
UCRL-16237 

University of California 

Ernest 0. 
Radiation 

lawrence 
laboratory 

SEARCH FOR C-VIOLATING DECAYS <j>- p 'Y AND wy 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.. ; 

. • 

Submitted to Physical Review Letters 

. ' 

.UNIVERSITY 0 F CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, ·California 

AEC Co~tract No. W -7405-eng-48 

' .. 

'' ,' 

UCRL-16237 

:,., 

' .. ~ ,.. ,'. 
' .. 

·,J '., 

' SEARCH FOR c.;VIOLATING DECAYS <j> -+ p y AND ··wy I t.• 

... 

.·· ,· 

James s. Lindsey and Gerald A. Smith 

,., ... ·' 

'. ·-' 

,·., 

.. · 

.. ·.· ~ 

.. 
June 29, 1965 

. ·,• 

''.' 

·:·· . 

~· '' . 

. · .. ·. ·, 

·, •' 

·._.' 

'': 

'''· 

. ._: '· 

·.· .... 
. ·:; 

·. l.: 

:' .. ·· .. 

I' 

;_ . 



.... 

' ' '";~ 

1, ·!· 

~-

.,i,:l 

,. 
' ' '·: . 

·' '· UCRL-16237 

* S e a r c h £ o r · 'C - yr o l a t i n g D e c a y s <1> - p 'V an d w 'V 

Jam·es s. Lindsey and Gerald A. Smith 

Lawrence Radiation Laboratory 
. , University of California 

Berkeley, California 

June 29, 1965 

In an attempt to explain the observe'd CP ~iolation in~ decay,. a 

number of authors have suggested the ejastence bf a C-violating (but P

nonviolating) interaction. 1• 2 Bernstein, Feinberg, and Lee (~FL) have 

.·nOted that II all existing experimental resultS are, COmpatible With the pOSSi• 

bility of a very large violation of C and T invariance in the electromagnetic 

interaction of the strongly interacting particles.;."' 3 C and T ~epresent the 
·I 

usual charge-conjugation and time-reversal operators. BFL and others 

have considered possible C-violating effects that would manifest themselves 

in the partial decay ·rates and resulting final-state asymmetries for the 

pseudoscalar and vector 1nesons., 4 Several experiments testing these pre

dictions for! pseudoscalar mesons are. cu~rently 'in progress, and the prelim-·· 

inary indication is that in at least one o£ these tases [i1(548}-1T0 e + e -]' the 

prediction is not fulfilled. 5 

Turning to the-ventol1fm.'e-.so~,:~BF:L.,show that :1.£ the Mami1tonian de- ·.· 

scribing the electromagnetic interaction violates C; T.'i:hvar.iahce strongly 

and if the isoscalar :part of the C, T-violating current exists, then the rate 

. for <1> - wy should;be ~1.9o/o of the. total <1> decay rate, and if the isovector. 
. . . . : ' .' . 

current exists the rate for~- p 'V should be ~2.4o/o of the totalcj> decay rate. 

Prentki and Veltman state th~t the rate<!>- ,;.+'11'-y(pions inS :or P wave) may 

6 . 
be as large as 10 to 20'/o. Lee has further noted that in the,li~i of ~~:dect 

. ,· . 
. ' . 
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symmetry one has r(~.,:.wy}::::: o.·79 r(<l>- p y}. 7 Owing in.ainly to phase-·. 

·.space limitations, the predicted branching ratio £~·; J_.. p y is significantly · ·····~'-'·'"·!' 
,··. 

suppressed below that for cp decay, and is. undoul?tedly consistent with the 

r~cent results of Flatt~ et al. giving r{~~,.+,.~~} < 0.05 r(w-,.+,.-,. 0 ). 
8 

' ' ~ : 

The remainder of this paper deals with our experimental observations on 
! 

<j> decay. 

We have analyzed approximately 70% of 740 10,00 pictures taken of the 

7Z-inch hydrogen bubble chamber: exposed to an incident K- beam at momenta 

of Z.1 to z. 7 BeY/ c at the Bevatron. We .consider the reactions . . . 

K - Ao<l>o; cj> 0 -K+K-,: (1.) p-

K~p- Aocj>o; 0 0 ° . 
·<I> - Ki Kz, (Z) :I 

\l 

and K-p- Ao,. + -.+ {all neutr~s). . (3). ,. 
... 

In Figs. ·1i:'thDo~gh 3 we present those events with the square of. the momen-
. z . ·. . . i . 

tum transfer to the ~ (AP,A) less than o. 8 (BeY /c) • As observed in re-

actions {1) and (2), <1> production is concentrated (:::::70%) in this momentum-

transfer region. 9 'I·. 

I .. 
<!>-ey 

Figure 1(a) is ;a scatter plot·of the squar~ of·the {all neutrals) mass 

versus the square of the effecti~e mass of the {w +,.- all neutr.als) combination 

·from measured (unfitted) data for Reaction {3 ). The striking feature· of this 

plot is the evidence for a. ,.o at M 2 (all neutrals) = O.Oi8 BeV.2 for all ·values. 

. f z, + - . z + - . z . o M _,. ,. all neutrals). However, forM {'11' ,. all neutrals)::::: 0.92 BeY 

one notices evidence for an e~hancementat M 2(all neutrals)::::: 0.0 BeY 2• 

This enhancement has bee~ ~reviously identified· as the ,. +,.- '{ decay mode 

of the 'l'\(959)(or X 0.Ineson). 10• 1.1. In·F~g •. 1(b} vle retain only those events 

in which the-·~+;r· c~mbination is in the p.band(6.4z to 0. 7'2 BeY 2). The 
. ; . . . 

·:···· 
' ,· 

' 
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·'11(959) enhan·cement ~emains., co~sistent withthe results of Kalbfleischetal. 

on the existence oi·the decay m.~de ~(9 59)'~ P'V• 
11 

, No enhancement is 
' . 

observed at or near the known location df the <j>, M
2

(-r/'IT- all neutrals)= 1.038 

2 . 2 
and M (all neutrals) = 0.0 BeV • To demonstrate this more clearly the 

p~ojections onto th~: M
2 

('IT+ 'IT-· all neutrals) scale are shown in Fig. 2. Only 

2 ' 2 
events in the range, -0.01 ~ M (all neutrals) ~ 0.01. BeV are shown. The 

shaded area contains events. in the p band only .. · The curves are a smooth 

approximation. to the background.· ·Using the '11(959) peak as a measure of 

our experimental resolution in this region,. we find we can attribute no more 

than 20 eventsto <j>~'IT+'IT-'V and 12 events to·G>-P'V with a confide~ce o£ 

· 9o//o. Based on 209 examples .of 4>-K+K- • and our ineasur.ed bran'ching ratio· 
•' . . 

+ - ' ' .· 12 
r(<j>-K K ) = (1..22± 0.22) r~q,- K~K:), we conclude that 

; + . ' 
T(¢ - p 'V). ~ o .• 0.3 T(G>- KR) and r (<\>-'IT 'IT-y) ~ o .. 0 5 r(q,- KR).. ( 4) 

.· 4>- wy, 

In as much as::the neutrals of Reac.~ion (3) .contain both the rr0 from the 
i. '. . ·. . ' . . . 

w decay and the photon, this all-neutrals: .combination. has a wide variance of 

phase space for ~- decay (0.018 to 0.55 BeV 2). The~efore, the scatter plot 

is not a particularly sensitive means, of Jooking for this decay mode. In .· . 
. ' ,' . . 

Fig. 3 we present the M
2

('1T +'IT-· all neutr~ls) distribution, again at low ~omen-: 
· · · 2 · 2 . ·z 

tum transfer. Events with M (all neutrals) less than 0.073 BeV (4m 0 ) have 
. . 'li 

been removed, since the A 0 TI+'If•rr 0 final. state is such a larg~ fraction of the 
. . ' . ' ' . +. 

background [see Fig. 1(a), for ~xample] •. : ·only events with a 'IT rr- mass 
2 . ' . ·.: .· ·. .! .. + - . . 

squared less than 0.420 BeY , the upper hmlt for w-'IT ,. rr 0 decay, are in-

·.· eluded. A large enhancement is observedat 959 MeV, due to the d.ec'ay 

'1')(959)- 1J (548)Tr+rr-., '1')(548} -.all neutrals, whereas no signal is observed 

... '., ; l' 

·.·. :-'', 

··,' 

'· .... 
\•.1 . 

'·,• .. 
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at 1019 MeV, the lo'cation of the <J>• A further. cut is made on the,.+,.- mass 

2. £ () +-od squared less than 0.'172 BeV , . the upper bound or '11 548 -,. ,. ,. ecay • 

The remaining events are shaded (the '11(959) peak is further pronounced in 
. . . ' . + -
reference to background by this selection because the ,. ,. must have a 

mass squared l~ss than 0.169 BeV
2 

for this particular decay mode of the 

'11(959)]. It should oe noted at this point that if there existed a substantial 

C-violating strong decay <j>- 1'\(548),. ·or a C-nonviolating electromagnetic 

decay G>- 1'\(548)y, these would show an enhancement at the <I> mass, partie-

ularly in the shaded data. We find no evidence for these modes, and can 

·attribute no more than 35 events to <j> - W'( and 25 events to <P-'11(548)'1T or 

13 
1'\(548)"{ with a confidence of 99o/o. We thus conclude . 

,I 1: 

Conclusions · 

Our results on ,the branching ratios for <j> - p y a:o.d wy are compatible 

with the predictions of BFL.. However, inasmuch as w'·' establish only upper 
I 

limits on these ratios it would be meaningless to comp<•.re them with Lee2 s 

prediction on the relative rates of these two modes. 0\lr results on 

,. +,.- y ( < 5o/o) appear to be i.-1compatible with the prediction of Prentki and 

Veltman (10 to 20o/o). 

The authors ackn:~w:.edge the skillful and dedicated support of Dr. Edward 

Lofgren and collaborators in the operation of the Bevatro.n, Mr. Robert Watt 

and collaborators in the operati.on· of the bubble chamber, and·an the scanning 

and measuring personnel who participated in this experi:r:nent. We thank ·Dr. 

J .. J. Murray for his efforts with the bearh and Professol.' Luis Alvarez for 

his continuing support. .:' 
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12 •. We must point out two minor qualifications to these ·results:'· (a) the cut · 

on jM2(all.neutrals)~ 0.01 results in the loss of a small fraction of,· 

'1'\(959} events d:ue to resolut~on. Thus~ we :would expect this effect with 

approximately the same magnitude to occur in the case of the <j>; {b) our 
. . 

data at this time do not rule out the possibility of a weak alternate decay 
\. 

mode, <j> - ~11' (branching ratio = 18 7=:8%). A~ain due_ to resolution we may 

be incl'liding a small amount of p 0 ir0 in our p 0 'Y arid 'it+ 1r- 'Y determinations. 
. I . II 

The effect of {a) is ·to undere.stimate and (b) to overestimate the .limits 
. I ' ,· ·. 

on p 'Y and 'TI' + 'TI'- 'Y· However, the net effect can alter our conclu~ions on· 

the branching ratios by no more than :1: 1 to 2o/o. . . 

· ' 13. We have as sum~d an all-neutrals branching· .ratio of 69o/o for the '1'\(548) 

and 10o/o for the _w in arriving at these branching ratios. We have intro-
1 il , 

'·'" . duced a slight bias in the W'{ and 1)(548)"( determinations because of the 
· · ' . 2· . · · 2 · . · 
·removal of events w1th M (all neutrals)< 4 m'TI'o, m~smuch as the lower 

2 [ ·'+-o, bound for these .cases would be m 'TI'o .w or 11(548) .... 'TI' 'TI' 'TI' J. or zero 

['1'\(548)-'TI'+'TI'-'Yl· Therefore, the branching ratios for these modes should 
. 

be somewhat larger, but probably by no more .. than i to Z.o/o. 



·~ 

''- ... 

: . ~ 

-7- OCRL-16237 

•. 1 FIGURE LEGENDS : . -~ 

·, .. : 

·' 
'Fig. 1.. (a) Scatter, plot for 3468 ~xamples of the .reaction; 

. . . + . . . . : . '. ' .· 
K-p-A 0 '11' '11' ~+.(all neutrals) with the square of the momentum transfer· 

' I'' ' 

.to t~e A less than o~·s (BeV/c) 2, and(b) the sa~e as (a), with t~e ex-

Z +.- · .. ·· · · · Z 
ception that only events with M ('11' '11' ) in the range 0.4Z to o. 7Z BeV 

. (p band) are retained. :: 

Fig. 20 :Projectionofthe events:\of 1(a) in the interval ..;.0.01. ~ M 2 
I . ., ' 

. (all neutrals) ~0.01 BeV 2 on~o the M 2 ('11'+'11'- all neutrals) scale. The 
• : ' . .! • ' 

1 -

shaded events are those plotted in 1(b) for the same intervals • 

. Fig. 3. Projection of the events bf 1(a) in the intervals M 2(all ~e~trals) · . 

. · .z . ·· · ·z · .·z·+- ·· ·z .. · . • ... 
~0.073 BeV ( 4m o) and M ('11' '11' )~ 0. 420 BeV (upper bound for '11' . . . . 

w decay). The. shaded events have the further restrictionM2 ('11' + '11'-)~ 0.1.72 
z ·.· . . ' . 

BeV [upper bound for '1')(548} decay].· 
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