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Answers are given to some questions ra ised by Lipkin concerning the relation between m i r r o r  asym- 
metry  in beta-decay and second-c lass  currents .  Mir ror  asymmetry  (not of electromagnetic  origin) is 
er idenee for second-c lass  currents  even taking into account possible CP violation. A non-vanishing 
m i r r o r  asymmetry  can be calculated in t e rms  of single-nucleon transit ion mat r i ces  but there is no 
unique relation between the m i r r o r  asymmetry  and the matr ix  elements  of the second-c lass  current  for 
free nucleons. 

A r e c e n t  a n a l y s i s  by Wi lk in son  [1] and e x -  
p e r i m e n t s  by W i l k i n s o n  and A l b u r g e r  [2] c o n -  
c e r n i n g  m i r r o r  b e t a - d e c a y s  have  r e v i v e d  i n -  
t e r e s t  in the q u e s t i o n  of the e x i s t e n c e  of s e c o n d -  
c l a s s  c u r r e n t s .  Such c u r r e n t s ,  f i r s t  d i s c u s s e d  
by W e i n b e r g  [3], have  o p p o s i t e  s i g n s  u n d e r  the  
G t r a n s f o r m a t i o n  f r o m  the " n o r m a l "  s t r a n g e -  
n e s s - c o n s e r v i n g  c u r r e n t s  i nc luded  in the  s t a n d -  
a r d  t r e a t m e n t s  of weak  i n t e r a c t i o n s .  

The  p r e s e n c e  of s e c o n d - c l a s s  c u r r e n t s  can be  
o b s e r v e d  in a v a r i e t y  of w a y s  [3, 4]. In t h i s  note  
we r e s t r i c t  o u r s e l v e s  to " m i r r o r  a s y m m e t r y " .  
by wh ich  we m e a n  a d i f f e r e n c e  in the R - v a l u e s  
of m i r r o r  d e c a y s  which  canno t  be  e x p l a i n e d  by 
e l e c t r o m a g n e t i c  c o r r e c t i o n s  ~. R e c e n t l y  Lipk in  
[5] has  r a i s e d  s o m e  q u e s t i o n s  c o n c e r n i n g  the 
r e l e v a n c e  of any o b s e r v e d  m i r r o r  a s y m m e t r y  
to the e x i s t e n c e  of s e c o n d - c l a s s  c u r r e n t s .  It i s  
the  p u r p o s e  of t h i s  l e t t e r  to g ive  at  l e a s t  p a r t i a l  
a n s w e r s  to t h e s e  q u e s t i o n s .  

Is  a m i r r o r  a s y m m e t r y  e v i d e n c e  f o r  s e c o n d -  
c l a s s  c u r r e n t s  even  when  CP vio la t ion  i s  t aken  
in to  a c c o u n t  ? We a s s u m e  C P T  i n v a r i a n c e .  The  
a n s w e r  i s  then  c l e a r l y  y e s .  T h i s  r e s u l t  fo l lows  
f r o m  t h e o r e m  1 of W e i n b e r g ' s  o r i g i n a l  p a p e r  [3] 
w h i c h  t a k e s  CP vio la t ion  in to  accoun t .  The 
t h e o r e m  s t a t e s  ~ tha t ,  a s s u m i n g  C P T  i n v a r -  
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l a n c e  and n e g l e c t i n g  the  f i n a l - s t a t 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 ,  one f inds  in going f r o m  the 
s t r a n g e n e s s - c o n s e r v i n g  d e c a y  

A - . B  + l -  + ix ( la)  

to the m i r r o r  d e c a y  

A M ~ B  M + l  + + u,  ( lb)  

that  the  fo l lowing  r e l a t i o n s  hold:  
1) F o r  P T - e v e n  o b s e r v a b l e s  t e r m s  in VI-AI ,  

A I . A I I ,  VI. VII and VII .AII  change  s ign ;  o t h e r s  
do not .  

2) F o r  P T - o d d  o b s e r v a b l e s  ~ t e r m s  in VI .AI ,  
A I . A I I ,  V I, VII and VII .AII  do not ch an g e  s ign ;  
o t h e r s  do.  

H e r e  A, B a r e  h a d r o n s ;  l, v, ~ a r e  l e p t o n s  and 
the m i r r o r  s t a t e  IA M) i s  r e l a t e d  to A by 

We do not d iscuss  whether the present  observat ions 
as summarized by Wilkinson [1] indicate the ex- 
istence of such a m i r ro r  asymmetry  or can a l te r -  
nqtively be explained as due to electromagnetic  ef- 
fects.  

J~ Weinberg 's  statement of the theorem is somewhat 
ambiguous, but the conclusions of the theorem are 
not; our formulation is the same as that of Cabibbo 
[6] except that he uses the U transformation ra ther  
than (; to distinguish f i r s t -  and second-c lass  cur-  
rents.  The theorem holds for any m i r r o r  pair which 
take part  in semi- leptonie  p rocesses ,  e.g.,  neutrino 
reactions.  

J~ A PT-odd observable is one which violates parity 
but n o t t i m e - r e v e r s a t i n v a r i a n e e ,  as @.p ) ,  or one 
which violates t i me - r ev e r s a l  but not parity invar-  
lance, as ~t l-pl  x p 2  }. 
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IA M} = exp (ivT 2)}A} ~- UIA}, 
where T 2 is the 2-component of the isospin op- 
erator. The f i rs t -  and second-class axial and 
vector currents are distinguished by 

G VI(II ) G -1 = + (-)  VI(II ) , (2a) 

GAI(I I  ) G -1 = - (+)AI(II)  . (2b) 

S i n c e  the  r a t e  of a d e c a y  o r  of a r e a c t i o n  i s  a 
P T - e v e n  o b s e r v a b l e  and  no  V-A i n t e r f e r e n c e  
t e r m s  a p p e a r  in d e c a y  r a t e s  [6],  i t  f o l l o w s  t h a t  
any  m i r r o r  a s y m m e t r y  m u s t  a r i s e  f r o m  VI. VII 
o r  A I - A I I .  Of c o u r s e ,  if the  s e c o n d - c l a s s  c u r -  
r e n t  t e r m  w e r e  e n t i r e l y  odd u n d e r  C.P, i t s  i n t e r -  
f e r e n c e  w i th  a C P - c o n s e r v i n g  f i r s t - c l a s s  c u r -  
r e n t  cou ld  no t  b e  d e t e c t e d  by  a m e a s u r e m e n t  of a 
r a t e  bu t  would  r e q u i r e  a m e a s u r e m e n t  of a 
T - o d d  o b s e r v a b l e .  T h i s  p o s s i b i l i t y  h a s  b e e n  
a n a l y z e d  in d e t a i l  by  K i m  and  P r i m a k o f f  [7]. 

Can  a n o n - v a n i s h i n g  m i r r o r  a s y m m e t r y  b e  
c a l c u l a t e d  f o r  s i n g l e - n u c l e o n  t r a n s i t i o n s  ? If 
s e c o n d - c l a s s  c u r r e n t s  e x i s t ,  t hen  t h e r e  i s  no  
r e a s o n  f o r  r u l i n g  out  s e c o n d - c l a s s  f o r m  f a c t o r s  
in s i n g l e - n u c l e o n  t r a n s i t i o n s .  H o w e v e r ,  L i p k i n  
a r g u e s  t ha t ,  e v e n  in the  p r e s e n c e  of s e c o n d -  
c l a s s  f o r m  f a c t o r s ,  h e r m i t i c i t y  g u a r a n t e e s  the  
e q u a l i t y  of the  r a t e s  n ~ p + e -  + h -and  
p -~ n + e + + v .  We  show b e l o w  by  an  e x p l i c i t  
r e l a t i v i s t i c  c a l c u l a t i o n  t ha t  a m i r r o r  a s y m m e t r y  
c a n  b e  c a l c u l a t e d  f o r  a s i n g l e - n u c l e o n  t r a n s i t i o n  
a n d  t h a t  L i p k i n ' s  a r g u m e n t  f a i l s  when  the  n u -  
c l e o n s  a r e  no t  o n - t h e - m a s s  s h e l l .  O u r  c o n c l u -  
s i o n  i s  in a g r e e m e n t  wi th  e x p l i c i t  n u c l e a r  c a l c u -  
l a t i o n s  u s i n g  n o n - r e l a t i v i s t i c  s i n g l e - p a r t i c l e  
o p e r a t o r s  [8, 9] $. 

F o r  the  a x i a l  c u r r e n t ,  to w h i c h  we now l i m i t  
o u r s e l v e s ,  t he  s i n g l e - n u c l e o n  m a t r i x  e l e m e n t  
m a y  b e  w r i t t e n  ~ 

"~ It should be emphas ized  that we do not intend our 
re la t iv i s t ic  o f f -mas s - s he l l  calculat ion to be taken as 
a se r ious  method of calculat ing nuclear  t rans i t ions .  
Explici t  calculat ions that depend oll the o f f -mass -  
shell  ehar:~cter of nucleons are  likely to be ambig-  
uous or  model-dependent  because the proper t i es  of 
such nucleons rea l ly  depend upon the nature  of the 
interact ion which takes them of f -mass  shell .  Our 
purpose r a the r  is to gain insight into the apparent  
contradict ion between Lipkin 's  conclusion and the 
nuclear  calculat ions.  
Our notation is that of ref .  [10] except that we use 

* J~)'-  * , J4* ( r a the r  than where J i  = J;'~ = -J'4. In this  J p  
notation y~ is he rmi t i an  and A-B~= Ait B~ = A.  ~ - 
A4B4.  
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(P (P ' l lA t~ In (D) )  

: i t p ( p ' ) [ g h ~ t Z ~ 5  + i/AY 5 q/l - hAY5ap, u q.] Un(P) 

(3) 

w h e r e q  - p '  - p ,  a n d g A ,  f A ,  hA a r e  f o r m  f a c -  
t o r s  w h i c h  a r e  f u n c t i o n s  of the  s c a l a r s  p , 2  p2,  
q2.  On the  m a s s  s h e l l  t h i s  d e p e n d e n c e  r e d u c e s  
to one  on q2 a lone .  I n v a r i a n c e  of the  whole  
H a m i l t o n i a n  u n d e r  C P  or  T l e a d s  to the  r e s t r i c -  
t ion  t ha t  the  f o r m  f a c t o r s  a r e  r e a l .  F i r s t - c l a s s  
f o r m  f a c t o r s  s a t i s f y  the  r e l a t i o n s  

g A i ( p , 2 ,  p 2 . q 2 )  : g A i ( p 2 ,  [ , 2 , q 2 )  (4a) 

f A i ( p , 2  p 2 , q 2 )  = f A i ( p 2  p ,2  q2) (4b) 

h A i ( p , 2  ' p 2 , q 2 )  = _ h A i ( P 2  p , 2 , q 2 )  (4c) 

w h e r e a s  the  s ign  on the  r i g h t - h a n d  s i d e  i s  o p p o -  
s i t e  f o r  s e c o n d - c l a s s  f o r m  f a c t o r s .  On the  m a s s  
s h e l l ,  p , 2  : p2  _ M 2. if we n e g l e c t  the  e l e c t r o -  
m a g n e t i c  n e u t r o n - p r o t o n  m a s s  d i f f e r e n c e ,  so  
t h a t  h A m u s t  b e  a s e c o n d - c l a s s  f o r m  f a c t o r  
wh i l e  gA and  f A  a r e  the  u s u a l  f i r s t - c l a s s  f o r m  
f a c t o r s .  If we n e g l e c t  the  v a r i a t i o n  in the  f o r m  
f a c t o r s  wi th  (p ,2  _ p2),  t hen  it  f o l l ows  f r o m  the  
t h e o r e m  q u o t e d  a b o v e  t ha t  any  m i r r o r  a s y m m e -  
t r y  in b e t a - d e c a y  m u s t  be  due to an  i n t e r f e r e n c e  
b e t w e e n  gA and  h A. ( fA i s  u n i m p o r t a n t  in n u -  
c l e a r  b e t a - d e c a y . )  The  i m p o r t a n c e  of a p o s s i b l e  
d e p e n d e n c e  on (p  2 _ p2) i s  d i s c u s s e d  l a t e r .  

The  d e c a y  r a t e  c/~ i s  p r o p o r t i o n a l  to the  
s q u a r e  of the  m a t r i x  e l e m e n t  a v e r a g e d  o v e r  i n i -  
t i a l  s p i n s  and  s u m m e d  o v e r  f i na l  s p i n s  and  o v e r  
the  i n t e r n a l  a n g l e  v a r i a b l e s  of the  l e p t o n s  fo r  
f i xed  qtt" F o r  f i xed  v a l u e s  of p and  p '  

~ =  Ng . l , [A (q2 )q t zq ,  + B(q 2) 6 ~ ] .  (5) 

w h e r e  the  s q u a r e  b r a c k e t  i s  the  l ep ton  c o n t r i b u -  
t ion  and  ~Tu ~' c o m e s  ,~rom the  h a d r o n  c u r r e n t  [10]. 
An e x p l i c i t c a l c u l a t i o n  u s i n g  eq. (3) g i v e s  f o r  the  
i n t e r f e r e n c e  t e r m  in .~ 

Ni t"  ~ 2M R e ( g A h ~ ) [ P t t  q~, + P,  qtz - 2 5 t ~ , P ' q ] '  

(6) 
w h e r e  P :  ( D + P ' ) .  T h u s ,  the  i n t e r f e r e n c e  c o n -  
t r i b u t i o n ,  I, to the  r a t e  c}~ i s  

I ~ - 1 2 M  R e ( g  A h ~ ) P . q  B (q2) . (7) 

L i p k i n ' s  a s s e r t i o n  t h a t  the  i n t e r f e r e n c e  t e r m  
m u s t  v a n i s h  b e c a u s e  of a 90 ° p h a s e  d i f f e r e n c e  i s  
not  the  c a s e  u n l e s s  the  a d d i t i o n a l  a s s u m p t i o n  i s  
m a d e  t ha t  h A is  p u r e l y  i m a g i n a r y  ( tha t  i s ,  C P -  
odd) o r .  e q u i v a l e n t l y  [11],  UAIz U -1 : -A~ . 
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H o w e v e r ,  I does  van i sh  on the m a s s  she l l  if we 
n e g l e c t  the e l e c t r o m a g n e t i c  m a s s  d i f f e r e n c e  
s i n c e  

p . q  = p,2 _ p2 = (y12_M 2) ~ O. 
n p 

In c o m p l e x  n u c l e a r  b e t a - d e c a y s  the n u c l e o n s  a r e  
not  o n - t h e - m a s s  she l l  and us ing  the s t a n d a r d  
n o n - r e l a t i v i s t i c  a p p r o x i m a t i o n  

P. q ,.~ 2M(E l + Ev,) (8) 

one r e a d i l y  n o t e s  that  I does  not  van i sh .  L i p -  
k i n ' s  a r g u m e n t  b a s e d  on h e r m i t i c i t y  w o r k s  when 
one c o m p a r e s  the e n e r g e t i c a l l y - p o s s i b l e  
n-~ p + e -  + P w i t h t h e i m p o s s i b l e p ~  n + e  + + u 
both i nvo lv ing  n u c l e o n s  (but n e g l e c t i n g  e l e c t r o -  
m a g n e t i c  m a s s  d i f f e r e n c e s  in the c a l c u l a t i o n  
o n - t h e - m a s s  she l l ) .  In m i r r o r  t r a n s i t i o n s  in 
n u c l e i ,  h o w e v e r ,  we a r e  c o m p a r i n g  the t r a n s i -  
t ion " l o o s e l y - b o u n d  n e u t r o n  to t i gh t l y -bound  
p r o t o n "  wi th  " l o o s e l y - b o u n d  p r o t o n  to t i g h t l y -  
bound neu t ron  ". 

H e r m i t i c i t y  g i v e s  

i n(P)) = <n(p)T  Ip(P')>*, 
so that  by going to the B r e i t  f r a m e  and m a k i n g  
a su i t ab le  r o t a t i o n  o r  r e f l e c t i o n  one ob ta ins  [5] 

(P (½ q ,E') IA p. ! n(-½ q,E)}  = 

+ <n(½ q, E) tA ~ I P(-½ q ,  E ' )}* (9) 

Al though  the in i t i a l  and f ina l  s t a t e  m o m e n t a  a r e  
the s a m e  on both s i de s  of eq. (9), the e n e r g i e s  
d i f f e r  by E~-~E', u n l e s s  the m a t r i x  e l e m e n t  is  
taken  b e t w e e n  s t a t e s  on the m a s s  she l l .  L ipkin  
o m i t s  the e n e r g y  d e p e n d e n c e ;  h is  a r g u m e n t  
t h e r e f o r e  f a i l s  to the ex ten t  that  one o r  both nu -  
c l e o n s  a r e  off the m a s s  she l l .  

Given  n u c l e a r  w a v e - f u n c t i o n s ,  i s  i t  p o s s i b l e  
to r e l a t e  un ique ly  the m a t r i x  e l e m e n t  of the 
s e c o n d - c l a s s  c u r r e n t  fo r  f r e e  n u c l e o n s  to an 
o b s e r v e d  m i r r o r  a s y m m e t r y  ? We show be low by 
an e x p l i c i t  c o n s t r u c t i o n  that  the r e l a t i o n  is  a m -  
b iguous  b e c a u s e  of the i n t r i n s i c  o f f - m a s s - s h e l l  
c h a r a c t e r  of the m i r r o r  a s y m m e t r y  c a l c u l a t i o n .  
F o r  th i s  r e a s o n  it  could  be  sa id  that  the " i m -  
p u l s e  a p p r o x i m a t i o n "  is  not  a p p l i c a b l e  to the 
c a l c u l a t i o n  of m i r r o r  a s y m m e t r i e s .  

An a l t e r n a t i v e  f o r m  to eq. (3) fo r  the m a t r i x  
e l e m e n t  i s  

(p(p ' ) Id~ {n(p)} : u (p ' ) [gA TtZ~5 
t 

+ ifAV 5 qt~ + ihA Y5 Ptl]  Un(P) " (3') 

The  two f o r m s  a r e  e q u i v a l e n t  on the  m a s s  she l l  
if [10] 
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hk=hA' g =gA-(M-Mp) h A gA.  10) 

The  a l t e r n a t i v e s  to eqs .  (6) and (7) a r e  

N~v ~ 2M Re(gAh~k* ) (Pt~q~,+P v qt~) (6') 

.-~ 4M Re(gA h'A*)P.q{A(q2)q2 + B(q2)}. (7') I '  

Thus  the i n t e r f e r e n c e  t e r m  is  c o m p l e t e l y  d i f f e r -  
ent  in t e r m s  of h~  as  c o m p a r e d  to h A. T h i s  
po in t  has  a l r e a d y  been  m a d e  fo r  the c o r r e s p o n d -  
ing n u c l e a r  c a l cu l a t i on  [9]. 

The  s o u r c e  of th is  d i f f e r e n c e  in our  f o r m u -  
la t ion  is  the p o s s i b i l i t y  of a m a t r i x  e l e m e n t  of 
the ax ia l  c u r r e n t  of the f o r m  

( p,2 _ p2) h/~(q2)~p(pr)7 ~ 75 Un(P).  

It f o l l ows  f r o m  eq. (4a) that  th is  i s  a s e c o n d -  
c l a s s  f o r m  f a c t o r ;  i t  c o r r e s p o n d s  to a t e r m  in 
the expans ion  of gA(p '2 ,p  2, q2) that  is  odd in 
(p ,2  _p2). On the m a s s  she l l  th is  t e r m  is  j u s t  
equa l  to the r e l a t i v e l y  u n i m p o r t a n t  d i f f e r e n c e  
b e t w e e n  gA and gA noted  in eq. (10). but  it can 
be  i m p o r t a n t  off the m a s s  she l l .  It  i s  the p o s s i -  
b i l i t y  of such  a f o r m  f a c t o r  o r ,  e q u i v a l e n t l y ,  the 
unknown d e p e n d e n c e  on (p ,2  _ p2) of the f o r m  
f a c t o r s  gA and hA, which m a k e s  it  i m p o s s i b l e  
to r e l a t e  an o b s e r v e d  n u c l e a r  m i r r o r  a s y m m e -  
t ry  to a nuc leon  m a t r i x  e l e m e n t .  

It  should  be  noted  that  even  if i t  i s  a s s u m e d  
that  the f o r m  f a c t o r s  a r e  independen t  of (p,2 _ p2) 
the m i r r o r  a s y m m e t r y  is  s t i l l  dependen t  on the 
fac t  that  the nuc l eons  a r e  not  on the m a s s  she l l  
b e c a u s e  of the " k i n e m a t i c  f a c t o r "  P.  q in eq.  (7) 
o r  (7'). H o w e v e r ,  it f o l l ows  f r o m  the d i s c u s s i o n  
above  that  even  if i t  i s  a s s u m e d  that  gA is  i n d e -  
penden t  of (p ,2  _ p2) th is  i ndependence  does  not  

t hold fo r  gA" Thus  it  i s  not  p o s s i b l e  to d i s t i n -  
gu ish  the e f fec t  of a f o r m  f a c t o r  d e p e n d e n c e  on 
(p,2 _ p2) f r o m  the " k i n e m a t i c  f a c t o r " .  

Should the m i r r o r  a s y m m e t r y  be  p r o p o r t i o n a l  
to the e n e r g y  r e l e a s e  ? It f o l l ows  f r o m  eqs .  (7) 
and (8) as  w e l l  a s  f r o m  n u c l e a r  c a l c u l a t i o n s  [8, 9] 
that  the s i n g l e - n u c l e o n  con t r ibu t ion  to m i r r o r  
a s y m m e t r y  is  p r o p o r t i o n a l  to the e n e r g y  r e l e a s e  
( i .e . ,  i t  v a n i s h e s  as  th is  e n e r g y  goes  to z e r o ) .  
Indeed ,  if we n e g l e c t  e l e c t r o m a g n e t i c  m a s s  d i f -  
f e r e n c e s ,  the e n e r g y  r e l e a s e  i s  j u s t  a m e a s u r e  
of the ex ten t  to which  the s i n g l e - n u c l e o n  t r a n s i -  
t ion is  off m a s s  she l l .  H o w e v e r ,  c o n t r i b u t i o n s  
that  cannot  be  d e s c r i b e d  in t e r m s  of s i ng l e  nu -  
c l eon  m a t r i x  e l e m e n t s ,  such  as  m e s o n - e x c h a n g e  
e f f e c t s ,  a r e  not  n e c e s s a r i l y  p r o p o r t i o n a l  to the 
e n e r g y  d i f f e r e n c e  of p a r e n t  and d a u g h t e r  nu -  
c le i  [9]. The  a n s w e r  to the q u e s t i o n  posed  i s  
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t h u s  m o d e l  d e p e n d e n t .  T h e r e  a r e  two r e a s o n s  
f o r  q u e s t i o n i n g  the  p r e d o m i n a n c e  of the  s i n g l e  
n u c l e o n  c o n t r i b u t i o n .  A s  p o i n t e d  out  by  W e i n -  
b e r g  [3] ,  t he  s i n g l e  n u c l e o n  c o n t r i b u t i o n  i s  i n -  
t r i n s i c a l l y  s m a l l  j u s t  b e c a u s e  of i t s  p r o p o r t i o n -  
a l i t y  to the  e n e r g y  r e l e a s e .  T h e  o t h e r  p o i n t ,  
e m p h a s i z e d  by L i p k i n ,  i s  t h a t  i t  i s  i n c o r r e c t  to 
t r e a t  the  e f f e c t s  of b i n d i n g  by  a o n e - p a r t i c l e  
a p p r o x i m a t i o n ,  s i n c e  the  b i n d i n g  i s  due  to the  
o t h e r  n u c l e o n s  in the  n u c l e u s  and  so,  in p a r t ,  
i s  a m a n y - b o d y  e f fec t .  

One of the  a u t h o r s  (EMH) would  l i ke  to t h a n k  
P r o f e s s o r  D e n y s  W i l k i n s o n  f o r  n u m e r o u s  s t i m -  
u l a t i n g  d i s c u s s i o n s  on the  s u b j e c t  of s e c o n d -  
c l a s s  c u r r e n t s .  B o t h  of us  w i s h  to t h a n k  P r o -  
f e s s o r  H a r r y  L i p k i n  f o r  p r i v a t e  c o m m u n i c a t i o n s  
on t h i s  s u b j e c t .  
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