
Volume 16, number 1 P H Y S I C S  L E T T E R S  1 May 1965 

F U R T H E R  TESTS O F  T H E  V I O L A T I O N  O F  C P  W I T H  N E U T R A L  

R. R. LEWIS 

University of Michigan and Universit~ de Gen~ve 

and 

C. P. ENZ 
Universit~ de Gen~ve 

Received 1 March 1965 

K M E S O N S  

The r e c e n t  d i s c o v e r y  [ I] of the v io la t ion  of CP 
inva r i ance  in the decay  K L ~ lr + + ~- has  s t i m -  
u la ted  a l a r g e  number  of p r o p o s a l s  for  the s p e -  
c if ic  m e c h a n i s m  of CP violat ion.  In view of th is  
and of the p o s s i b i l i t y  that  the CP vio la t ion  may  
be eve r ywhe re  s m a l l ,  the e m p i r i c a l  p r o b l e m  of 
ve r i fy ing  the many p r e d i c t i o n s  a p p e a r s  ve ry  c o m -  
plex.  In  th is  l e t t e r  we intend to c o n s i d e r  the p o s -  
s ib i l i ty  of de t e rmin ing  the addi t ional  p a r a m e t e r s  
in the total m a s s  m a t r i x ,  i r r e s p e c t i v e  of any 
spec i f ic  a s sumpt ions  about the mechan i sm.  T h r e e  
e x p e r i m e n t s  a r e  p roposed ,  which if success fu l ,  
would cons ide rab ly  c l a r i fy  the p rob lem of d e t e r -  
mining the o r ig in  of the CP vio la t ions .  

The ana lys i s  i s  ba sed  on the phenomenologica l  
d e s c r i p t i o n  of neu t ra l  kaons [2-4],  us ing a c o m -  
p lex  m a s s  m a t r i x  A = M - ½iF. If CP were  val id ,  
then, in a su i tab le  r ep r e sen t a t i on ,  A would be 
s y m m e t r i c  both along and a c r o s s  the diagonal ,  
and would t h e r e f o r e  have four  r e a l  p a r a m e t e r s .  
These  p a r a m e t e r s  can be def ined by the two 
complex  e igenvalues  A1 and A2 ,  co r r e spond ing  to 
the e igenvec to r s  IKI> = ½J2(  K> + K>) and 
IK2> = ½J2(  K> - K-). In th is  r e p r e s e n t a t i o n T  
imp l i e s  s y m m e t r y  a c r o s s  the diagonal  and TCP 
imp l i e s  s y m m e t r y  along the diagonal .  The CP 
v io la t ion  can be d e s c r i b e d  by the  two addi t ional  
complex  p a r a m e t e r s  r and p where  

r = ~ ,  p = ~  + ~ - ~ ,  

71 = (2122 - A l l ) / 2 , ~ ,  

def ined so that  r * I v io la te s  T inva r i ance  and 
p * I v io la te s  T C P  invar iance .  The e igenvec to r s  
c o r r e s pond ing  to the e igenvalues  ~S, L = ms, L + 

li.. - ~ 7S, L become 
K t , { S > = ~ 2 (  IK>+pr IK)), { K L ) = ~ / 2 ~ o l K ) - r l K ) ) .  

These  s t a t e s ,  toge ther  with t h e i r  " i n v e r s e "  
s t a t e s  O*ot the o r d i n a r y  Hermi t i an  adjoints)  

<RsI -- (<K Ir ÷ <R Ip)~/r( i .p  2) , 
<RLI = (<Klpr- <~{),/2/r(i~o 2) 

fo rm a comple te  o r t h o n o r m a l  set .  The p rob l e m 
of m e a s u r i n g  the widths 7S and ~'L and the m a s s  
d i f fe rence  a m = m S - m L has  been thoroughly 
d i scussed .  The p r o b l e m  which we a d d r e s s  is  
that  of m e a s u r i n g  Z = 1 - r  and ~ = i - p ;  that  i s ,  
of t es t ing  T and TCP, and of m e a s u r i n g  the m a g -  
nitude and phase  of the CP admix tu re .  (See ref .  3 
for  e a r l i e r  d i s c us s ion  of th is  p rob lem) .  Ne i the r  
Z nor  ~ is  known at  p r e s e n t ,  s ince  the only ex-  
p e r i m e n t a l  evidence fo r  CP vio la t ion  is  a m e a -  
s u r e m e n t  of I/-,2~ " I H W  I KL>I", which involves the 
decay  ampl i tudes  as  wel l  a s  Z and ~. 

We p ropose  t h r e e  e x p e r i m e n t s  to d e t e r m i n e  
Z and ~. The f i r s t  is  s imp ly  a m e a s u r e m e n t  of 
the to ta l  in tens i ty  of a neu t ra l  kaon beam v e r s u s  
the d i s t ance  f rom the product ion  v e r t e x  of a K 
meson.  As  is  wel l  known, the in tens i ty  of K and 
K undergo damped  osc i l la t ton .  I t  was pointed out 
in ref .  2 that  if CP is  v io la ted  the to ta l  in tens i ty  
can a l so  have a s m a l l  o s c i l l a t o r y  t e r m ,  a r i s i n g  
f rom the non-un i t a ry  c h a r a c t e r  of the r e l a t i on  
between I K>, I K> and I Ks>, I KL). We wish only 
to add the r e m a r k  that  the phase of th is  o s c i l l a -  
t o ry  t e r m  is  f ixed by T o r  T C P  invar iance .  We 
find for  the to ta l  in tens i ty  v e r s u s  p r o p e r  t ime  

i e A (7) = ~{ xp (-TS7) [I-Re(Z -~)] +2exp -½(7S+7L)7} x 

[Re Z cos &m 7 +Im ~ sin &m 7] + 

+ exp (-TL 7) [1-Re(Z+~)]} 

where  only f i r s t  o r d e r  t e r m s  in Z and ~ a r e  r e -  
ta ined.  We see  that  T i m p l i e s  an osc i l l a t ion  
~ s in  (Am7), w h e r e a s  T C P  imp l i e s  an o s c i l l a -  
t ion ~ cos  (Am 7). We a l so  note that  the absence  
of an o s c i l l a t o r y  t e r m  does  not imply  inva r i ance  
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under  CP, T, or  TCP,  in f i r s t  order .  
Since Z and ~ a re  expected to be of o rder  

10-2-10 -3,  the problem of observ ing  such sma l l  
osc i l la t ions  appears  to be very  difficult.  It is 
n e c e s s a r y  to observe  the s t rong in te rac t ions  of 
K and K along the beam,  adding the two la rge  
ampli tude osc i l l a t ions  to obtain the ampli tude and 
phase of the r e su l t an t  sma l l  osci l la t ion.  The dif-  
ficulty of obtaining adequate s ta t i s t i ca l  accuracy  
and of de te rmin ing  accura te ly  the re la t ive  no r -  
mal iza t ion  (aK/ot~) appear to us insurmountable .  

It is therefore  impor tan t  to rea l i ze  that the 
same  in format ion  can be obtained in a different  
way: by measu r ing  instead the K intensi ty  in a 
mixed beam in which exactly equal number s  of 
K and K are  in i t ia l ly  produced. We find 

P(~) = ¼ {exp (-TST)[l+Re(Z+~)] + 
- 2 exp[-½(YS+9/L)~][Re Z cos AmT - Im ~ s in  Amr] + 

+ exp (-TL T) [ l+ae(Z-~)]}  . 

One poss ib i l i ty  for measu r ing  this is the double 
charge exchange sca t te r ing  of charged K mesons ,  
K + --  neu t ra l  K ~ K + and K- - -  neu t ra l  K ~ K +, 
as function of the p roper  t ime  delay. Equal num-  
be r s  of in i t ia l  K + and K- events  mus t  be obtained 
and the r e su l t s  added. Another  poss ib i l i ty  is de-  
tect ion of the s t rong in te rac t ion  of kaons produced 
in K R  pa i r s ,  adding the observed number s  of 
s t rong in te rac t ions  of K mesons  i r r e spec t ive  of 
how the assoc ia ted  meson  in te rac t s  or decays [5]. 
In this case  the K c ro s s  sect ion need not be ac-  
cura te ly  known and the ma in  p rob lem is s t a t i s t i -  
cal. Such re la t ionsh ips  between P(T) and A(T) a re  
analogous to the wel l -known re la t ionship  between 
po la r iza t ion  and a s y m m e t r y  of spin ½ beams,  
s ince  ca lcula t ions  with the mass  ma t r ix  A are  
fo rmal ly  equivalent  to the po la r iza t ion  theory of 
spin ½ par t i c l es .  

The next  exper iment  is one which is insens i t ive  
to T and TCP invar iance  but will  de t e rmine  the 
magnitude of Dr. It cons i s t s  of measu r ing  the r e l a -  
t ive in tens i ty  of any pa r t i a l  decay ra te  in a "s ta le"  
beam of neu t ra l  kaons in which a K or a K is in i -  
t ial ly produced. Thus if 3~ decays a re  measu red  
af ter  p roper  t ime ~, the ra t io  is 

(3~]Hw[KL} exp(_ ihLr ) (~L]K ) 2 =  
R (T) 

(I~L l K > 2 

A value of R different  from unity is another  viola-  

t ion of CP and gives useful informat ion  on the 
values  of Z and ~. This is a special  case of the 
effect of CPvio la t ions  on the decay curve  of eacl 
channel.  At e a r l i e r  % both K S and K L contribute 
and the r e su l t s  depend on the decay ampli tudes  
for that channel.  This  r e su l t  has the advantage 
of being independent of the decay ampli tudes  and 
the detect ion efficiency. 

The las t  exper iment  is one sens i t ive  to the 
phase of Z and ~. It cons is t s  of a t tempting to 
cancel  the in t r ins ic  CP admixture  in KS, KL, 
by the induced CP admixture  resu l t ing  from co- 
he ren t  sca t te r ing  in a r egenera to r .  The scatterix 
phases  a re  assumed  known from sca t te r ing  and 
coherent  r egenera t ion  m e a s u r e m e n t s ,  and they 
provide a phase s tandard  from which the phases  
of Z and ~ can be determined.  

The effect of a sca t te r ing  medium on the co- 
heren t  kaon beam [6] is accounted for by addition 
to A of an "effective m a s s "  ma t r ix  Aco h = 

2~N f o 
- M o f  ' where N is the number  densi ty of 

sca t te r ing  cen te r s  and f , f  are  the forward 
sca t te r ing  ampli tudes  of K~ K. The e igenvectors  
of A' = A + Aco h can be expressed  in t e r m s  of Z, 

and a single addit ional p a r a m e t e r  6 = 
= uN( f - ] ) /M(XS-XL) .  If only t e r m s  of f i r s t  o rde r  
in 6, Z, ~ a re  re ta ined,  we find 

' ~ f 2  [ ( 1 - 5 )  ]K) + ]Ks> ~ ~ (1-Z-~+5) [K>] 
and 

tK~> ~ ½~/2 [(1+6-¢) [K> - (1-Z-6)JR>] 

which gives for the CP admixtures  

(K21K~> ~ ½(Z+¢)-5 , (Kl tKL)  ~ ½(Z-~)+5 . 

Any exper iment  me a su r i ng  the CP violat ion of th~ 
coherent  beam of kaons in the medium will in-  
volve these p a r a m e t e r s  r a the r  than Z and ~ alone 
and will enable de te rmina t ion  of the phase of Z 
and ~ re la t ive  to 6. We note that the r e su l t s  
will  also tes t  T and TCP, s ince if TCP is valid 
(~ = 0) the vanishing of (KI lK~} is accompanied 
by the doubling of (K2I~s), whereas  if T is  valid 
(Z = 0) both (Kll K' L ) and (K21 ICS> vanish  togethe~ 
Simi la r  conclus ions  a re  possible  even if the CP 
admixture  is not exactly cancelled.  

To d iscuss  an exper iment  more  specif ical ly ,  
we will make the addit ional assumpt ion  that CP 
is not violated in the u+ + 7r- decay ampli tudes.  
Inc lus ion  of a smal l  CP violat ion in the decay am 
pli tudes will  weaken the conclus ions  but will not 
des t roy  the effect. Then the measu red  ra te  of 
K L -* u+ + ~r- de t e rmines  the magnitude of the 
CP admixture  in KL, 

t<KIlKL)I 2 ~ I Z - ~ I  2 ~ 2)< 10 -3 . 
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S i m i l a r l y ,  coheren t  r e g e n e r a t i o n  expe r imenf s  
can  d e t e r m i n e  the phase  and magni tude of 5. I t  is  
impor t an t  to note that  for  common m e t a l s  (A1, Cu, 
Fe)  151 ~ 2 x 10 -2.  Th is  i m p l i e s  that  the c r i t i c a l  
dens i ty  at which  181 -- I I i s  at ~ of the 
n o r m a l  dens i ty ,  and that  t h e r e f o r e  a s p a r k  c h a m -  
b e r  (or a heavy l iquid bubble  c h a m b e r ) w i t h  v a r i a -  
b le  dens i ty  p r o v i d e s  an idea l  medium for  such 
e x p e r i m e n t s .  I t  is  sugges ted  that  the 2~ and 3~ 
decay modes  of K~ and K~ be m e a s u r e d  v e r s u s  
dens i ty  in such a medium.  It  is  a l so  impor t an t  to 
include this  effect  in the ana lys i s  of K~3 decays  
in propane ,  in t e s t ing  the A S / A Q  ru le .  

A m o r e  de ta i l ed  a r t i c l e  on these  top ics  is  in 
p r e p a r a t i o n .  The f i r s t  author  (RRL) whishes  to 
s i n c e r e l y  thank Prof .  J. M. Jauch for  the hos -  

p i t a l i ty  extended a t  the Ins t i tu t  de Phys ique  Thd-  
or ique ,  whe re  th is  work  was p e r f o r m e d .  
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In th is  l e t t e r  we p r e s e n t  evidence which can be 
i n t e r p r e t e d  as  indica t ion  of a pp~+ r e sonance  at  
2520 MeV, with a full  width of about 120 MeV. 

A s y s t e m a t i c  study of pp in t e rac t ions  at  
4 G e V / c  has  been c a r r i e d  out in the 81 cm Saclay  
Hydrogen  Bubble Chamber  exposed  to the CERN 
P .S .  P r e l i m i n a r y  r e s u l t s  on p a r t i a l  channels  have 
been a l r e a d y  given [ 1]. 

In  the p r e s e n t  l e t t e r  we a r e  dea l ing  with 929 
events  f i t ted  by the 4 cons t r a in t  r eac t ion :  

p +p -,p +p + ir + + 7r- (i) 

among 2070 4-prong events measured to date. 
R e m e a s u r e m e n t  and independent  k inema t i ca l  ana l -  
y s i s  [2] of a p a r t i a l  s amp le  of events  and m e a -  
s u r e m e n t s  of ioniza t ion  by gap counting on t r a c k s  
with ambiguous  m a s s  a s s ignmen t s  ensu re  us 
aga ins t  f i t t i n g - p r o c e d u r e  l o s s e s  and contaminat ion  

* Now at CERN, Geneva. 

f rom o the r  channels  (overa l l  l eve l  of confidence 
g r e a t e r  than 97%). 

The d i s t r ibu t ion  of the squa re  of the m i s s i n g  
m a s s  peaked  at  M 2 = -0.5 × 10 -3 (OeV) 2 with a 

f l  half  width at  half  ma x imum o ~ P = 1.3 × 10 -3 
GeV) 2 g ives  an idea of our  m e a s u r i n g  accu racy .  
We fee l  that  we a r e  dea l ing  with a r a t h e r  unb iased  
s a m p l e  of events  r e p r e s e n t i n g  r e a c t i o n  (1), c o r -  
responding  to a c r o s s  sec t ion:  

a =  (2.95 ±0.15) m b .  

The r e a c t i o n  is  s t rong ly  domina ted  by the 
product ion  of the (~, ~) i soba r .  About  60% of i s o -  
b a r  product ion  g ives  the be s t  f i t  to the  d i s t r i b u -  
t ion of the M * v ~  combinat ions .  

In fig. 1 a r~  p lo t ted  the d i s t r i bu t i ons  of the 
following effect ive  m a s s e s :  

a) M1 r ; b) MpTr~ (two combina t ions  p e r  event):  

c) Mpp ÷; d) Mpp_ 
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