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. . Abstract 

- .  . . . . . . .  
. . . . .  . . . . Exparimental . . .  constLintS tin modks of CP violation.  M.. P. s ch~ id t , :  :R. K. 1 j 

. . 
. . . . Adair, J. K. Black, . . S. R. B1att.M. K.  ampbe bell, 8. Kasha (Yale Udversi ty) ,  . . . .  : 

. . . . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . .  -- .. ............... - ........ - .............................. -, -- - -- - . . . . 
. . . . 1 .  

. . . . . . R .  C.. - b r a e n ,  l. B. lelpker, W. .M. Morse  rookha ha&* ~ a t i o n a l  'Laboratory) .: ' . . I. : 
i . . .  , .  , 

. . . .  : A repiew is . . . . .  presented of the  experimerjtrl . . . .  e f f o r t s  a t  the .Bookhaven AGS .to ' . ' . . . -  . . 
. . . . . .  . . . . .  . . - . . . . . . . . . .  - . . . . . .  

. . . . . . . . . . . . . . . .  . . . . .  . . . . .  . . . . . . .  
. . study the nature o f  CP vio la t ion-  i n  the decays of .kaons. - The current research.  -,.: .- 

. . 
. . 

. . . . . .  . . . .  foc&seo on gearches t o r  ~ i o ~ a t i o n  of time-reers* (T) invar ian&. -. '.: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . -. . . . . . . . . . . . . . . .  -- .... -. . . . . . . . - . .  . . 
. . .  . . . . . . 

' i n  ' t he  decay KmYv a s  evidenced by a nonzero component of muon 
U 

. . . . .  . . . . . .  - ... - 
normal to: ;he decay plane. The ongoing program of research includes a study 

of d i r e c t  CP violation i n  the decays of neutral  kaons through a precise (1%) 

. . . . .  measurement o f  1 %o I /  ln+l, the r a t i o  of the  CP vio la t ing  amplitudes for.' 
. . 

the decays of neu t ra l  kaons in to  neutral  and charged two pion f i n a l  s ta tes .  

0 - 9 '  
Results w i l l  be presented on the decay I$,+-? l~ v where w e  havs found the 

lJ' . . . . 

r a t i o  of T v io la t ing  to. T conserving transverse polarization of the muons 

t o  be <Pn/Pt>=O. 004f 0.009, consistent with T 'nvariance. Preliminary re- 
. . . .  + O f . '  s u l t s  f o r  the polarization of muons- i n  the  decay K , + T . ~  v w i l l  be discussed.. 

lJ . . .  
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. . . . . . . . .  . . . . 
. . . . . . - . . .. . ... . .. .I - ... . 

W e  r e p o r t  her? o n  an experimental program a t  t h e  Brookh?ven AGS t o  search . . 

1 .  f o r  a milliweak v io la t ion  of time reversal  (T) invariance through a measurement. 

of muon polar izat ion i n  the decay K -* rpv. Muon polar izat ion is determined by 

+ - 
the  detection of the  positron momentum i n  the weak decay f -r e v v The T 

e ll. 
v io l a t ing  correla t ion of interest is 3 *(sW x $ ), t h a t  is the  component of man 

C! u 
pofar izat ion normal, t o  the  decay plane as defined in the  kaon r e s t  frame. This 

component of polar izat ion Pn w i l l  result from the  complex interference of the  

two amplitudesdescrtbing the decay of t he  kaon. In Kpl decays this phase is 

equal t o  the  r a t i o  of the  T violat fng and T consemng  transverse polar izat ion 

components of the muon (as observed i n  the  kaon rest frame) : 4 = (PdPt)cm. 
. . 

More t rad i t iona l ly  one has Pn a I m e  where 5 5 f /f+ is t he  r a t i o  of the  form - 
. . 

f ac to r s  describing. the  hadronic vertex of t he  K decays., . . . 
v3 . . 

A search f o r  a T v io la t ing  muon polar izat ion i n  K decay ' i s  a sens i t ive  
v3 

test of those. gauge models i n  which the exchange of Higgs boso& is- important 

i n  CP violStion. A s  shown by weinberg' an extension of t h e  Higgs sec tor  (from 

one t o  three complex doublets) allows fo r  a genuine 8 vio la t ing  phase, even 

i f  there  &st o n l y  four quark flavors.  I f  charged Higgs exchange is largely 

responssble for  8 violat ion .observed i n  KO - 9 systematics, then it is. esti-- 

mated tha t  milliweak ( tha t  is of order c % 2 x loo3) e f f e c t s  a r e  expected in 

K decays. The T violat ing component of polar izat ion a r i s e s  due t o  the  sp in  
IJ 3 

zero nature of t he  Eliggs bosons which contrfbute so le ly  t o  t h a t  piece of the 

decay amplitude f o r  which the ' t o t a l  angular momentum of t he  lepton p a i r  is zero. 

The usual boson exchange can contribute t o  both the  sp in  zero and s p i n  one 

amplitudes. Similar e f f ec t s  a r e  not expected t o  be observable in neutron B decay 

a s  the  ,coupling of Higgs bosons to' ,quarks and leptons is proportional t o  the mass 

of the fermions. We note tha t  no such T v io la t ing  e f f ec t s  i n  K decays a r e  
lJ3 

expected from the gobayashi-Maskawa2model i n  which a CP vio la t ing  phase is ' 
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allowed i n  the  gauge couplings of s i x  f l avo r s  of quark. 
. . . . 

. . 
. 3 . . . .  . . . . . . . .  . . .  The K:; experiment was conducted i n  a 6. neutral  beam whicht rave led .  . - 

. . 

. . . . . .  through the center of a cyl indr ical ly  symmetric detector (Fig. I).. Posi t ive  . . * 

. . . .  . . . . .  . . . . . . - +. 
. . .  . ,m&s from decays (q -+ n .J,I v ) occurlng in t h e  5 meter d r f f t  space  upstream. . .  ; ...  

Ir 
. . . o f  t he  detector '  w e r e  focused by t h e  s t e e l  toroidal  and brought t o  rest. : . . . .  . . . 

. . . . .  . . . . . . . .  . . 

in the  a l u m l n ~ ~ ~  polarlmeter. The path of t he  i r o n s  w a s  deternined from t h e  coin- 1. 
. . 

. . . . . . . . . .  c i d e ~ c e  of s c i n t i l l a t i o n  counter pulses- from the  hadoscopea ' labeled A-B, R,. 'P ;':.'. 
. . 

. . 

and G. Field ~ro~ranunable  Logic Arrays (PPLA1s) were used t o  determine the . ., . . . . 

azimuthal posit ion of stopping muons in the  segmented polarimeter and t o  aboct 

events f o r  which one unambiguous muon s top w a s  not found. 
. . .  

I n  order t o  maximize the s ens i t i v i t y  of the detector t o  the  T violat ing.  . . . . . . . . . . .  ' . t. 
. . 

. . 

compon,ent of polarization,  events were selected such t h a t  the q , l a b o r a t o r y .  .. 

. . .  momentum was very neariy i n  the K decay plane a s  defined i n  the kaon rest ' .' 
lJ 3 

frame. . For -.- such events the  T violat ing component of polarization in the  labora-. 

tory i s  normal t o  t he  plane defined by the laboratory momenta of the kaon and, 
. . 

the muon, tha t  is Pn a 3 *(SK x 3 ). Figure 2 i l l u s t r a t e s  possible decay product u lJ 

orientations,  i n  the kaon r e i t  frame and the laboratory, f o r  two c lasses  o f  events. 

Due t o  t he  steepness of the s p e e t h n ,  the  f i n i t e  acceptance of 
. . 

the detector and the energy (% 1 GeV) required fo r  the muon t o  ~ e n e t r a t e -  t he  ' ' . . 

toroid and s top in the polarimeter, the event se lec t ion  is strongly biased 

towards those events of c l a s s  P(M) where the  pion is emitted forward (backward) 

i n  the kaon r e s t  frame. This y ie lds  a net  T-violating component of polar izat ion 
. . 

which defines a screw sense about the beam l ine.  . . 

The event select ion was accomplished by f a s t  t r igger  logic  which required, 

i n  coincidence with the muon, a .p ion  h i t  i n  the D-E.hodoscope (for  class P) o r  
. . .  

i n  an A-B counter adjacent t o  tha t  h i t  by the muon (for  c l a s s  M). Monte Car10 

. calculations show tha t  about 6% of a l l  KO decays with muons stopping in the  . . .  
P 3 . . 

polarimeter would, f u l f i l l  the  event select ion c r i t e r i a  yielding ( P ~ )  - 1.8 x loo3 

for  Im5 = 0.01 and Re5 % 0. 
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After coming t o  r e s t  i n  the  aluminum polarimeter, muon spins precessed 

with a *eriod of 1.2 bsec  i n  a 60 G ax i a l  magnetic f ie ld .  The positron f r o l t h e  

muon decay was detected by one of the  two G counters flanking the muon s top 

position. Each G counter wa? associated with a "clock" which was gated on. . ' 

f o r  6.4'psec by the f a s t  tr igger.  The detection of the  positron thus recorded . - 
. . 

. . . .  . 
, ' the  time and direct ion of t he  muon decay. . % .  , . .  

As 5ndicated i n  Pig. 3, the  geometry of the  polarimeter and the applied . ... . 

magnetic f i e l d  allowed a measurement of two components of the  muon polar izat ion 

I n  the laboratory: Pt, the  T conserving transverse polarization,  and Pn, the  T 

v io la t ing  component. For the  ensemble of muons the  polar izat ion was determfned 

from the amplitude of the asymmetry, A = (R -.L)/(R + L), i n  the number of . . 
. . 

positrons detected t o  the  r i gh t  (R)' o r  the  l e f t  (L) .of t he  muon s top poaition. . . . 

Reversing the  direct ion of the precession f i e l d  before each beam pulse allo*d a n  

independent-detednat ion of the  P and P components. This is understood by 
t. n 

noting tha t  the contribution t o  the  asymmetry from the  P component reverses - t 

under a ' r eve r sa l  of the  f i e l d  directioxi,.whereas the  contribution from the  . . ' , 

Pn component is invariant.  

The curves of Fig. 4 show the measured asymmetry, A, plotted! a s  a fitnction 

of t i m e  f o r  the 12 mill ion events collected. The upper curves show t h e  expected , 

sinusoidal.dependence of A the asymmetry due t o  the  T conserving polar izat ion 
t' 

Pt* The lower curves (note the change i n  the v e r t i c a l  sca le )  show the  time 

dependence of the T v io la t ing  asymmetry A with representative errors.: The 
n 

curves on the l e f t  display the data from the on-line analysis.  The "damping" 

of the  sinusoid i n  the  At p lo t  is due t o  random clock s tops  caused by neutron 

fluxes i n  the detector cave. The curves on the r i g h t  show a simple Fourier 

analysis.  f i t  t o  the  data with the period fixed and the background subtracted. 



The l e a s t  squares f i t  t o  the  amplitude At(0) imply a T conserving polar izat ion 
. . 

of Pt = 0.40 5 0.06, which is consistent with&nce Carlo expectations and serves 

... . ,  . . . .. .. - 
t o  cal ibrate .  tde  detector. For the  T v io la t ing  da ta  the  f i t  implies a value f o r , .  

. . 

the  poiar izat ion PI - 0.0016 + 0.0053 which is consistent with zero?' . . . ... . .  
- .  

: Using the calculated sens i t i v i t y  of the  detector  t h e  value of Pn leads  t o  ' ,  ";,.' : 
. .  . 

. . 
. . . . 

a value f o r  the T v io la t ing  phase 4 -(Pn/Pr)- = 0.003 - + 0.010 which i s  con- 

s i s t e n t  with time reversal  invariance, and should be compared with- the  value 

0.002 tha t  we suggest as a cen t ra l  value t o  be expected from milliweak theories.  

I n  tenus of the t rad i t iona l  kaon form fac tor  r a t i o  5 our r e s u l t  corresponds t o  . 

. . 
.a value ImE = 0.009 - + 0.028, which is :lot. s ign i f ican t ly  d i f fe ren t  than the  va lue  . .  

0.008 expected from the electromagnetic f i n a l  s t a t e  in te rac t ions  between the 

+ outgoing w- .and .. 

The'completed KO experiment is considered. t he  f i r s t  of a program t o  de t ec t  . . . 
P 3 

I... m i l l i ~ e a k ~  violat ion i n  K decays, and ~rookhaven is w e l l  sui ted f o r  'such 
IJ 3 . . 

precis1 on measurements. This summer' w e  have begun co l lec t ing  data  on muon 
. ! .  

polarization ' i n  the  decay K+ -r nOp+v The experimant is performed in::a &no- ! . . 
Po 

chromatic (4 .GeV/c) beam and we have replaced the  D-E hodoscope (Figure 1) wfth ; 

a lead glass  array (% 8, radiat ion lengths) .in order t o  de tec t  y-rays from no ' . .  
. . 

. . 

decays. The requirement of a high energy y-ray (E > 1.2 GeV) enhances the  . . . 
Y 

select ion of events where the no is emitted forward i n  t he  kaon rest frame, 

thus increasing the  s ens i t i v i t y  by about 30% compared t o .  the  KO experiment. 
I43 

In addit ion the polarimeter is now shielded from d i r e c t  view of the production 

ta rge t  which reduces the neutra1.backgrounds associated with the beam. Another 

+ advantage of the  K . experiment is the .absence of f f n a l  state e f f e c t s  a s  there  
p3. 

is only one charged par t ic le ,  the muon, i n  the  decay products. 
. .  . 
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. . 

It is worth noting that we are employing a prototype. of the Brookhaven 
. .  . . . .  . . . . .  . .  . . . 

Fast 'BUS' for data acqvisition which vill factlitate our expectation of col- 

. . 
lecting w'ents at a rate (s  150/pulse) ten times that of the KO experiment. 

lr3 
. . 

The collection of.150 million events would allow a nteasure of the 8 violating . . 
. . 

phase 4 to + 0.003, well '&thin the range expected from mflliveak.models of . ' . 

8 violation. 

TMs work wa& supported in part by the U.S. Department of Energy.under 

Contract Nos.DE-AC02-76CH00016 and DE-AC02-76ER03075. 
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. . .  Figure. Captions 

. . .  . . 
. . .  . . 

Fig. 1, An isometric v i e w  of the experimental apparatus indicat ing the  '. . . . . . . .  
. .  . - .  

. . . .  . . 
. . .  . . . . .  . . .  . . . .  major componentsof t hede tec to r .  . : . . 

. . . . . . .  

.... Fig. 2. (a) Orientations of the decay products and the muon polar izat ion ' .' 
. . .  . . . . 

. . .  
in the kaon rest frame and the laboratory system f o r  a typical  . . ' , ' '. ... . -, 

. . .... . . . . . . .  . .  . . . . .  . . .  . . . . 
' .. ,. 

. . . .  P sass went .  . . . . . . . . . . .  . . . . . . .  . . . . .  . . 
. . . . . . . . 

, . 
. . ,(b) (kitrmtation~ af the  decay products- the  muon polar izat ion ., . -: . :  ; .. . . 

. . .  . . 

the  kam rest frame. and the laboraeory syst.em f o r  a typical. ' . 

. . 
c l a s s  M event. . . 

. . 
Fig. 3. (a) Schematic representation of the  components of muon polarization . . 

i n  the  polarimeter.as seen along the beam l ine .  . . . . . . . - . . 

. . '- . 
. . 

(b) Schematic representation of t h e  contributions of the  transverse . '  

... :.,. polarfzations t o  the asymmetry f o r  ait ensemble of precessing muons. . . ' .  

. . , 
Fig,. 4. Asymmetry a s  a function of time: t o t a l  event sample, 

--A. 

. . 
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