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One of the important tests for the presence of a C-violating semistrong interaction occurs in the decay
n — w7 ~7% We examine a previously suggested model in which a #*-z~ asymmetry is produced by the
interference of the dominant mode n — o7 (where ¢ is an attractive =0, S-wave =7~ state) with the
C-violating AT =0 transition 7 — pw. The n — pr amplitude involves three terms in which each == combina-
tion goes through a p state; enormous cancellation occurs and thus the resultant is sensitive to small pertur-
bations. We find: (i) that consideration of the finite width of the p and the rm*-7° mass difference greatly
alters the distribution of the #*-7~ asymmetry in the Dalitz plot from that of previous calculations; (ii)
that the m*-z° mass difference increases the magnitude of the -7~ asymmetry for a given C-violating

coupling gnpn-

T has been suggested that the CP-violating 2r decay
mode of the K, is due to a semistrong interaction
which conserves parity and strangeness but violates C.!
This interaction is thus expected to lead to a =t-n—
asymmetry A in the decay n— wtr~7° by interfering
with the dominant C conserving A/=1 mode shown in
Fig. 1(a)."? This asymmetry A has been searched for
experimentally® and studied theoretically.?® Although
it appears that A is small (<19%,)—if it exists—the ex-
periments to determine it continue to be of great
interest. One widely studied model for the C-violating
amplitude is the mode n— pr with AI=02"5 The
n— pr amplitude involves the three diagrams in

n* T T T+
N / \ ’
\\\ / N ,"
\ / \\ /’
Y . \/ .
i Pl T
F16. 1. (a) Dominant C con- 7 i
serving diagram for the decay a) b)
(1); (b)-(d) C violating dia- - o . .
5 T T T -
grams for the decay (1) in our \ Y . K
model. ‘\‘ / ‘\\ /
\ \// \\\ //
P'l’ A L
n 7
c) d)

* Supported in part by the U. S. National Science Foundation.

1 J. Prentki and M. Veltman, Phys. Letters 15, 88 (1965); T. D.
Lee and L. Wolfenstein, Phys. Rev. 138, B1490 (1965).

2T. D. Lee, Phys. Rev. 139, B1415 (1965).

3 C. Baltay, P. Franzini, J. Kim, L. Kirsch, D. Zanello, J. Lee-
Franzini, R. Loveless, J. McFadyen, and H. Yarger, Phys. Rev.
Letters 16, 1228 (1966); A. M. Cnops, G. Finocchiaro, J. C.
Lassalle, P. Mittner, P. Zanella, J. P. Dufey, B. Gobbi, M. A.
Pouchon, and A. Muller, Phys. Letters 22, 546 (1966); L. R.
Fortney, J. W. Chapman, S. Dagan, and E. C. Fowler, in Inter-
national Conference on High Energy Physics, Berkeley, 1966
(University of California Press, Berkeley, California, 1967); A.
Larribe ef al., Phys. Letters 23, 600 (1966).

4 M. Nauenberg, Phys. Letters 17, 329 (1965).

8 B. Barrett, M. Jacob, M. Nauenberg, and T. N. Troung, Phys.
Rev. 141, 1342 (1966).

6Y. Fujii and G. Marx, Phys. Letters 17, 75 (1965); S. L.
Glashow and C. M. Sommerfield, Phys. Rev. Letters 15, 78 (1965).

160

Figs. 1(b)-1(d). Enormous cancellation of these terms
occurs and thus the resultant amplitude is sensitive to
small perturbations. (This sensitivity was already noted
in discussing the decay of a 0= “»”.)7

The purpose of this paper is to consider the effects of
the finite width of the p and the 7+-x° mass difference.
We find that the distribution of the #+-r~asymmetry in
the Dalitz plot is greatly altered from that of previous
calculations: (1) Dividing the Dalitz plot into the sex-
tants shown in Fig. 2, it had been found that the #t-7—
asymmetry of the middle sextants was opposite to that
of the upper and lower pairs. We find that the finite
width of the p changes this conclusion even for no
770 mass difference. (2) Including the pion mass-split-
ting changes not only the distribution of the #*-7—
asymmetry but also the magnitude of A for a given C-
violating coupling gy,x.%

The partial width for the decay

n— wtan’ (€))]

can be written as

1 1
mtn ) = — M|2d(t—1-)dto,
e (41)3277//1 - tdts, @)

where the #'s are the kinetic energies of the pions in the
rest system of the 7 and 7 is the mass of the ». Let the

t.

Fi6. 2. Dalitz plot divided into
sextants. The divisions correspond
to the lines sy =t_, fo=1_, and
to=14.
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7 G. L. Shaw and D. Y. Wong, Phys. Rev. Letters 8, 336 (1962).
8 The coupling constant g,,r we use is twice as large as that
used in Ref. 5.
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TaBLE I. The quantities A (o, £.—2_), A(ty), A(t,—1t_), A;, and A are given with the dimensions of the square bin
taken as 5.83 MeV for the case §=0, ¢=0, I';=0.7, and g,,~=4.38.2
A(to) Ato, to—1t_)
0.33 0.010 0.029 0.047 0.065 0.082 0.098 --- e o oo
0.43 0.005 0.015 0.025 0.035 0.044 0.051 0.058 0.063 0.066 0.068 cee
0.20 0.002 0.007 0.012 0.016 0.020 0.023 0.025 0.026  0.026 0.025 0.021 e
0.04 0.001 0.002 0.004 0005 0006 0006 0.007 0.006 0005 0.003 —0.000 —0.004 ---
—0.00 —0.000 —0.000 —0.000 —0.000 —0.000 —0.000 —0.000 —0.000 0.000 —0.000 —0.000 —0.001 —0.001
0.10 —0.000 —0.001 —0.001 —0.001 —0.000 0.001 0.003 0.005 0.009  0.013 0.018 0.024 0.031
0.30 —0.000 0.000 0.000 0.002 0.004 0.007 0.012 0.018 0.026 0.037 0.050  0.065 0.083
0.52 —0.000 —0.000 0.001 0.003 0.006 0.012 0.020 0.031 0.045 0.064  0.086 0.112 0.144
0.43 —0.001 —0.003 —0.004 —0.003 0.000  0.006 0.017 0.032 0.052 0.078 0.110 0.149 oo
0.04 —0.005 —-0.014 —-0.021 —0.026 —0.027 —0.024 —0.015 0.000 0.023 0.054  0.095 oo
—0.69 —0.013 —0.037 —0.060 —0.079 —0.093 —0.101 —0.101 —0.093 —0.074 —0.043 —0.000
—-1.71 —0.027 —0.080 —0.131 —0.177 —0.217 —0.248 —0.270 —0.280 —0.277 e e
—2.80 —0.050 —0.147 —0.242 —0.331 —0.413 —-0485 —-0.544 —-0.590 ---
—2.74 —0.080 —0.238 —0.393 —0.541 —0.680 —0.809 oee e
—1.81 —0.115 —0.344 —-0.569 —0.787 oo oo
A(t,—t) —027 -—-081 —-133 —182 —127 —146 -0.79 —078 —0.10 0.30 0.38 0.35 0.26
Ag=—990; A;=1.54; A,=101; A=—7.36.
= The kinetic energy fo of the bins increases upward, and ¢, —f. increases from left to right.
mass of the charged pion =1.0 and that of the where
m9=1.0—3. Neglecting terms of order §, the boundary a= (14 *—1)/p®)1/n—1, (10)
of the Dalitz plot for the integrations in (2) is given by
o (ot s b= (*—(n—1)*)/2n, (11)
b—1 )= (¢ to)[1—4 —12=296)]. @3
(+ ) ( o>+ 0)[ /((77 ) n 0):] ( ) kp= (%pg_ 1)1/2' (12)
We divide M into two parts: . . .
P The quantity e represents possible electromagnetic
M=M,+M_, (4) corrections which could split the gy, *,* and g0
. . . couplings. Note that we do not consider any splittings
with the property that under charge conjugation, in the p mass or width I',. The experimental value
CM Cl=4M,. (5) T,=0.7 corresponds to a g,»»~35. In the limit that the

We choose M. to be dominated by the process in
Fig. 1(a) so that the phase is determined by the 7=0
S-wave wtz— interaction. Using the Brown-Singer o
meson,’ we have

M+=ﬁ/|}0+ar2—(17—1)2 ;_I‘uzrk(to)} ©)

2 2k,
where
k(to)=[1(n—1)*—1—3nto ] )
and
ko= ({o*—1)!2. ®)

For the C-violating M_, the diagrams in Figs. 1(b)-1(d)
give for the AT=0 transition

t+— to— ad
t_4-b— (ipT,/20) [k (1) /R, I
| to— t_+06
"ty b— (ipT,/ 20) (R (8) /2, T

M_= %’ignpwgpﬂ[

t— t+ ]
tot-b—5(1—1/n)— (8T, /2) [k (10) /R, T
- ©

9 L. M. Brown and P. Singer, Phys. Rev. 133, B812 (1964).

+(1+¢

pion mass splitting §=0 (and e=0), and neglecting the
width in the denominator, we obtain the familiar form

(t—1to) (to—1-) (I——14)
(1 40) (t+8) (to+-8)

which vanishes along the lines f=¢_ and f=1¢ (and
t.=1¢_) that divide the Dalitz plot into the sextants
shown in Fig. 2.

First we determine the parameters of M from the
decay (1) since the effects of any M_ are small. The de-
tailed measured Dalitz distribution can be fit with the
mass

M_=3igypxGonr 13)

o=3 (14)
and the width
Ir,=0.7. @15)
We use the SUj; relationship
I'(n— 2v)= (?*/3)T' (=" — 2v) (16)

together with the experimental quantities'

7.9=0.89X 1071 sec.

10 A, Rosenfeld, A. Barbaro-Galtiero, J. Kirz, W. J. Podolsky,
M. Roos, W. J. Willis, and C. G. Wohl, University of California
Radiation Laboratory Report No. UCRL-8030, 1966 (un-
published).
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TaBiE II. The quantities A(fo, £+—¢_), A(fo), A(f—¢-), A;, and A are given with the dimensions of the square bin
taken as 5.83 MeV for the case §=0, ¢e=0, I',=0.1, and g,,.=4.38.
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A (to) A(t(h t+~t—)

—0.04 —0.001 —0.004 —0.006 —0.008 —0.011 —0.012 cee e e e

—0.24 —0.003 —0.009 —0.014 —0.020 —0.024 —0.029 —0.032 -—0.035 —0.037 —0.037 e

—0.27 —0.003 —0.010 —-0.016 -—0.021 —0.026 —0.030 —0.033 —0.034 —0.034 —0.031 —0.027 ---

—0.14 —0.003 —0.008 -—-0.014 -0.018 —0.021 -—0.023 —0.023 -0.021 -0.017 -0.010 -0.000 0.013 ---.
0.17 —0.002 —0.006 —0.009 —0.011 —0.012 —0.010 —0.006 —0.000 0.010  0.023 0.040 0.062 0.089
0.51 —0.001 —0.003 —0.003 —0.003 —0.000 0.005 0.014 0026 0.042 0.063 0.090 0.122 0.161
0.85 —0.000 0.000 0.001 0.004 0.010 0.019 0032 0050 0.073 0.103 0.140 0.185 0.238
1.10 —0.000 —0.000 0.002 0.006  0.013 0.024  0.041 0064 0094  0.133 0.180 0.237 0.306
0.75 —0.002 —0.005 —0.007 —0.006 0.000 0011 0029 0054 0.08 0.134 0.191 0260 ---
0.06 —0.007 —0.020 —0.031 —0.039 —0.041 —0.036 —0.023 0.000 0.034  0.082 0.143 .-

—0.94 —0.017 -0.050 -0.080 —0.106 —0.125 —0.136 —0.137 —0.125 —0.100 —0.059 —0.000

—2.12 —0.034 —-0.099 —0.162 —0.219 —0.269 —0.308 —0.336 —0.349 —0.345 e e

—3.25 —0.057 —0.171 —0.280 —0.384¢ —0.478 —0.561 —0.631 —0.684 e

—2.99 —0.087 —0.260 —0.429 —0.591 —0.743 —0.883 e cee

—1.88 —0.119 —0.357 —0.590 —0.816 cee e

Aty—t2) —-034 -—-100 -—-164 -—-223 -173 -—-197 -—-111 -105 -—-0.19 0.40 0.76 0.88 0.79

A3=—11.40; Az=3.74; A1=—0.77; A=—842.

TaBLE III. The quantities A (fo, £.—¢-), A(f), A()—12-), As, and A are given with the dimensions of the square bin
taken as 5.83 MeV for the case §=0.036, e=0, I',=0.7, and g,,»=1.75.

A(to)

0.11 0.003 0010 0.016 0.023 0.028 0.034 --- e e e
0.12 0002 0.005 0.007 0.010 0.012 0.014 0.016 0017 0017 0016 ---
0.00 0.000 0.001 0.002 0.002 0.002 0.002 0002 0.001 —0.001 —0.003 —0.005 ---

—0.09 —0.000 —0.001 —0.002 —0.003 —0.004 —0.006 —0.007 —0.009 —0.011 -0.013 —-0.016 —0.019  ---

—0.15 —0.001 —0.003 —0.004 —0.006 —0.008 —0.010 —0.011 —0.013 —0.015 —0.017 —0.019 —0.020 —0.023

—0.14 —0.001 —0.003 —0.006 —0.008 —0.010 —0.011 —0.013 —0.014 —0.015 —0.015 —0.015 —0.015 —0.014

—0.10 —0.001 —0.004 —0.007 —0.009 —0.011 —0.012 —0.013 —0.013 —0.012 —0.011 —0.008 —0.004  0.000

—0.08 —0.002 —0.005 —0.009 —0.011 -—0.014 -—0.015 —0.015 —0.014 —0.011 —0.007 —0.002 0.006 0.016

—0.16 —0.003 —0.008 —0.014 —0.018 —0.021 —0.023 —0.024 -—0.022 —-0.019 —0.013 —0.004 0.008 ---

—0.36 —0.005 —0.015 —0.025 —0.033 —0.040 —0.045 —0.047 —0.047 —0.044 —0.037 —0.026  ---

—0.79 —0.009 —0.028 —0.046 —0.062 —0.076 —0.088 —0.096 —0.101 —0.101 —0.097 —0.087

—1.15 —0.017 —0.050 —0.081 —0.111 —0.139 —0.163 —0.183 —0.197 —0.207 --- e

—1.60 —-0.027 —0.082 —-0.134 —0.185 —0.232 —0.276 —0.314 —0346 ---

—1.43 —0.041 —0.123 —-0.203 —0.281 —0.355 —0.424 --- e

—0.90 —0.057 —0.170 —0.282 —0.390 .- e

A(y—t) —-016 —-048 -079 -—-108 -—-087 -—-102 -071 -0.76 -—-042 —020 —0.18 —-0.04 —0.02

A3=—6.19; A;=-0.65; A;=0.11; A=-6.73.

TaBiE IV. The quantities A (fo, £.—2_), A(t), A(t.—i-), A;, and A are given with the dimensions of the square bin
taken as 5.83 MeV for the case §=0.036, ¢e=0.01, T',=0.7, and g,,~=0.875.

A(to)

0.05 0.001  0.004 0.007 0.009 0.012 0.014 --- e e e
0.00 0.000 0.001 0001 0.001 0.001 0.00f —0.001 —0.000 —0.001 —0.003 ---

—0.10 —0.001 —0.002 —0.003 —0.005 —0.006 —0.008 —0.010 —0.012 —0.015 —0.017 —0.020 ---

—0.21 —0.001 —0.004 —0.007 —0.010 —0.013 —0.015 —0.018 —0.022 —0.025 —0.028 —0.032 —0.036  ---

—0.33 —0.002 —0.006 —0.010 —0.014 —0.018 —0.022 —0.026 —0.030 —0.034 —0.037 —0.041 —0.045 —0.050

—0.41 —0.003 —0.008 —0.013 —0.018 —0.023 —0.028 —0.032 —0.037 —0.041 —0.046 —0.050 —0.053 —0.057

—0.49 —0.003 —0.010 —0.016 —0.023 —0.029 —0.035 —0.040 —0.045 —0.050 —0.054 —0.058 —0.062 —0.064

—0.60 —0.00¢ —0.013 —0.021 —0.029 —0.037 —0.044 —0.050 —0.057 —0.062 —0.067 —0.070 —0.073 —0.075

—0.69 —0.006 —0.017 —0.028 —0.038 —0.049 —0.058 —0.067 —0.074 —0.081 —0.086 —0.090 —0.093 (X

—0.82 —0.008 —0.023 —0.039 —0.053 —0.067 —0.080 —0.092 -0.103 —0.112 -—-0.119 —-0.124 ...

—1.18 —0.011 —0.034 -0.055 —0.077 —0.097 —0.116 —0.133 —0.148 —0.161 —0.172 —0.180

—1.21 —0.016 —0.048 —0.080 —0.110 —0.140 —0.167 —0.193 —-0.216 —0236 --- e

—1.37 —0.023 —-0.068 —0.112 —0.155 —0.197 —-0.237 —-0.274 —0.308 ---

—1.07 —0.030 —0.091 —0.151 —0.209 —0.266 —0.320 --- e

—0.61 —0.039 —0.116 —0.192 —-0.267 --- e

A(ty—t) -015 -043 -0.72 —-100 -—-093 -—-111 -—-093 -—-105 -—-082 —-063 —0.67 —0.36 —0.25

Ag=—6.06; Ap=—2.64; A=—034; A=—9.04.
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and
I'(n— 2v)/T'(qp— ntr—7°)=233.5/25.3

to obtain

)

T'(p— rtr %) =8.5X10"7. (18)

Then we numerically integrate |M |2 over the Dalitz
plot to obtain from (2)

T'(rtr—n%)=4.08 X 107932,
Therefore

2=0.21. (19)

Now we examine the 7t—z~ asymmetry using our
model C-violating M_ given by (9). Let A (¢, t.—¢-) be
the number of events in a square bin centered at
(to, t+—¢-) minus the number for the bin centered
(to, t——12;) with £, >1_. Further, let

Alt)= X2

binsin £y —2_
direction

2 A, t—t),

bins in to
direction

2 A, —t),
bins in _
sextant 7

A (tO) t+— i—) )

Alty—t )= (20)

Ai‘—:

and

Our normalization is such that the total number of
decays (1) is 100, so that A is given in percent. The
above quantities are presented in Tables I-IV for the
following cases (I) 6=0, e=0, I',=0.7; (II) =0, =0,
T,=0.1; (III) §=0.036, =0, I',=0.7; (IV) §=0.036,
e=0.01, T',=0.7. Comparing Tables I and II, we note
that even for 6 (and e=0) the A; do nof alternate in sign
when the experimental value of the p width as used [in
the denominators of (9)]. Even though M_ vanishes
along the lines fo=1#; and {,=/_ dividing the sextants,
M _ gets out of phase with M, along another line so that
A(#o, 2,¢_) again changes sign for case I, and thus Ay has
the opposite sign from A;. Including a small splitting in
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the coupling, i.e., e=0.01, we see in Table IV that the
A; all have the same sign.*

The second important feature to note is the value of
Zqox Tequired to produce a given A for the above cases
(denoted by a superscript):

|AI]= l'ﬂgrlmri)
IAHI= 1'9,gw1rl;
| AT = 3.8]gypn],
IAIVI =1O-4lgnmr{ ’

21

where A is given in percent. Thus including § and e
substantially increases the size of A for a given g,,x.

As expected, a model in which M _ is a n — pr ampli-
tude with a AT=2 transition [e= —3 in (9)] is not sensi-
tive to including é, nor to making I', narrow.

Now, following Barrett ef al.,> we compare the decay

n— mle¢te (22)

calculated through the sequence n — 7% — 7% — 7% e~
to the asymmetry A in (1). From Eq. (15) of Ref. 5
together with (16) and (17), we have

T'(n— nlte) x
- = 0.010<g"” 2) .
I'(n — all decays) 4r

Now for a 7z~ asymmetry in (1) of <19, our case III
in (21) yields |g,|<0.26. Thus, we should expect
R<0.54X10~* which is much smaller than the presently
available measured upper limit 2.3X 107312
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Professor L. I. Schiff for his hospitality at the Institute
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R=

(23)

11 This is characteristic of a model in which the n — p7 amplitude
is a |AI| =2 transition. We see that a small mixture of a |AI|=2
amplitude introduced by e greatly influences the Dalitz plot. A
somewhat larger admixture of |AI|=2 amplitude would com-
pletely dominate the A7 =0 amplitude.

2 C, Baglin ef al., Phys. Letters 22, 219 (1966).



