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A model of the weak interactions mediated by a nonet or an octet of W-mesons is presented. The model 
contains the CP violating phase intrinsically.  

We c o n s t r u c t  a w e a k  i n t e r a c t i o n  L a g r a n g i a n  
L w out of none t s  of h a d r o n i c  c u r r e n t s ,  (Jk)fl, 
(06 fl = 1 , 2 , 3 ) ,  W - m e s o n s  [1], (W~)fl, and a 
c h a r g e d  l ep ton ic  c u r r e n t ,  l~,  

- L w  = g l  T r  (JW) 

+ g2 { (JW) 2 exp i x +  (WJ) 3 e x p - i x }  
(1) 

+g3 {(jW)3 e x p -  i ¢ + (WJ)~ exp i ¢} 

+gz(Iw  

Here the 3 × 3 hermitian matrix (J~t)~0_ or (Wl) ~ is 
a sum of the corresponding SU 3 octet and the - 
singlet matrix (in a nonet symmetric form), all 
the coupling constants gi are real and the complex 
phases are inserted for a purpose to be discussed 
later. All the currents consist of V-A form and 
the leptonic current is ~t-e symmetric. The space- 
time indices will be supressed whenever no con- 
fusion arises. 

The free Lagrangian of the massive W-mesons 
is assumed to be SU 3 symmetric, and the effec- 
tive Lagrangian which is responsible for low ener- 
gy reactions is constructed by contraction of the 
W-mesons. In doing so, we require the following 
two experimental facts to be satisfied: 

( I )  NO t AS] = 2 t r a n s i t i o n  in the  l o w e s t  o r d e r ,  
and 

(II) U n i v e r s a l i t y  of the l ep ton ic  i n t e r a c t i o n s  in 
the  s e n s e  of G e l l - M a r m - L e v y - C a b i b b o  [2]. 
It  is  e a s y  to s e e  that  wh i l e  the  f i r s t  r e q u i r e m e n t  
d e m a n d s  that  

2 = g 2  (2) 
g2  

and 
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t 
X- q~ = ±~r, (mod. 27r) , (3) 

the second one leads to the condition 

gt = g (4) 

w h e r e  we have  i n t r o d u c e d  the  de f in i t i ons  

g l  = g cos  0 (5) 

and 

g2 = g3 = g s in  0 (6) 

The  e f f e c t i v e  L a g r a n g i a n  is  then  

L (?,), GF v l ,  : - ~  [½Tr(JJ )  cos  2 0 + 

+ ~/~{ (gg)2 exp i((p:L }y)+ h.c.} s in  0 cos  0 + 

+ sin2o + t+t + + (7) 

+l(J 1 c o s 0  +J1 s i n 0  expiq~) + h.c.] 

w h e r e  

½v~G F = g 2 / M 2  (8) 

i s  the  F e r m i  coup l ing  cons tan t ,  M w be ing  the  
m a s s  of the  W - m e s o n .  If we  u s e d  o c t e t s  i n s t ead  
of none t s  fo r  (J)~ and (W)~,~ the  cond i t ion  fo r  the  
p h a s e  a n g l e s  and the  f o r m  of the  r e s u l t i n g  e f f e c -  
t i v e  L a g r a n g i a n  would  be  s l i gh t ly  d i f f e r e n t  t ,  a l -  

For  the octet case,  eq. (3) should be replaced by 

x - ~ = ± }~ (3,) 
and the f i rs t  three te rms  in the parentheses of eq. (7) 
by 

½{Wr(JJ)- i(WrJ) 2} cos20 + 

+ ~ {  ( j j )2  expi(~p± ~Tr) + h.c.} sin0 cos 0 + 

+ ½{Tr(JJ)+  (WrJ) 2 - 2 j 1 W r J }  sin20 . 
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t h o u g h  t h e  e s s e n t i a l  f e a t u r e s  of t h e  m o d e l  s t i l l  
r e m a i n  t h e  s a m e .  

T h e  f o l l o w i n g  r e m a r k s  c o n c e r n i n g  e x p r e s s i o n s  
(1) and  (7) a r e  in  o r d e r :  

(1) Al l  t h e  i s o s p i n  s e l e c t i o n  r u l e s  a r e  c o n -  
s i s t e n t  w i th  t h e  o b s e r v e d  o n e s ,  (AI  = ½ r u l e  f o r  
t h e  IASI = 1 t r a n s i t i o n  and  AI= 1 r u l e  f o r  t h e  AS = 
= 0 s e m i l e p t o n i c  t r a n s i t i o n ) ,  a s  w e l l  a s  t he  AS = 
= AQ r u l e  f o r  t h e  s e m i l e p t o n i c  t r a n s i t i o n s .  

(2) T h e  C a b i b b o  a n g l e  i s  n a t u r a l l y  i n t r o d u c t e d  
a s  t he  r a t i o  of t h e  c o u p l i n g  c o n s t a n t s  of t h e  SU 3 
s y m m e t r i c  and  t h e  SU 3 b r e a k i n g  h a d r o n i c  t e r m s .  

(3) Al l  C P v i o l a t i n g  e f f e c t s  w i l l  h a v e  a m p l i t u d e s  
of o r d e r  G ~  o r  h i g h e r  e x c e p t  in p r o c e s s e s  w i t h  
t h e  r e a l  p r o d u c t i o n  of W 3 and  W32 m e s o n s .  In t h i s  
c a s e  t he  CP v i o l a t i n g  a m p l i t u d e  wi l l  b e  of o r d e r ,  
g = ( 5 J ~ M W / m N )  × 10 -3 , (m N b e i n g t h e  n u c l e o n  
m a s s ) .  In  f a c t ,  t h e  W~ = W ~ o  m e s o n  i s  c o u p l e d  
to  t h e  c u r r e n t  g { j 3  cos  0 + ¢~2 exp (± ½i~) + j 3 )  × 
× s i n  ~) exp i ~ } ,  s o - t h a t  we e x p e c t  a m a x i m u ~ n  CP 
v i o l a t i o n  in t he  W ~ o  p r o d u c t i o n  o r  i t s  d e c a y  p r o -  
c e s s  t h r o u g h  t h e  AS = 0 c u r r e n t .  T o  o r d e r  g ,  t he  
CP v i o l a t i o n  wi l l  b e  o b s e r v e d  a l s o  in t he  p r o d u c -  
t i o n  of t he  o t h e r  t y p e s  of t he  n e u t r a l  W m e s o n s  
t h r o u g h  m i x i n g ,  w h i l e  no CP v i o l a t i o n  wi l l  b e  
found  in t he  c h a r g e d  W m e s o n  p r o d u c t i o n  in t h i s  
o r d e r .  

(4) T h e  e l e c t r o m a g n e t i c  i n t e r a c t i o n s  i n d u c e  
t h e  AI = 3,  AS = 1 c o m p o n e n t  in L(~t. H o w e v e r  
t h i s  t e r m  is  in  p h a s e  w i th  t he  A I =  ½, AS = 1 t e r m ,  
so  t h a t  i t  s o e s  not  l e a d  to  any  o b s e r v a b l e  CP v i o -  
l a t i o n  to f i r s t  o r d e r  in  G F. 

(5) T h e r e  i s  no  CP v i o l a t i o n  to  s e c o n d  o r d e r  in  
G F fo r  t h e  K ° - K  ° m i x t u r e ,  a c c o r d i n g  to t he  L a -  
g r a n g i a n s  (1) a n d  (7). T h i s  i s  b e c a u s e  t he  c o m p l e x  
p h a s e  fo r  t h e  AS = 1 n o n l e p t o n i c  d e c a y  i n t e r a c t i o n  
a p p e a r s  a s  a c o m m o n  f a c t o r  w h i c h  i s  u n o b s e r v -  
ab le .  

In o r d e r  to  e x p l a i n  t h e  o b s e r v e d  CP v i o l a t i o n  
of t h e  K ° - K  ° s y s t e m ,  we c o n s i d e r  two p o s s i b i l i -  
t i e s :  

[A] C o n t r a c t i o n  of two W - m e s o n s  in  eq. (1) 
g i v e s  a t e r m  of o r d e r  G 2 ,  

(9) 
× (Jr) 2 sin 2 0 cos 2 0 exp (2i(p) , 

where T stands for a Wick ordered product and 
< )o for the vacuum expectation value. The cor- 
responding diagram is given in fig. I. This term 
vanishes in the SU 3 symmetric limit of the strong 
interactions, otherwise it would contribute to the 
AS = 2 transition. If this term is indeed non-zero, 
the AS = 2 terms in (L(~I)2 and eq. (9) lead to CP 
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Fig. i. Diagram corresponds to the expression (9). 
[The solid lines stand for hadrons.] 

v i o l a t i o n  t h r o u g h  t h e  m a s s  m a t r i x  of t he  K ° - K  ° 
m i x t u r e  b e c a u s e  t h e y  h a v e  a n  o b s e r v a l b e  r e l a t i v e  

x77 p h a s e  i 2 . 
T h e r e  a r e  two w a y s  of a c h i e v i n g  a n o n - v a n i s h -  

ing  r e s u l t  f o r  t he  t e r m  (9). 
A-1  T h e  SU 3 s y m m e t r i c  b r e a k i n g  m e d i u m  

s t r o n g  i n t e r a c t i o n  i s  a c a n d i d a t e ,  s i n c e  t h i s  i n -  
t e r a c t i o n  d i s c r i m i n a t e s  t h e  SU 3 i n d e x  3 f r o m  t h e  
r e s t ,  and  t h e r e f o r e  m a k e s  t h e  t e r m  (9) f in i t e .  If 
t he  m e d i u m  s t r o n g  i n t e r a c t i o n s  c o u p l i n g  s t r e n g t h  
r e l a t i v e  to t he  SU~ s y m m e t r i c  s t r o n g  i n t e r a c t i o n  
i s  r l ,  t h e n  t he  K r0~-~° m i x i n g  p a r a m e t e r  [3] < 
w h i c h  i s  a m e a s u r e  of t he  CP v i o l a t i o n ,  i s  a l s o  
of t he  o r d e r  o f r  1. S i n c e  le l  = 2 ×  10 -3 , we h a v e  
to r e q u i r e  t h a t  

r 1 < 10 -3 , (10) 

otherwise we would meet too large CP violation. 
Dispite significant SU 3 breaking phenomena in the 
low energy region (the mass splitting of low lying 
multiplets or violation of SU 3 sum rules for low 
energy reactions, etc.) the condition (I0) is not 
unreasonable in a quark model [4]. In fact, the 
succes of the Gell-Mann-Okubo mass formula, 
the fact that the SU 3 breaking effect seems to de- 
crease in reactions at higher energies or the ob- 
servation that the Regge traj ectories of various 
multiplets have parallel slopes, might be con- 
sidered as evidence to favor this point of view. 
We also note that the effect of mass splitting of 
low mass multiplets on the expression (9) (dia- 
gram of fig. I) would be small since it is domin- 
ated by the cut off of the integral over interme- 
diate state momenta. 

A-2 The electromagnetic interaction $com- 

:~ The e lec t romagnet ic  in te rac t ions  themse lves  do not 
make the t e r m  (9) non-vanishing,  s ince  they t r a n s -  
form as a SU 3 t ensor  Tll , so that  they do not give any 
spl i t t ing between the SlY 3 indices 2 and 3. 
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b i n e d  ~,i:n t he  m e d i u m  s t r o n g  i n t e r a c t i o n  i s  a n -  
o t h e l  9 s s i b i l i t y .  T h e s e  i n t e r a c t i o n s  a r e  r e s -  
p o n s i b l e  f o r  t he  SU 3 v i o l a t i o n  in t h e  m a g n e t i c  m o -  
m e n t s  of b a r y o n s  o r  m t he  e l e c t r o m a g n e t i c  f o r m  
f a c t o r s  of any  m u l t i p l e t s .  In l ike  m a n n e r ,  t h e y  
would  g ive  a c o n t r i b u t i o n  to ~, w h i c h  is  c r u d e l y  
e s t i m a t e d  to b e  

r 2 = ~ × ( say  ~) ~ 10 -3 (o r  = c~/~) . (11) 

[B]  T h e  n e u t r a l  l e p t o n i c  c u r r e n t  l~ m a y  e x i s t  

in L w a s  

-L wNL = ~/~3 gl°W~ ' (12) 

w h e r e  f i r  3 i s  t h e  c o u p l i n g  s t r e n g t !  ~ r e l a t i v e  to t h a t  
of t he  c h a r g e d  l e p t o n i c  t e r m .  T h e  r e s u l t i n g  a d d i -  
t i o n a l  t e r m  in L e f  t i s  t h e n  

NL l o 
- L e f t  = ' ~ 3 G F  

(13) 
~< {J22cos0 -~ (j2expiq~+J23exp-i(p) sin0} . 

i r  (2)~2 and (Le~f~) 2 have AS It is easy to see that k~effl = 
2 transition terms with different phases, and 

hence they produce i e} = r  3. From the present 
experimental data for various neutral leptonic 
currents [5], we obtain upper limits for the par- 
ameter r 3 , 

(r3)u~ < 2 × 10 -3 

(r3)ee < 2.2× 10 -5 (14) 

(r3)tl ~ < 4.9 × 10 -5 . 

From these numbers, we may conclude that with- 
in this model the possibility of the neutral cur- 
rents being responsible for the observed CP vio- 
lation i s  e x c l u d e d  fo r  t he  (ee)  o r  (~ t l )  c u r r e n t s .  

Wi th  t h e s e  p r o v i s i o n s ,  [A] a n d / o r  [B] ,  we c o n -  
t i n u e  o u r  r e m a r k s :  

(6) T h e  p r e d i c t i o n  of t h i s  m o d e l  f o r  CP v i o l a -  
t i o n  in the  K ° - K  ° s y s t e m  is  e q u i v a l e n t  to  t h a t  of 
t h e  s u p e r w e a k  t h e o r y  [6],  e x c e p t  f o r  c a s e  B,  
w h e r e  t he  p h a s e  of the  CP v i o l a t i o n  p a r a m e t e r  
i s  u n d e t e r m i n e d .  T h i s  i s  b e c a u s e ,  in  c a s e  A,  the  
e f f e c t i v e  L a g r a n g i a n  (9) c o n t r i b u t e s  to  t he  m a s s  
m a t r i x  * of t h e  K ° - K  ° s y s t e m  and  t h e r e f o r e  [3] 

* We define the K°-K ° mixing ma t r ix  by ~]~= r +  iM, 
and call  the he rmi t i an  2 × 2 ma t r i ce s  I ~ and M the 
decay ma t r ix  and the mass  ma t r ix  respect ive ly .  

= - I m  M12/(½yS - iAm)  , (15) 

w h i l e  in c a s e  B,  t he  L a g r a n g i a n  (13) c an  c o n t r i -  
b u t e  b o t h  to t he  d e c a y  and  m a s s  m a t r i c e s ,  g i v i n g  

= ( i I m  F12 - I m M 1 2 ) / ( ½ y  s - iAm)  (16) 

H e r e  M12 , ~ s  and  Am s t a n d  fo r  t he  off d i a g o n a l  
e l e m e n t  of t he  m a s s  m a t r i x ,  t he  d e c a y  r a t e  of t he  
s h o r t  l i ved  K ° and  t h e  m a s s  d i f f e r e n c e  of t he  two 
n e u t r a l k a o n s .  (Am = m L - m  s . ) 

(7) In (L{e~}) 2, we h a v e  a t e r m  wi th  AS = 1 
t r a n s i t i o n  

½G 2 (l+J 2) (lJ 1) s in  0 cos 0 e x p i ¢ ,  (17) 

w h i c h  h a s  a p h a s e  f a c t o r  d i f f e r e n t  f r o m  t h a t  of t he  
h a d r o n i c  AS = 1 t e r m ,  t he  l a t t e r  b e i n g  exp i (~± ½~). 
T h i s  d i f f e r e n c e  in p h a s e  l e a d s  to  CP v i o l a t i o n  of 
o r d e r  GFZin t he  ]AS I = 1 t r a n s i t i o n .  As  a r e s u l t ,  
t he  CP v i o l a t i o n  in t he  AS = 0 t r a n s i t i o n ,  s u c h  as  
in  t he  e l e c t r i c  d ipo le  m o m e n t  of n e u t r o n ,  o c c u r s  
in o r d e r  G~.  

Al l  t he  e x p e r i m e n t a l  d a t a  a t  t he  p r e s e n t  t i m e  
a r e  c o n s i s t e n t  wi th  t h i s  m o d e l .  

I t  i s  a p l e a s u r e  to t h a n k  S u s u m u  Okubo,  M a r c  
H. R o s s ,  and  Ed. Y. P. Yao fo r  u s e f u l  d i s c u s s i o n s ,  
and  Bob  Ke l ly  f o r  r e a d i n g  t he  m a n u s c r i p t .  
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