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CP-INVARIANCE VIOLATION WITH AI> 3*

Tran N. Truong
Department of Physics, Brown University, Providence, Rhode Island
(Received 6 June 1966)

The discovery®? of the decay mode Ky °—~n*

+ 7~ and subsequent experiments establish the
violation of CP invariance in K° decay. Because
of the very small value of In, _I=[T(& ~7*
+77)/T(Kg~nt+77)]"2, there have been many
suggestions on the origin of this small effect.®
In particular, it was proposed that CP invari-
ance holds for AI=3 amplitudes and does not
hold for decays which violate this rule.*”® In
this note we re-examine this possibility, dis-
cuss the magnitude of CP-invariance violation,
and point out that the small value of In,__lis
probably accidental and that the present experi-
mental data are consistent with a large CP-
nonconserving AI>3 amplitude. We suggest

the measurement of 7*7~ asymmetry in the
decay K,°~ 7"+ 7~ +7° as a possible new test
for CP-invariance violation.

The experimental check on this data is diffi-
cult since one must look for the effect produced
by the interference between AI=3 and AI> 3
amplitudes; the latter is strongly suppressed.
It has been suggested® that a sensitive experi-
ment to test this possibility is to measure the
neutral-to-charged ratio of the two-pion decay
of K7 °. This value would be very much differ-
ent from the value 3 predicted by the AI=73 rule
which is found experimentally valid for K g°
decay.”® Following the notation of Ref. 4, we
have

n+_=a+_L/a+_S=é[6 +iV2F(ImA,)/A ), (1a)
noozaooL/aOOS =3le-i2V2F(ImA,)/A ), (1b)

where

As long as |A,/A,P<(ImA,)/A,, itis a good
approximation to put e=0. From Egs. (1a) and
(1b), independent of the magnitude of (ImA,)/

A, we have

=2, (2)

L L2
PL= ‘“oo /a }
to be compared with the value 3 for Kg° decay.®

The assumption that € < (ImA,)/A, is valid
only if AI=3 amplitudes'® and leptonic process-
es (with violation of AS = —-AQ rule) are CP
invariant and that there is no superweak inter-
action of the type discussed by Wolfenstein.'!
In the model of Sachs!? and Wolfenstein,'* €
is dominant, hence 87,=3, to be contrasted
with the value of 2 for CP-invariance violation
in AI> 3. If there is a violation of charge-con-
jugation invariance in electromagnetic inter-
actions,® one can also expect 81 # 3.

We turn next to the question of the magnitude
of CP noninvariance in AI>3 amplitudes. In
Ref. 5, for simplicity, it was assumed that A/
=% amplitude was zero. The magnitude of A,
can be determined from the rate of K+ — 7t + 70,
The conclusion reached was that the CP-non-
conserving phase is small. However, if one
takes the branching ratio Bg =T'(Ks —~ 27°%) /T (Ks
~2m)=0.335+0.014 as given by Brown et al.,®
which is the most accurate value, it is no long-
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er possible to fit the decay K+ —~7nt+7° and the
value Bg [assuming cos(6,-8,)~ 1]. One would
need both Al=% and $ amplitudes which inter-
fere constructively in K+ decay while destruc-
tively in Kg° decay. As pointed out by Wu and
Yang,* ReA, can be obtained directly from the
value Bg without using the K+ — 7+ + 7° rate.

We have

1
=311~ ~0
BS H1-2v2 [(ReAz)/AO]cos(é2 0)}. (3)
Let us put Bg =%+A; then

4 /n, -
:§] (——Z———) cos(0,~6,)|.

The experimental value Bg as given by Brown
et 31_.3 yields a value of A which is consistent
with zero. For example, using A=0.01 as a
representative value, we obtain ¢,=13°. For
smaller values of A, ¢, can be much larger.

We conclude that the present experimental
data are consistent with a large CP-invariance
violation in AI> 3. In fact there is no experi-
mental contradiction even if one entertains the
possibility of maximum CP -invariance viola-
tion in A>3 amplitudes, that is, the CP-invari-
ance violating phase can be as large as 90°.

In this limit and under the assumption of con-
stant CP -invariance violating phase, we have
p2=g? since the imaginary parts of the mass
and decay matrices vanish. The expressions
for Kg® and K7,° in terms of K° and K° are de-
fined as if CP were conserved. The phase of
7, - is consistent with that obtained from re-
generating experiments.*

We turn now to the possibility of testing this
idea in decays which involves Al >3 amplitudes.
In particular, we suggest the experimental de-
tection of the interference between the I=1 and
I=2 amplitudes in the decay K°— a1t + 7~ + 7°
which gives rise to the asymmetry in the 7+ 7~
energy distribution. This experiment is fea-
sible only if the I=2 is not too much smaller
than the I=1 amplitude (see below). In the fol-
lowing we given an estimate of this asymmetry.
Let us denote the K°— 37 amplitude in the state
of isospin I as

ImA,
ReA,

(4)

tang, =

0 i@
(37r|HW!K >:BIe 1

where @’s are the phases due to the final-state
interaction. From the CPT theorem we have

=0y I_ * igg

(31r|HW 1K )=(-1) B e
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Hence,

O vZmB ¢! for1-0,2,

(3anW IKL ;

=\f2_ReBIewI for I=1. (5)

From these equations, it is clear that in the
absence of the final-state interaction there can
be no interference between the I=1 and I=0,
2 states and, consequently, there will be no
asymmetry.'® But we know that the s -wave pion-
pion interaction is strong in the low-energy
region, hence asymmetry in 7" and 77 is ex-
pected. The analysis presented here is quite
similar to that given in n decay.6-8

Let us consider the model of maximum CP
nonconservation for AI> 3 amplitudes. We put
ImB,=0,"B,=ReB,, and B,=iImB,. For a
rough estimate, we write the matrix element
as

M =X +n,7cosbd+ih,y sinb. (6)

The first two terms are the matrix elements
leading to the state of the final three-pion sys-
tem with isospin I =1; the last term, with iso-
spin I=2. A, 2,, and %, are complex because
of the final-state interaction. We use the usu-
al Dalitz coordinates with 7, _T_=vV3T.¥ siné,
To-T¢=Tcr cosb, with Te=3m~u; m and p
are, respectively, the K and m masses and the
T’s are the kinetic energy of the pions. We
define the asymmetry as

_T(T4>T-)-T(T4<T-)

T(Ty>T-)+ D (T+<T-Yy

NI

where sing describes the average strong-in-
teraction effect. From numerical results giv-
en in Ref. 17, we estimate sing=3. It is usu-
ally necessary to introduce a decay radius to
estimate the relative magnitude of 2, and 4,
Alternatively we can introduce Kp7 coupling

in the isospin-I state of the mp system: fppH

X (md uK -Kd,,m) from which we can compute the
nonsymmetric contribution to K = 37 amplitudes.
By a simple calculation we have k,/h, =f,/f,.
The ratio k,/h,=c measures the relative strength
of the I=2 to the nonsymmetric part of I=1
amplitudes. Using the experimental data of

the 7° energy spectrum we obtain®® k /A= -0.4.
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Hence
a=0.18c.

Taking ¢=0.15, 0.10, and 0.05 we obtain, re-
spectively, the values 2.7, 1.8, and 0.9% for
the asymmetry parameter. The predictions

of the energy spectrum of the odd pion in K —~ 37
decay by the AI=% rule are satisfied only with-
in 10-30%,?* so that it is not unreasonable that
¢ can be as large as 0.10 corresponding to an
asymmetry of the order of 1.8%. If the asym-
metry is detected, a lower limit on the AI> 3
amplitude can be inferred.

If the CP-nonconserving decay Ky = nt+7n~
is due to a possible C-invariance violation in
electromagnetic processes,® the 77~ asym-
metry in Ky ~ 7"+ 7~ + 7° should be negligible.
This can be estimated by using the 7%° pole

models
,”0
KL <TI°> 3.

The 77~ asymmetry in K° decay is equal to
that in n° decay multiplied by the ratio of (7
- 3m)/(m—~ 37) coupling constants which is of
the order of @ =1/1317.

The rate for Ky ~7°+e™ +e~ should be quite
small. Similarly to the calculation of the asym-
metry in the decay n°— 7"+ 7~ +7,% the upper
limit for the 7*7~ asymmetry inKy =7+ 77~
+7 is expected to be less than 1%.

It is a pleasure to thank Dr, B. Barrett for
helpful discussions. The author would like to
acknowledge useful conversations with Profes-
sor D. Feldman and Professor T. T. Wu.

*Work supported in part by the U. S. Atomic Energy
Commission.

15, H. Christenson, J. W. Cronin, V. L. Fitch, and
R. Turlay, Phys. Rev. Letters 13, 138 (1964).

2A. Abashian, K. J. Adams, D. W. Carpenter, G. P.
Fischer, B. M. K. Nefkens, and J. H. Smith, Phys.
Rev. Letters 13, 243 (1964).

3We adopt the notations used by T. T. Wu and C. N.
Yang, Phys. Rev. Letters 13, 380 (1964).

‘Wu and Yang, Ref. 3.

STran N. Truong, Phys. Rev. Letters 13, 358a (1964).

See also R. E. Marshak, in Proceedings of the Kyoto
Symposium on Elementary Particles, 1965 (unpublished).

"For a summary see the talk given by R. H. Dalitz,

in Proceedings of the International Conference on Fun-
damental Aspects of Weak Interactions (Brookhaven

National Laboratory, Upton, New York, 1964).

87, L. Brown, J. A. Kadyk, G. H. Trilling, B. P. Roe,
D. Sinclair, and J. C. Van der Velde, Phys. Rev. 130,
769 (1963).

Due to an algebraic error, the value by given in
Ref. 5 as 0.85 is not correct. Equation (9b) should
read 1-ne * ziIPz/P[,IzsinZ(,oz. This leads to a value
b5 =0.5 and to the charge asymmetry of the leptonic
decay of K, of 0.03%. Within the validity of the model
it is not possible to distinguish whether CP invariance
is violated in I =0 or I =2 state (see Ref. 10). We wish
to thank Professor L. Wolfenstein and Professor E. J.
Squires for useful correspondence.

PEyen if there is a CP-invariance violation in AT =}
amplitudes, we can always choose one of the ampli-
tudes real, for example A;,. Thus under the assump-
tion of constant CP~invariance violating phase, the I
=0 two-pion state does not contribute to €, but the 7’
and 7° poles and the 7%° and 37 in the I =1 state can
give significant contribution to €. In this case it is pos-
sible that € >Im A,/A4,, hence g7, 5. In general, to
account for the small value of n4_. it is necessary that
the CP-invariance violating phases associated with Al
=1 amplitudes are very small.

1y, Wolfenstein, Phys. Rev. Letters 13, 562 (1964);
T. D. Lee and L. Wolfenstein, Phys. Rev. 138, B1490
(1965).

2R. G. Sachs, Phys. Rev. Letters 13, 286 (1964).

BBy, Bernstein, G. Feinberg, and T. D. Lee, Phys.
Rev. 139, B1650 (1965); see also S. Barshay, Phys.
Letters 17, 78 (1965).

14y, L. Fitch et al., Phys. Rev. Letters 15, 73 (1965);
C. Alff-Steinberger et al., Phys. Letters 20, 207
(1966); M. Bott-Bodenhausen et al., Phys. Letters 20,
212 (1966).

5por € # 0 but small, this statement is correct to the
order of €. It is similar to a theorem proved by T. D.
Lee for n decay: T.D. Lee, Phys. Rev. 139, B1415
(1965).

81,ce, Ref. 15.

1"M. Nauenberg, Phys. Letters 17, 329 (1965).

183, Barrett, M. Jacob, M. Nauenberg, and T. N.
Truong, Phys. Rev. 141, 1342 (1966).

BEyen Im B, # 0, because of the centrifugal barrier
effect we do not expect detectable sextant type asymme-
try (Ref. 18).

20The fit to the data includes the pion-pion final-state
interaction in the I =0 state with scattering length a,
=1.5%/uc and is larger than the value required when
the 7 interaction is switched off.

215ee data compiled by G. H. Trilling, Argonne Na-
tional Laboratory Report No. ANL 7130, 1965 (unpub-
lished).

2B, Barrett and Tran N. Truong, Phys. Rev. (to be
published).

155



