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Euratum 

UNJXERSIT Y O F  CALIFORNIA 

~ a w r e n c e  Radiation Laboratory 
Berkeley, California 

T 0: All recipients of UCRL-11938 

FROM: Technical Information Division 

Subject: UCRL-11938, "THE C P - N O N C O N S E R a G  DECAY 
;0 t -  i - + ~  TT TT o r r  by J a r e d  A. Anderson, F rank  S. Cra ldord ,  Jr. , 

Robert L. Golden, Donald Stern,  Thomas 0. Binford, and 

V. Gordon Lind. dated F e b r u a r y  5? 1965. [Phys. Rev. Let te rs  

14, 47 5 (196 5)]. - 
Our paper  contains a n  in terna l  inconsistency in s ign convention. 

Our cor rec ted  resu l t s  f o r  y = [(m2 - m i ) /  1 m 2  - in1 j ] Im ( a )  in  

Eqs. ( 2 )  and ( 3 )  a r e  y = -1.00*0.65 and -0.80t0.55, respectively. The 

sign of y should a l so  be r e v e r s e d  in footnotes 7 and 10, and i n  the labeling 

of Pigs. 1 and 2. We a r e  indebted t o  Y. Tomozawa for  his observation. 
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ADDENDUM 

T h e  C P - N o n c o n s e r v i n g  D e c a y  Ky -. rr+a-rrO 

Jared A. ~ndkreon, Frank S. Crawford. Jr. , Robert L. Golden, 
Donald Stern, Thomas 0. Binford, and V. Gordon Lind 

[~hy~i. Rev. Letters i4, 475 (19650 

April 8, 1965 

Glashow and Weinberg have pointed out to us that if the decay 

K: - (C -0) is allowed, its amplitude should be imaginary, relative to 

(3 
that for KZ* (+-0). ' Thus wc expect x = 0 in ai(+-0)/a2 (t-0) e x + iy. 
Our result ie w=+O.Z5*  0.65; y' 2 Y(mZ-ml)/ IrnZ -mi I = +i.OQi 0.65. 

Thus X =  0 ie consistent with our result, 

Imposing the constraint x = 0 and re=cdyzhg our 18 eventrs, we 

find 
y' = +0.90~0.50. (i 

The corresponding intensity ratio is 

2 fi 15 / ( - 0 )  = y = o.81-0:65 . (2) 

We find odd8 of 10 to i that l?i(+-0)/I'2(+-0) is less than 2.5, and 

i00 to 1 that it is less than 5. The e f f ec t  of the observation of Glashow 

and Weinberg is to reduce our upper limit ori T'i(+-0)/I'2(+-0) by a factor 

of two. 

i. Sheldon L. Glaahow and Steven Wdnberg, accompanying paper. 

2. 3. A. Anderson et al. , Phye. R e v .  Letters 14, 475 (1965). - 
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0 In our paperi on the absolute decay rate rZ(+ -0) for K2 - n+ n- so, 

we made the observation that the time distribution of our sixteen at s- n 0 

events i s  completely compatible with Ti(+-0) = 0, where r i (+-0)  is the rate 

2 ' for K: nS n- no. Thus our results a r e  consistent-with C P  invariance. 
, $  

In reference 1 we imposed the constraint q(+ -0) = 0 in obtaining the result 

6 r2 ( t -0 )  = (2.90+ 0 . 7 2 ) ~  10 sec- I .  

We have discovered that two good events were inadvertently omitted 
. \ 

from that paper. Adding these two events to the sample of reference I, 

we find that I?*(+-0) is still  consistent with zero. Our corrected result is 1 

6 I T2(t  -0) = (3.26 * O.77)X 10 sec  ' . still  in good agreement with the predic - 
tion r2(+ -0) = (2.87 t 0 . 2 3 ) ~  106 sec-i of the A1 = 1/2. rule. 

The discovery4 that C P  invariahce m a y  not hold in  neutral kaon decay ' 

admits the possibility that (S -0) i s  of the same order of magnitude a s  

I'z(t-O). In this paper we reanalyze our eighteen events without the a s -  

sumption that Ti(+,-0) i s  zero* and thus without the assumption of C P  invar- 

iance. 

0 0 Let at and a2  denote the complex amplitudes for K1 and K2 decay 

0 into n' n-  w 0 ,  where KP and K2 refer to the short- and long-lived decay 
L 

* 



eigenstates; le t  x and y denote the real  and imaginary parts of ai/a2 = x + iy. 

0 Then for K produced a t  time t = 0 via the reaction a -  + p * A + KO, ,the total 

0 decay rate into a t  8 -  s has the form 6 

2 2 
r ( + - 0 ) = 1 / 2 1 a Z I  I 1 + ( ~ ' + i y ) e ~ ( - t / 2 ~ ~ t i m t ) /  . (1) 

2 
where la2 I = r2(+-0).  (ai  l 2  = I-*(+-O), m = m2 - mi. and where we can 

0 (for our experiment) take the KZ lifetime to be effectively infinite as  f a r  a s  

the time dependence of (1) is concerned. For  each event we construct an 

7 a pr ior i  decay probability pi based on Eq. (1) and normalized to unity for 

decay between t = 0 and t = Ti, where Ti  i s  the time for the event. 8 

We then construct the likelihood function L(x, y) = npi. From a contour plot 
i . ,  

9: 10,11 of L(x, y) we obtain the results: 

Figure 1 shows a comparison of the data with the time distribution correc 
I 

12 sponding to the result (2). 

In the above analysis we made use of only the time distribution of 

the 18 events. W e  now reanalyze these events with the additional hypothesis 

that r 2 ( t - 0 )  datisfies the A1 = 1/2 ruler which predicts 

6 rZ(+-9) = (2.87 + 0.23)X 10 sec". 13 We construct a likelihood function 

L1(x, y) by multiplying the likelihood. L(x, y) by the Poisson probability 
- 

e-"En/,!; here  n = 18 i s  our observed total number of events, and 6 = ii(x;k); 

is the total predicted number of events calcda.ted by combining the A1 = 1/2 

rule, the size of our sample of KO, the time distribution ( I ) ,  and our geo- 

metrical detection efficiency r (t), which is the smooth curve plotted in 

Fig. I, In Fig. 2 we show a contour plot of La(x, y). From this plot we 

obtain the results  



2 The most-likely value for r t y2 - Ill(+-0)/I12(t-0) i s  0.70. U we integrate 

over the relative phase of a1 and a2 in the likelihood function we obtain a 

probability distribution for 111 ( t  -0)/r2(+ -0). 

. W e  conclude that the odds a r e  9 to 1 that Pi(+-0)/r2(t -0) i s  l ess  &an 

5. Our best estimate for the amplitude ratio al(t-0)/a2(+-0) - x t iy i s  

given ly/&* We cannot rule out ai(+-0)/a2(t-0) = 0- 

We a r e  grateful to Sheldon L. Glashow for stimulating discus sions, 

and to Luis W. Nvarez  for his interest and aupport. and for valvable 

comments. 
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Footnotes and References 

t Work performed under auspices of the U. S. Atomic Energy Commission. 

jrc , Present Address: NESCO, 711 S. Fa i r  Oaks, Pasadena, California 

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

1. D. Stern, T. 0. Binford, V. G. Lind, J. A. Anderson, F. S. Crawford, J r . ,  

and R. L. Golden, Phys. Rev. Letters 12, 459 (1964). 
7 

2.  In K(neutra1) -c nt n- no, pion angular-momentum states higher than S 

states a r e  strongly suppressed by angular -momentum barr ier  -penetration 

factors. If the pions a r e  i n  S states, n+ n- no has CP = -1; hence 

K: nt n- no i s  forbidden by C P  invariance. 

3. In the notation of Table I of reference I, they a r e  event 1845161: 

2 = 3.4, X (dec) = 1.7, pKO (lab) = 59O* 9, tKO = 5.31; ~ ~ ~ b . 1 4 . 7 ; " ;  : 

event 18A9320! 1.1, . i t % ,  628*8, 21.1, 31.1. 

4. J .  H. Christenson, J. W. Cronin, V, L. Fitch, and R. Turlay, Phys. 

- Rev. Letters 13, 138 (1964); see a lso  A. Abashian, R. J. Abrams, D. W: - 
Carpenter, G. P. Fisher,  B. M. K. Nefkens, and J. H. Smith, Phys. Rev. 

Letters 13, 293 (1964). - 
5.  See, for example, S. L. Glashow, Phys. Rev. Letters 14, 35 (1965). - 

L 

6 .  Equation (1) is not exact; i t  is based on the approximation a = 1 and 

whereas actually a - 1 and b a r e  each of order l o e 3  according to reference 4. 

For  the experiment reported here this contributes a negligible correction to 

Eq. (I), because we can determine a1/a2 only to  about *P, not to *10-3. 



7. We use T~ = 0.89X sec, and lrnl = 0.75X 10" secwi (which is  

0.67/71). The choice 0.75 i a  our weighted average of the values summarized 
R 

in Table I of T. Fujii, 3. V. Jovanovich, F. Turkot, and G. T. Zorn, Phys. 

Rev. . Letters 13, 253 (1964). Our result (2) is  however, quite insensitive - 
to the precise value we choose for im 1, for irn 1 between 0.4 and 1 . i X  10 t i 0  

sec-I .  For  example, fo r  lrn I = 0.50. we obtain x = +0.6*0.7, y = ti. 1 + 0.7; 

for  iml = 1.00 we find x = O . 1 f  0.7, y = t0.9t0.7. 

8. The decay times ti a r e  listed in Table I of reference 1. The potential 
I 

t imes Ti for the 18 events a r e  a s  follows (in the order gf that table, and in 
I! 

units of 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; 14.f, and 31.1. 

9 .  The quoted e r r o r s  correspond to a decrease of the likelihood function 

L (x,y) by a factor e-i/Z from its maximum value. We prefer to give o u r .  

results in t e rms  of x and y rather than in  terms of ri/r2 = x2 t y2 and the 

phase c$ = arg(al/a2), because the likelihood function L (x, y) i s  to a fair 

approximation given by L = f(x) f(y), where ffx) and f(y) a r e  nearly Gaussian 

in shape. The probability distribution for r1/r2 is, on the.contrary, very 

non -Gaus s ian; 

10. The sign of x is determined (in principle) by this experiment, but the 

sign of y is not separable from that of m2 - mi .  Thus our result (2) for y 

is actually [(m2 - mi)/ Im2 - mi 11 y *= t i . O O *  0.65. In writing (2) we take 

m2 - mi  to be positive. 

11. Lf the. result (2) were know-n to'be axact, ,we. w d d  have to ass ign 18% 
t . 

of the observed c o u u a  to K ~ O  decay. Then.aur~rneasured value of r 2 ( +  -0) 

would be corrected by a.iactor, of O i 8 2 . h  I'i(+-0) z 0.82X(3.26 * 0.77) 



12. Inspection of Fig. 1 suggests that (within the large statistical uncer- 

tainties) x = y = 0 fits the data slightly better than the maximum-likelihood 

resUt (2). This slight apparent inconsistency i s  mainly due to the fact 

that in L(x ,  y) we make use of the individual decay times ti and potential 

times Ti of the 18 events; each ti is correlated with its own Ti in the factor 

pi. The function E (t) in Fig. 1 i s  on the contrary based on a smoothed 

distribution of potential timeis obtained from several thqusand associated - 
1' 

production events. i 

6 13. The prediction rZ(+-0) = 2.87X 10 ~ e c - ~  i s  based pn a weighted average 

of results for r+(+00) compiled in Table I of C. AlewnQer and F. S. Crawford. 
I 

Jr., Phys. R6v. Letters 9, 68 (1962). - 
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> ,  Figure Captions - 
t * 

Fig. 3 .  Time distribution. The smooth curve i s  the geometrical detection 
I. 

efficiency r (t), normalized so that i t  represents d ~ / d t  for the 18 events. 

0 i f  they a r e  due to K2 only, i. e . .  x = y = 0. The histogram corresponds . 
to d ~ / d t  predicted by the maximum-likelihood result (2). The points 

with e r r o r  flags a r e  the observed events. 

Fig. 2. Contours of equal likelihood for x = ~ e ( a ~ / a ~ )  ~ n d  y = 1m(al/a2), 

0 0 .  
where a1 and a2  a r e  the amplitudes for Ki and K2 decay into 

rt n- ro. The contours labeled i atd dev, 2 std dev, and 3 std dev 

correspond to a decrease in the likelihood function L i b ,  y) b y  factors 

e 2  e-4/2, and e-9/2 from L~ (max). I 
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T h i s  r e p o r t .  was  p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commiss ion :  

A .  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t ,  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f r o m  t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on b e h a l f  o f  t h e  
Commiss ion"  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  




