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From a consideration of isospin and corrections for

neutral decay modes, one obtains w:ZoK:AOK0= 6:1
:3. The additional factors come from the SU(3) Clebsch-
Gordan coefficients with e = 0.12.
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Large samples of Y*(1660)~ —Z ~~ have been analyzed. Little A~ decay is observed,
but Z~ and Yo*(1405)n modes are comparable. The spin and parity conclusion from Z m

study is 2

Many conflicting results have been obtained for
the decay branching ratios and the spin and par-
ity assignment of the F, (1660). First indications
of its existence, its spin, and its SU(3} classifi-
cation were all presented in three simultaneous
reports made about five years ago', however,
subsequent studies yielded very confusing re-
sults. '

The inconsistencies were partially resolved
recently when three separate analyses demon-
strated the existence of a new Y,"(1695) decay-
ing predominantly into An. ~y4 The report of Pri-
mer et al. shows [from inspection of about 250
Z m+s, 800 As+v, and 180 Y, ~(1405)s+w
events] that the Y,*(1660) has branching ratios of
about 601o into Zs and 40}o into Yo~(1405)w,
whereas the Y,~(1695}decays predominantly into
A~.4

This article presents information on K inter-
actions at 1.7 BeV/c:

K +p -Z'+ w++s (990 events),

K +p —A+ w + w (1538 events).

(1)

(2)

Data on Zow s (1346 events) at 2. 1 BeV/c are al-
so dhscussed.

At 1.7 BeV/c a strong F,*(1660}enhancement
exists in both the Z m+ and Z m systems in Re-
action (1); a questionable peak is seen near 1660
MeV in the Aw+ system of Reaction (2}. The Av

spectra show no evidence of Y,~(1695) production.
Comparison is made of the Z'm data at 2.1

BeV/c with published results on F,*(1405)w at
this momentum. ' The branching ratios obtained
are in agreement with those of Ref. 4.

Spin and parity analysis of the decay sequence
Y,*(1660)-Z'x, Zo —A+ y, and A —p+ w yields
a 2 assignment, in support of the conclusion of
Eberhard, Pripstein, and Shively from Y,*(1660)

This lends further validity to the Prim-
er et al. designation of ~r as a significant decay
mode of the F,*(1660). (Alternatively, this study
supports positive Zo parity. )

In 1965 realignment of the "K-63"beam chan-
nel at the Bevatron was carried out in collabora-
tion with Joseph J. Murray to obtain a 1.7-BeV/c
K beam and an exposure of 3500 events/mb in
the 72-in. bubble chamber. The primary purpose
was to obtain a relatively clean, large sample of
events containing the Y*(1660) as a final-state
resonance of Z'v. The earlier "K-72" data (1.2-
1.7 BeV/c) had yielded a very impressive peak
near 1660 MeV in the Z'm+ mass spectrum; how-
ever, spin and parity analysis produced inconclu-
sive results.

The "K-63"film yielded some 990 events fit-
ting Reaction (1) rather well; i.e., the confidence
level for this hypothesis was «0.005 and was at
least three times greater than that for any com-
peting hypothesis (Aw+w- or Av+v s'). However,
to obtain a very pure sample of Z'm+m the auth-
or imposed more stringent conditions, namely,
that the confidence level be ~0.20. (The distri-
bution in the Z'~n confidence level showed con-
siderable peaking below about 0.10, but was flat
above 0.20. ) To check possible bias, spin and
parity analysis was carried out with a confi-
dence-level minimum of 0.05; parameters ob-
tained were quite similar to those found with a
minimum of 0.20.

The number of events at 1.7 BeV/c which fitted
production with a confidence level «0.20

was 613. Figure 1 shows the Dalitz plot and
mass projections. The Y*(1660)+resonance
bands overlap near the center of the Dalitz plot.
It would have been difficult to describe the pro-
duction mechanism at 1.7 BeV/c completely.
Therefore the Y~(1660) resonant band, as well
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FIG. 1. Dalitz plot for Reaction (1) at 1.7 BeV/c, mass spectra for Reactions (1) and (2) at 1.7 BeV/c [(a), (b),
and (c)j, and mass spectra for (1) at 2.1 BeV/c [(d) and (e)]. Noninterference events are crosshatched. The heavy
histogram in (c) represents the A~+ mass spectrum; the light histogram, the A7r mass spectrum. ith incoher-
ent superposition of phase space plus resonances, fits were made simultaneously for the Zo7r data of (a) and (b),
and for the A~+ data of (c). In (d) and (e) the peaks represent the F*(1660); the lower histograms present the nonin-
terference events in a "nonresonant" Z ~ band from 2.92 to 3.32 BeV and in a cleaner nonresonant band from 3.p3
to 3.32 BeV2 (crosshatched). Dashed lines represent phase space.

as the Y*(1385)+bands, was eliminated for study
of the Y*(1660) decay, and vice versa. The re-
maining "noninterference zones" of the Dalitz
plot are indicated by horizontal curly brackets
(for Y*+ study) in Fig. 1; these extend from 2.2
to 2.6 BeV and from 2.92 to 3.32 BeV .' With
1580- M(Zv) -1740 MeV for the Y*(1660), 101
Y*+, and 87 F* are found among the noninter-
ference events (crosshatched mass spectra). The
Y*+ are peaked backward, whereas the Y* show
only slight polar peaking.

The Z'm curves of Figs. 1(a) and 1(b) repre
sent incoherent superpositions of phase space,
Y~(1385)+, and Y*(1660)~ calculated with the pro-
gram OWL, S a P-wave resonance form (I' =38
MeV) being utilized for the Y*(1385) and a D-
wave form (I'=72 MeV) for the Y~(1660). A vari-
ation of the width of the Y*(1660) in fitting the
noninterference Z'm data indicated a best value of
about 75+15 MeV. Figures 1(d) and 1(e) present
mass spectra of the Z'm+ at 2. 1 BeV/c.

In the Av+ spectrum [Fig. 1(c)] there is a
slight enhancement of 33 + 15 events in a narrow

region near (1660 MeV)'. This may be compared
with the figure of 150+31 Y(1660)+-Z n events.
The latter is obtained from Fig. 1(b) by observ
ing that 220+15 events exist in the region 2.50-
3.03 BeV, with a phase-space background of
111+ 10 and a Y*(1660) reflection of about 17;
and by observing that the noninterference events
number 104 + 10 in the same region with a back-
ground of about 25. The former gives a net res-
onant contribution of 92+18 and the latter a net
(after correction for Dalitz-plot area} of 142+20.
A compromise between these two values may be
taken as 120 + 25 events. Correction for the con-
fidence-level cut yields 150 + 31. The relative
branching ratio thus is'

[Y*(1660)' Z'v+]/(Y-*+ Av+)—

=4.5 + 2.3 = I/(0. 22+0.11}. (3)

The branching ratio can also be obtained from
the Y*(1660), as a limit. No enhancement is
visible in the Av histogram of Fig. 1(c) at (1660
MeV)'; and the number of Y* -An is taken as
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&15 events. By the same procedure as for the
Y*(1660} above, the ratio is found to be

[Y~(1660) -Z'w ]/(Y* -Aw )

stein, and Shively data) are thus'~

[Y'(1660)-Zw]/total, 0.51+0.10;

[Y~(1660) —Ya*m]/total, 0.49 + 0.10. (6)
& 10, or & 1/0. 10. (4)

The value obtained by Huwe was'

[Y+(1660)+—Z'x+ j/( Y++ —Av+)

=3.4+ 1.5 =1/(0. 29+0.13). (5)

The Z'm+w events at 2. 1 BeV/c were obtained
from the same (K-63) run that yielded the lowest
momentum sample of Z+n~m+n presented by
Eberhard, Pripstein, and Shively. Examination
of the Zeros report shows that the number of
Y~(1660) plus background events produced with
cos0* & -0.8 was 323 for the several momentum
samples from 2.45 to 2.7 BeV/c and 463 with the
data at 2.1 BeV/c (cos8~ &-0.7) added to the
2.45-2.7 BeV/c data, and hence that the number
of Y*(1660) plus background events at 2.1 BeV/c,
with cose*& —0.7, was 140+ 28. [The number of
events was corrected for scanning biases; the
mass range accepted for the Y*(1660)+was 1580
to 1740 MeV. ] Subtraction of background yields
112a 29 Y*(1660)+—Y,"x+ events. "

In the 2.1-BeV/c data on Z'm+v we find 387
events with a Z'm mass between 1580 and 1740
MeV [Fig. 1(e), upper histogram]; Z'm+v fits
having confidence levels as low as 0.005 were ac-
cepted. " We can also use the noninterference
data [crosshatched histogram of Fig. 1(e)] to es-
timate the number of Y*(1660)+. With correction
for the Dalitz-plot area (0.32 xtotal) and for the
confidence-level restriction (0.8 &&total}, the re-
sult is 324+36 events.

Subtraction of background and Y*(1660) re-
flection yields (387-217-22) or 148+ 25 events
for the total-plot estimate and (324-125) or 199
~40 events for the noninterference estimate.
From these two figures 180 + 35 seems reason-
able. This must be corrected for the decay A

branching ratio (I), for the fraction of data pro-
cessed (0.85), and for scanning efficiency (0.90}.
To compare with Eberhard, Pripstein, and
Shively we use only those events with Y'* produc-
tion cos8* &-0.7, which constitute 0.25+0.05 of
our data. We thus find the number of Y*+-Z m+

events is 89~25.
We wish to consider all charge states; correc-

tion of the Y, *m number for the absence of
Z m'm gives 168+44 and of our Zm number for
the absence of Z w. yields 178+50. Our final
branching ratios (including the Eberhard, Prip-

Z =I e[(IP ~-Z)(Z. A)+ (IP x)(x.A)
A Z Z

+(IP X)(y A)](A P).Z (7)

The likelihood is found from

n
in&= Q lnZ(t'),

K=1
(8)

where Z is evaluated by putting in I and IPg cal-
culated from assumed F* spin, parity, and tI.M,
and from observed direction cosines of the Z,
A, and P of the ith event.

The omission of the interference region is ac-
commodated by normalizing the distribution
function Z; thus the log of the likelihood function
is

ln= lnZ i Ã i, (9)

where the sum is taken over events 1 through n

Primer et al. obtained 0.63+0.20 for Zm and
0.37+0.15 for Y,*m.

The spin and parity hypotheses & and & were
considered for the Y"(1660)—Z'x+ by analyzing
noninterference resonant events with a maxi-
mum-likelihood technique utilizing Byers-Fen-
ster parametrization. '~&" (Likelihood treatment
yields good analyzability in the decay Z -A+ &

and more readily accommodates cuts in the res-
onant bands than a moment analysis. ") The dis-
tributions for the Z' from the Y*(1660) decay,
i.e., the angular distribution I(8, p) and the po-
larization distributions (IPZ 'Z, IPZ 'x, and

IPZ y), may all be represented as sums of or-
thogonal functions having coefficients tI,M (char-
acterizing the Y" spin sfate). Parity discrimina-
tion results solely from the sign of the ct. effi-
cients of the transverse-polarization distribu-
tions relative to those of the longitudinal-polar-
ization distribution; this sign gives y, which is
defined as (Ip I'- Id I'}/(Ip I'+ Id I'), with p the l = 1
amplitude and d the l =2 amplitude in spin-2
—spin- & decay.

The expression for A polarization in ~'-A+ r,
PA = -(PZ A)A, is incorporated into the usual
distribution function for A decay to give
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Table I. Likelihood results for spin 2 and parity + (y=+]).

1.7 Y (166o) '22 = '
'22 = '

2. 1 Y (1660)

1.7 Y (1385)

10 1 ~ 7

Y (166o)

Y (1385)

A
ZY &0

Z. Y & 0

Incident; Special
Sample momentum Resonance condition

(E)eVt'c )

p a

all

106

82

106

82

159

83

122

76

62

46

Production No. of
angle events

ln
Y = +1 y = -1

73 ' 95 73 ' 35

138.98 143.24

105.96 106 ' 42

144.51 148.94

111.64 112.44

270. 91 271.13

138.49 139.44

184.21 183.35

116.19 116 F 70

72. 20 72 ' 09

Equiv. g 2

8.52

0.92

8.86

1.6o

o. 44

1.90

(1.72)

1.02

(1.2o)

Confidence
level (3/2 )

0.0035

0 ~ 35

0.0030

0.20

0.50

o. 16

(o.18)

0 ~ 31

(0.26)

The symbols "g" and "E"' mean "backward" and
"forward, " respectively.

bParentheses indicate 2+ is favored over 2

For this solution t &0 was pushed beyond its (spin-2)

limit to 0.95; with t&() restricted to about 0.75, lng
was approximately 71.9.

dBackward events are not listed here, as solutions
were poor. [The Y*(1385)was peaked forward. ]

and where

1
+ Zdcosg did(A P).

cosf, (i)
(10)

A

Here cosg represents & ' Y~ and 0 is the corre-
sponding azimuthal angle. The cosg, and cosP,
represent the boundaries at fixed nonresonant
Zm mass. The variable parameters in maximiz-
ing In& for the F*-~ -A-P decay sequence are
the tl„~.For spin ~ these are t„,Ret~, and
Imt» for the angular distribution, and tgo

Ret~, and Imt~ for the polarization angular de-
pendence. '6

Table I represents the likelihood results for
the various samples or combinations of samples.
Because the computer search was more efficient
with Bet»= Imt, ~ =0, some results with the re-
striction are presented; results without it are
very similar. In all cases except sample 9 the
final tLM values obtained by maximizing the like-
lihood function were we11 below their maximum

=3possible values for ~= z.
The possibility of distortion of the experiment-

al Y~(1660) distributions by interference from
the p resonance in the m-n system was investigat-
ed. The band would be centered in the lower left
half of the Dalitz plot (at 1.7 BeV/c), which
ranged in r-m' mass from 885 to 650 MeV. Since

it was difficult to determine the extent of the p
contribution, the lower part of the plot was sim-
ply eliminated (Z ' Y~ ~ 0) and the data repro-
cessed (Table I).

The same techniques of analysis were also ap-
plied to the Y,*(1385)+-Zov+ events in the 1.7-
BeV/c data. As expected, the Y*(1385)was
found to have positive parity, although the odds
were not convincing (Table I).

The Y*(1660)data produced by 2.1-BeV/c K
were also analyzed as above. More background
and interference effects for these data are prob-
ably responsible for somewhat weak results
(Table I).

Conclusions may be drawn from the data dis-
cussed above by interpreting the decrease in In
from the better to the poorer parity hypothesis
as ~g', where the number of degrees of freedom
is one. The final column in Table I indicates the
confidence level for the poorer hypothesis. Best
discrimination between parity hypotheses for the
Y*(1660) is obtained with a combination of sam-
ples 3, 4, 5, and 6; the spin and parity assign-
ment of 2 is much preferred over that of ~+,
with an equivalent y' of 12.80 for 2 (or a confi-
dence level of 0.0003). Figure 2 presents graphi-
cally some of the sample 1 results.

A spin of ~ (or greater) is supported for the
data in that three of the six t2~ and t3~ quanti-
ties are 2.3 to 2.9 standard deviations away from
zero for the cleanest sample, the backward
Y*(1660) at 1.7 BeV/c, and the Ret» is nearly 4
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standard deviations from zero for the backward
Y'(1660) at 2.1 BeV/c.

The 2 assignment for the Y*(1660) makes it
reasonable to associate this resonance with the
N~(1518) and the:"*(1820) in a s (D»s) octet,
the octet having Fo* state that mixes with a sin-
glet state to produce the observed Yo*(1700) and
the Yo*(1518) ~7
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mass spectra and in reading the manuscript.
Contributions from the 72-in. bubble-chamber
crew, encouragement from Joseph J. Murray,
and support from Luis W. Alvarez have been ap-
preciated. Discussions of the likelihood method
with Frank Solmitz and Gerald Lynch were help-
ful.

*%'ork sponsored by the U. S. Atomic Energy Com-
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FIG. 2. The plots in (a) and (b) represent spin and

parity results from just one data sample (sample 1).
In (a), in@ is arbitrarily normalized; in (b), contours
of constant 2 are labeled by the equivalent number of
standard deviations. (All parameters not shown were
optimized. ) The 4 variable, defined in terms of the
continuous parameters P and y used for weak decay, is
equal to 0 (y=+1) for positive parity or to n (y=-1) for
negative parity.
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We show that 7.' is not conserved in the CP-nonconserving Z 2m decays by direct data
analysis (rather than inferentially via CI'T) over a considerable range of values for the
Wu- Yang parameters within the span of existent data. In particular, if (F00 (/(q+
-1.0, then T is broken, This result is independent of the final state 7I~ interaction.

Since the discovery of CP nonconservation in
the decay of a neutral kaon into two pions, ~ a con-
comitant breakdown of time-reversal symmetry
has been inferred by application of the fundamen-
tal CPT theorem. The experimental validity of
this theorem was assumed by Lee, Oehme, and

Yang and by Wu and Yangz in their analyses of
K interference~ phenomena. Although the possi-
bility of CPT asymmetry has been considered'
and transitory difficulties in closing the Wu- Yang
diagram have occurred, ' the present K' experi-
mental situation is sufficiently fluid that one may
reasonably assume that CPT symmetry remains
a valid principle. Nevertheless, microscopic
time-reversal symmetry and its breaking are of
sufficient intrinsic interest that it seems worth
analyzing the data on K' decay to test the two-
pion mode for T nonconservation directly, rather
than inferentially via CPT and CP. We report
here on the results of such an analysis, where T
invariance is assumed at the outset and T noncon-
servation is established by contradiction over a
fairly wide range of values for the relevant pa-
rameters within the span of present experimen-
tal data. '

Consider the amplitude ratios discussed by Wu

and Yang':

implies

=@+6'
+»

—6 -2E'

where

=tan '[2(m&-m&)/(y&-y )]-90'

8 =-(5 -6 ) or -(5 -6 )+180'.
0 2 0 2

In the above ez = argz, where z = e or e', mg (mf, )
and yg (yl ) are the mass and decay rate of K~
(Kl ), and 5I are the s-wave phase shifts due to the
strong final-state pion interactions with isospin
I=0, 2. That is, the assumption of T invariance
again leads to a Wu-Yang diagram [cf. Eqs. (8)
and (4), and the inset of Fig. 1]. The parametri-
zation differs from that when one assumes CPT
invariance only in that the T-invariant phase an-
gles 8q and 8&~ differ by 90 from the correspond-
ing CPT-invariant phases L9& and 8&~. In obtain-
ing Eq. (5) we have neglected contributions to ee
from the leptonic and 3n CP-nonconserving terms
in the decay matrix as well as terms O(lA, /A, l

&&1&'l ) and O([A, /A, J'I e l). Here AI are the I=O
and I= 2 standing-wave amplitudes, real by the
assumption of T invariance. Our second assump-
tion, consistent with existent data but subject to
further experimental test, is that the error 48&,
introduced by the neglect of these terms, satis-
fies'

where Kg and KL are the short- and long-lived
neutral kaons. The assumption of T invariance Since we make no further approximations and re-
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