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term, where t20 +MSOM2+(+Y ey VP-Y}t2M, with
eY and pY giving the Y* direction in the original coor-
dinate system.

~~R. H. Dalitz, in Proceedings of the Oxford Interna-
tional Conference on Elementary Particles, 1965
(Rutherford High Energy Laboratory, Chilton, Berk-

shire, England, 1966), and in Proceedings of the Thir-
teenth International Conference on High Energy Phys-
ics, 1966 (University of California Press, Berkeley,
Calif. , 1967); and N. Masuda and S. Mikamo, Phys.
Rev. 162, 1517 (1967). These articles indicate a prob-
lem, namely, that "*(1820) ZJ7 is not observed.
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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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)80' Table I. Data on K decay.
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FIG. 1. 4 (8, r) for the Wu- Yang diagram (inset) at
values of r from 0.5 to 3.0 at intervals of 0.25. r
=I gpp I/g I, 4( 8) = 4(8).

ject T invariance where data misfits occur, the
validity of our assertion of T nonconservation at
certain values of the Wu-Yang parameters rests
on this second assumption. From Eqs. (5) and (7)
and the relevant data (Table I) one obtains

8 = -46'a 10' or 134 + 10'.
E'

(5')

r=- I7i„)jtrl (8)

From Table I, one sees that there is some dis-
agreement concerning the experimentally difficult
parameter I gppl The following range for r is
consistent with all values listed:

0&r & 3.

We consider values of 5p-6, satisfying

-90'- e, -n, -+90 . (10)

Our procedure is to solve Eqs. (3) and (4) si-
multaneously for 8+ = argy+, subject to Eqs.
(5') and (5), for given values of r and 5,-5, in the
ranges delineated above, and to compare the so-
lutions with the experimental data for 8+ . In
Fig. 1 we exhibit solutions for the universal"
auxiliary quantity 4 (8, r), where

(12)

The data on leptonic charge asymmetry' do not
permit a decision between the two choices in Eq.
(5') unlike the case of the CPT-invariant analysis.
Let r denote the ratio

Quantity

I IQ+
~~op~

(m~-m~ )y~
8+

Value

(1.90 + 0.06)x 10
(4 3+~~ ~) x 10-3

(4.9+ 0.5)x 10
(3.9 + 0.3)x 10
(3.2+ 0.6) x 10
(-1+6)»x 10-3

&3x10
(90% confidence)
0.481 + 0.018

450 y 500
39' + 45'
60' + 17'
70' + 21'
84' + 17'
25'+ 25
60' + 12'

5o y 1]o

Reference

a
b
c
d
e
f
f

g
h
i
3

k
l

4 (-8) = -4 (8). (13)

Examination of Table I shows that the experi-
mental values for 8+ are essentially confined
within the first quadrant. Consider the following
ranges for 8+ . (I) 54'(8+ (72', (II) 93'(8
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«183' and -87'&8+ &2', (III) -126'&8+ &-108',
and (IV) remaining values on the unit circle. Val-
ues in range II, essentially the second and fourth
quadrants, lie generally outside the data and at
least 2.5 standard deviations away from both data,
compilations for 8+ listed in Table I. Theoreti-
cal solutions lying in range II are considered T
nonconserving. For fixed values of r and 6,-~„
and for 40~=0, there are in general two pairs of
solutions for 0+, the members of a pair being
displaced 180' from each other. When, for given
values of r and 50-5» but with 6I& allowed to vary
over the limits prescribed by Eq. (5'), the entire
set of solutions for 8+ lies in range II, we con-
clude that & is not conserved for those values of
r and 50 52 Figure 2 depicts the domain in the
( 6, 6)-, r plane where this condition obtains.
There also exists a region in this plane, indicat-
ed by shading in Fig. 2, where at least one theo-
retical solution for + lies in range I, i.e. ,
within 1 standard deviation of both data compila-
tions listed in Table I. For values of r and &p

within this region, T-conserving-CPT-noncon-
serving solutions are possible. However, for
each solution in range I there exists a paired so-
lution in range III, 180 out of phase with it.
(Whereas the analysis yields a domain of definite
T nonconservation, no such region of definite T
conservation obtains. )

From examination of Fig. 2 the following fea-
tures emerge: (a) T is not conserved for r&1.0,
where r is the ratio of neutral to charged, nor-
malized, CP-nonconserving amplitudes in 2m de-
cay [see Eg. (8)]. This result is wholly indepen-
dent of the value of 6,-6» as may be seen from
Fig. 1." (b) T is not conserved over the entire
experimentally allowed range for r [cf. Eg. (9)],
provided 6,-6, satisfies 18'«0—6, &72'. [The
recent result of Kamae, Ig«1'=(-1+6)&10 ' or
I goo I &2x 10 ' with 90% confidence, ' suggests r
&1.6, whence T nonconservation occurs at least
over the region -10'&6,-6, &+90'.]" (c) Within
the (shaded) region in Fig. 2 where the possibili-
ty of a T-conserving-CRT-nonconserving inter-
action must be considered, r &1.5 and the values
of 50 &2 are gene ral ly negative. Solutions in this
region are essentially eliminated by the result of
Kamae independently of the value of 5p 52 This
parameter, as yet not directly measurable, has
been the object of extensive study. " From analy-
sis of pion production experiments, Walker et
al. ' found 6,-6, =+50' at the energy of the kaon
mass. Tryon" has found essential agreement
with their overall results, using dispersion the-
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~A measurement of the charge asymmetry in leptonic
(e,e ) decays by Bennett et al. , leads to an inconsis-

ory and information on scattering lengths from
current algebra, and the hypothesis of partially
conserved axial-vector currents. ' Other au-
thors have found 5,-6~ =+30' at the kaon mass. '
From observation (b) above, each of these re-
sults implies T nonconservation. However, there
exists controversy even as to the sign of the I= 0
scattering length, "~"so that a definite conclusion
cannot be drawn as of now. We remark that if the
experimental value of the parameter t g~l contin-
ues to drop such that r «1.0, then by observation
(a) above, T is nonconserved independently of the
value of 6 -6
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