolution of 7.1 MeV/c [full width at half-maximum (FWHM)
=16.7 MeV/c ]. A single &-wave Breit-Wigner distribution fits the data with a high con-
fidence level yielding the parameters ~0=1 828+0 008 GeV/c and I p=0 108+0,009
GeV/c for the A2.

An optical spark-chamber experiment has been
performed at the Argonne zero-gradient synchro-
tron to study the reaction

g p-Xp;

for an X mass in the range from threshold to
1.5 GeV/c'. This paper presents the analysis of
the mass range 0.80 & M„&1.55 GeV/c'. For this
mass range, a beam momentum of 6 GeV/c and
a range in t (the four-momentum squared to the
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