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UCRL-11938, "THE CP-NONCONSERVING DECAY _
e - by Jared A. Anderson, Frank S. Crawford, Jr.,
Robert L. Golden, Donald Stern, Thomas O. Binford, and

V. Gordon Lind, dated February 5, 1965, [Phys. Rev. Letters
14, 475 (1965)].

Our paper contains an internal inconsistency in sign convention.

Our corrected results for y = [(m2 —rrxi)/lrlq2 —1’n11] Im (ai/az) in
Eqgs. (2) and (3) are y = -1.00£0.65 and -0.80%0.55, respectively. ' The

sign of y should also be reversed in footnotes 7 and 10, and in the labeling

of Figs. 1 and 2. We are indebted to Y. Tomozawa for his observation.



UCRL-~11933 Adc'iendum ;
~= LN
ADDENDUM

The CP-Nonconserving Decay K? - atax

Jared A. Anderson, Frank S. Crawford, Jr., Robert L. Golden,
Donald Stern, Thomas O. Binford, and V. Gordon Lind

[Phys. Rev. Letters 14, 475 (1965))

0

" April 8, 1965
Glashow and Weinberg have pointed out to us that if the decay
K? - (+-0) i{s allowed, its amplitude should be imaginary, relative to
that for Kg* (+-0). ! Thus we expect x=0 in a_i(+-0)/a2(+—0)5' x + iy.
Our result is x=+40.25%0.65; y'=y(m,-m,}/ |m, -m, | =+1.00£0.65. 2
Thus x=0 is consistent with our result,
Imposing the constraint x=0 and recnalyzing our 18 events, we

find '
y = +0.900.50. - (1)

The corresponding intensity ratio is

T, (+-0)/Ty(+-0) = y*= 0.84*7-22 (2)

We find odds of 10 to 1 that F1(+-0)/1‘2(+-0) is less than 2.5, and
100 to 1 that it is less than 5. The effcct of the observation of Glashow
and Weinberg is to reduce our upper limit on F1(+-0)/I‘2(+-0) by a factor

of two.

We still cannot rule out\_l"i(+-0)/1"2(+—0) = 0.

{. Sheldon L. Glashow and Steven Weinberg, accompanying paper.

2. J. A. Anderson et al., Phys. Rev. Letters 14, 475 (1965).
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The CP-Nonconserving Decay KO1 - nty-p0f
Jared A. Anderson, Frank S. Crawford, Jr., and Robert L. Golden

Lawrence Radiation Laboratory, University of California
Berkeley, California

and
Donald Stern, © Thomas O. Binford, and V. Gordon LindtT
University of Wisconsin, Médison, Wisconsin

February 5, 1965

In 6“1; paper1 on the absolutt;, decay rate I'y(+-0) for Kg ~ut g wo,
we made the obsefvation that the time distribution of our sixteen w' ¥~ 'rro
events is completely compatible with Fi(+'0) = 0, where f1(+-0) is the rate
for K? — 7t v~ %0, Thus our results are consistent-with CP invariance. 2 ji..
In reference 1 we imposed the constraint I'y{+-0) = 0 in ébtaining the result-
I',(+-0) = (2.90£0.72)X10% sec-1.

We have discovered that two good events were inadvertently omitted

from that paper. 3

Adding these two events to the sample of reference 1,
we find that I'y(+-0) is still consistent with zero. Our corrected fesult is
5 (+-0) = (3.26 £ 0.77) X 108 sec'i, still in good agreement with the predic-
tion I"Z(+w-0) = (2.87%+0.23)X 100 sec-1 of the AI = 1/2. rule.

The discovery4 that CP invariance may not hold in neutral kaon decay
admits the possiﬁility that I'y(+-0) is of the same order of magnitude as

I'>(+-0). 5 In this paper we reanalyze our eighteen events without the as-

sumption that I"i(+:0) is zero, and thus without the assumption of CP invar-

iance.
Let a4 and a, denote the complex amplitudes for Kg and Kg decay
into wt w0, where Kg and Kzo refer to the short- and long-lived decay

-
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eigenstates; let x and y denote the real and imaginary parts of a1/a2 = x + iy.
Then for K produced at time t = 0 via the reaction ™ + p * A+ KO, ,the total

0 6

decay rate into vt w~ w” has the form

L

T(+-0) = 1/2|az|% |1+ (x + iy) exp(-t/27, + im)[5, (1)
where Iazlz = I'(+-0), Ia”z = T'y(+-0), m =m;, - my, and where we can
(for our experiment) take the Kg lifetime to be effectively infinite as far as
the time depéndence of (1) is concerned. For each event we construct an |
a priori decay probability p; based on Eq. (1)7 and normalized to unity for
decay betweent = 0 and t = Ti, where T; is the potentiafi time for the event. 8
We then construct the likelihood function L(x,y) = Iilpi.: From a contour plot

of L(x,y) we obtain the results:g’ 10,11

x=+0.2550.65, =+ 1.00+0.65 (2)

Figure 1 shows a companson of the data with the time dlstrlbutlon corres
spond1ng to the result (2)

In the above analysis we made usé of only the time dist.ribution of |
the 18 events. We now reanalyze these events with the additional hypothesis
that 1"2(+-O)‘ s‘atisfies the AI = 1/2 rule, which predicts
Tp(+-9) = (2.87+0.23)X10° sec™1. 13 We construct a likelihood function
L,(x,y) by multiplying the likelihood L(x,y) by the Poisson probability
e"ﬁﬁn/n!; here n = 18 is our observed total number of events, and 0 = h(x; ¥
is the total predicted number of events éalcula.ted by combining the AL = 1/2
rule, the size of our sample of KO, the time distribution (1), and our geo-
metrical detection efficiency € (t), which is the smooth curve plotted in
Fig. 1. In Fig. 2 we show a contour plot of L,(x,y). From this plot we
obtain the results -

x=+ 0.25%0.55,  y =+ 0.80%0.55. .  _ - (3)
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The most-likely value for lxz + yz = P1(+-0)/1"2(+-0) is 0.70. If we integrate
over the relative phase of ay and a, in the likelihood function we obtain a
probability distribution for Ty (+-0)/T5(+-0).

M We conclude that the odds are 9 to 1 that P1(+-0)/1"2(+-O) is less than
5. Our best estimate for the amplitude ratio a1(+-0)/az(+-0) = x +1iy is
given byEy 3. We cannot rule out a1(+-0)/a.2(+~0) = 0. |

We are grateful to Sheldon L. Glashow for stimulating discussion's,

and to Luis W. Alvarez for his interest and support, and for valuable

comments.
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Footnotes and References

t Work performed under auspices of the U. S. Atomic Energy Commission.
¥ , Present Address: NESCO, 741 S. Fair Oaks, Pasadena, California

tt Present Address: Utah State University, Logan, Utah.

1. D. Stern, T. O. Binford, V. G. Lind, J. A. Anderson, F. S. Crawford, Jr.,

and R. L. Golden, Phys. Rev. Letters 12, 459 (1964).

t - w0, pion angular-momentum states higher than S

2. In K(neutral) = w
states are strongly suppressed by angglar-momentum barrier-penetration
factors. If the piohs are in S states, nt w- 70 has CP i -4; hence
Kj ~u* x= n0 is forbidden by CP invariance.

3. In'the notation‘ of Table I of reference 1, they are event 1845164:

x 2(prod) = 3.4, x %(dec) = 1.7, py0 (lab) = 5909, txp = 5.31; Ty qi= 4.7
- event 1849320! -'1.1,.1.1, 628%8, 21.4, 31.1. |

4. J. H. Christenson, J. W. Cronin, V. L. Fitch, aﬁd R. Turlay, Phys.
Rev. Letters 13, ‘138 (1964)7; see also A, Abashian, R. J. Abrams, D. W.
Carpenter, G. P. Fisher, B. M. K. Nefkens, and J. H. Smith, Phys. Rev,
Letters 13, 243 (1964). | ‘

5. See, for example, S. L. Glashéw, Phys. Rev. Letters 14, 35 (1")65).

6. Equation (1) is noi; exact; it is based on the appro:dmation a =1and |
b =0 in |

KO =a(lky) + [Kz) WNZHnlKy) - &) WZ
whereas actually a - 1 and b are each of order 10-3 according to reference 4.
For the experiment reported here this contributes a negligible correction to

Eq. (1), because we can determine ‘a:i/az only to about *4, not to +10-3,
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7. Weuse T, = 0.89X10-10 gec, and [m|= 0.75X1010 sec~? (which is
0.67/71). The choice 0.75 is our weighted airerage of the values summarized
in Table I of T. Fujii, J. V. Jbvanovich, F. Turkot, anq é}. T. Zorn, Phys,
Rev.. Letterks 13, 253 (1964). Our result (2) is however,;quite insensitive

to the precise value we choose for lm!, for Iml between 0.4 and 1.1X 10%10
sec”l. For example, for |m | = 0.50, we obtain x = +0.6£0.7, y = +4.4£0.7;
for |m|= 1.00 we find x = 0.4 0.7, y = +0.92 0.7.

8. The decay times t; are listed in Table I of referenge 1. The potential
times T; for the 18 events are as follows (in the order’(;;f that table, and in
units of 10~10 sec): 11.88, 24.24, 15.65, 8.12, 7.72, 4;13, 6.92, 17.62,
13.06, 11.76, 9.83, 8.59, 14.20, 3.99, 153.0, 22.4; 44.7, and 31.1.

9. The quoted errors correspond to a decrease of the likelihood function
L (x,y) by a factor e"i/2 from its maximum value. “We prefer to give our’\
results in terms of x and y rather than in terms of ['y /T, = x% + yz and the -~
phase ¢ = arg(aq/aj), because the likelihood function L (x, y) is to a fair
approximation given by L = f(x) f(y), where f(x) and £(y) arevnearly Gaussian
in shape. The probability distlribution for T'y/T, is, on the.contrary, very .
non-Gaussian. | | _

10. The sign of x is determined (in principle) by this experiment, but £he
sign of y is not separable from that of my - m4. Thus our result (2) for y
is actually [(mz - mi)/ lmz - mil] y= +1.00:i:0.65;. In writing (2) we take
m, - my to be positive. | | )

11. If the result (2) were known to'beila,x.act,'»we*wmuldha*re to assign 18%
of the observed counts to Kfor.'d‘eca';y. ‘Then,ouxcmeasuvred value of I'z(+-0)

would be corrected by a.factor of 0.82.t0 T'2(+-0) = 0.82X(3.26+0.77),

¢

= (2.65+0.63)X 106 sec-1.
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12. Inspection of Fig. 1 suggests that (within the large statistical uncer-
tainties) x = y = O fits the data slightly better than the mag:"‘imum -likelihood
result (2). This slight apparent inconsistency is mainly due to the fact
that in L(x, y) we make use of the individual decay times t, and potential
times Tj of the 18 events; each ti4is correlated with its own T; in the factor
p;- The function e (t) in Fig. 1 is on the contrary based on a smoothed

distribution of potential times obtained from several thonsand associated-

’?.l
A

production events. b
13. The prediction y{+-0) = 2.8'7><'106 sec~1is basedipn a weighted average

of results for I" (+00) compiled in Table I of G. Alexander and F. .S. Crawford,

<
4
4

Jr., Phys. Rev. Letters 9, 68 (1962).

R
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Figure Captions -

Fig. 1. Time distribution. The smooth curve is the geometrical detection
efficiency € (t), normalized so that it répresents dN/dt for the 48 events,
-if they are due to Kg only; i.e., x = y = 0. The histogram corresponds
to dN/dt predicted by the maximum-likelihood result (2). The points
with error flags are the observed events.

Fig. 2. Contours of equal likelihood for x = Re(ai/az) and y = Im(aii/a‘z),
where a, and AZ are the amplitudes for Kg and Kg éecay into

nt L 70, The contours labgled 1 std dev, 2 std‘dev, and 3 std dev
correspond to a decrease in the‘likelihood function L4({x, y) by factors

e'ilz. e’4/2. and e-9/2 from L, (max). i
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





