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A simple model of C violation in semistrong interactions is proposed. The basic semistrong interaction is 
an "equal" mixture of C-invariant and -noninvariant parts. The former part is the coupling between two 
neutral vector mesons (Sakurai's interaction), and the latter is the coupling between neutral vector and 
scalar mesons. The nature of this particular interaction and the possible experimental consequences are dis
cussed. The small K£ —> IK decay rate can be consistent with our model. Also the pijT coupling and the 
C-violating effect in the 2° —> Ae+e~ decay are calculated. 

I. INTRODUCTION AND SUMMARY 

IT has been suggested1*2 that the CP violation ob
served in the K^ —» 2w decay3 may come from the 

C violation in a rather strong interaction, which is esti
mated to be of the same order or even stronger than 
electromagnetic interaction. Under the assumption that 
the electromagnetic interaction has a large C-violating 
part, several authors suggested simple forms of the basic 
interaction.4,5 Another suggestion has been made that 
the C violation occurs in the semistrong interaction for 
which charge independence and parity conservation are 
assumed valid, but the SU(3) symmetry is violated.1 

In this case, however, it seems to have been considered 
difficult to formulate in a simple way the nature of this 
important physical law, probably because only little is 
known about the semistrong interaction itself. Also ex
plained is the discrepancy between the strength of the 
C-violating interaction estimated simply from the mass 
splitting of the particles in an SU(3) multiplet, and that 
estimated from the K2° —» 2TT rate.6 The latter gives a 
much smaller value, and some kind of dynamical 
mechanism is needed to explain this discrepancy. Fur
thermore there are many possible interactions which 
violate C, but only few attempts have been made to 
consider them in a unified scheme.7 

Prentki and Veltman1 have considered the Yukawa 
interactions between baryons and pseudoscalar mesons. 
These are assumed to be invariant under the parity and 
isotopic spin rotations, to violate C, and to transform 
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as an isosinglet member of an octet in SU(3). In this 
theory only one coupling constant (EATT) is allowed to be 
complex resulting in C violation. On the basis of this 
interaction, however, it is rather difficult to calculate 
C-violating quantities which are amenable to practical 
experimental tests. Most of these tests are concerned 
with the decays of mesons. 1'9~9 

There are many possible semistrong couplings among 
mesons which are forbidden only by C invariance. 
Among them, the interaction 

"L=z hghditf— *difl) * PJU (1.1) 

may be the simplest.6'7'10 The coupling constant g is 
dimensionless, and there is only one derivative. Starting 
from (1.1) we can derive other C-violating couplings 
like t] —» (3^)1=0, r}—>ir°e+e~,5'7'n which are more im
portant from an experimental point of view, but are 
less convenient for a theoretical analysis than (1.1), 
because of their complicated structure (many deriva
tives and dimensions of the effective coupling constants). 
The interaction (1.1) can also be considered as a part of 
the more general one,10 

-L=g(RKf+K*K+*- gjdrf, (1.2) 

which has the same transformation properties in the 
broken SU(3) scheme as those conjectured by Prentki 
and Veltman.1 One can, thus, even consider (1.1) or (1.2) 
as a basic interaction of the whole C-violating effect. 

From a theoretical point of view, however, a still 
simpler interaction may be looked for. In this connec
tion, we shall emphasize the following two points. 

First, the scalar and vector fields have a particular 
property which the pseudoscalar and axial-vector fields 
do not possess. These two fields can be coupled to, say, 
the baryon fields in two different ways, in which the 
effects of the C conjugation are different (the "normal" 
coupling, i.e., scalar coupling of scalar field and vector 
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and tensor couplings of vector field, on the one hand, and 
the "abnormal" coupling, i.e., vector coupling of scalar 
field and scalar coupling of vector field, on the other). 
One of these alternatives is ruled out if C invariance is 
required. Therefore, we must expect that scalar and 
vector fields should play an important role in the prob
lem of C conjugation. I t is also encouraging to note that 
there have been many indications of the possible exis
tence of various kinds of scalar mesons (0+), though 
none of them have been yet established by direct 
observations.12-14 

Second, according to Sakurai,15 the mixing between 
two vector mesons (unitary octet and singlet) is very 
important in the semistrong interaction. He considered 
the interaction16 

-L==m2fUpVp, (1.3) 

where Up and Vp are both isosinglet neutral vector 
fields; one of them is a unitary singlet and the other is 
a unitary octet. Then (1.3) transforms as an isosinglet 
member of an octet under SU(3), and one can consider 
the interaction (1.3) to be the cause of the principal 
mass splittings in each SU(3) multipjet as described by 
the Gell-Mann-Okubo mass formula, as well as the 
deviation from this mass formula in the case of vector 
mesons. 

Taking these remarks into account, it seems natural 
to assume the coupling 

~L=mfUfldtlW, (1.4) 

where Up is a neutral vector field, and W is a neutral 
scalar field. We assume that U\ and W are coupled to 
other fields through the strong interactions, and these 
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21, 232 (1959); and Ref. 24], the mixing Lagrangian should have 
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-L = %f(dpUv-dvUp)(dpVv-dvVp). (A) 

Then, only the transverse components of Up and Vp are mixed. 
See also the paper by G. Feldman and P. T. Matthews [Phys. 
Rev. 132, 823 (1963)]. Following the technique developed in this 
paper and Ref. 23, we obtain the diagonalizing matrix given by 

where m\ and m% are the masses of pure unitary singlet and octet 
mesons, respectively. However, the numerical values 

/0.90 - 0 . 6 4 \ 
V0.43 0.777 

are not greatly different from the conventional orthogonal matrix 
with an angle »50°. This is because the masses of two vector 
mesons are rather close to each other, and the energy dependence 
in (A) is not very important. In view of this fact we use the simple 
form (1.3) in the present paper. 

interactions are C-invariant if one assigns "normal" C 
parities to Up and W (i.e., —1 and + 1 , respectively). 
Then it is easy to see that the whole Lagrangian in
cluding (1.4) does not allow one to assign any definite C 
parities to these fields. We can also assume at present 
that (1.4) has the same SU(3) transformation property 
as (1.3). There are two possibilities: V\ is a unitary 
singlet and W is an isosinglet member of an octet; or 
vice versa.17 

The most attractive choice of the magnitude of f 
may be / ' = / . This enables us to combine (1.3) and (1.4) 
into a single form 

where m is the mass of any of Up, Vm or W (assumed to 
be nearly equal for simplicity). The magnitude of / 
can be obtained from the phenomenological analysis 
of the co-(t> mixing and from the approximate calcula
tion of the mass splitting of, say, the octet baryons 
(Sec. I I) . Thus the interaction (1.5) does not contain 
any arbitrary parameter so that the magnitude of C 
violation is completely fixed. I t will be one of the simplest 
forms by which an "equal" mixture of the C invariant 
and noninvariant couplings is formulated. Assuming 
(1.5) as a basic interaction of the whole semistrong in
teraction, we shall calculate various quantities exhibiting 
C violation.18 

One may calculate the C-violating matrix elements by 
first-order perturbation with respect to the interaction 
(1.4). A better approximation can be obtained if we 
apply a similar technique as in the w-0 mixing problem, 
to the coupled system of Up and W. As will be con
sidered in Sec. I l l , the sum of the free Lagrangians for 
Up and W and the off-diagonal Lagrangian (1.4) 
with ( / ' = / ) can be diagonalized in terms of the new 
fields Up and W defined by 

U,= Up-(f/m)dpW, 

w=(i-pyi2w. ( ' / 
In order to see how Up and W transform under C, we 
consider the Lagrangian for the strong interaction of Up 
and W; 

-L=Jp^Up+J^W, (1.7) 

where the source functions Jp^ and 7 ( + ) have odd and 
even C parities, respectively. Using the inverse relation 

17 According to (1.4), the current of Up has a part mfdpW which 
is not conserved. This implies that Up cannot be a gauge particle. 
Therefore, if we assume that the unitary singlet vector meson is 
a gauge particle associated with the strictly conserved baryon 
number, we must choose the second alternative, i.e., Up belongs 
to a unitary octet. 

18 One need not consider that (1.4) or (1.5) is a fundamental 
interaction in its literal sense. If there is any other interaction 
which violates C invariance, then (1.4) will emerge any way. Also 
(1.4) may be a result of a "spontaneous breakdown" of C invari
ance assumed for a starting theory. For such an idea, see the 
papers by G. Marx [Phys. Rev. Letters 14, 334 (1965) and 
Ref. 10]. 
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to (1.6), 

U,= &,+(//(!-PY'i)»r1dl.W, 

W=(l-f2)~1,2W, 

(1.7) can be put into the form 

-L=Jy.Ull+JW. (1.9) 

Here, the new source functions are given by 

J=(l-f2)-ll2J(+)-(f/^--f2)ll2)ni~1dfXJ^~\ (1.10) 

One thus finds that JM and accordingly U^ have a 
definite C parity (odd), while J and accordingly T^ are 
mixtures of two parts with different C parities, if JM

(~") 

is not conserved. This gives an important feature of the 
present model, that C-violating effects occur only 
through the interaction of W, and only if 7M

(-) is not 
conserved.19 

The most probable decay mode of W may be the de
cay into two pions with even C parity. According to the 
above argument W should have other decay modes with 
odd C parity. The branching ratio is given essentially 
by / 2 (~ I ) , apart from the ratios of some strong inter
action coupling constants and phase-space densities. 
It turns out, however, that only heavy-mass states 
(probably heavier than CO2T) contribute to the non-
conserved part of Jn(~\ If, therefore, the mass of W is 
lighter than the sum of the masses of co and 2T (1063 
MeV), we cannot expect to observe the most direct re
sult of our model. Careful analyses of some production 
processes of W will be necessary. The C-violating effects 
will occur also in the processes involving a virtual W. 
Of such examples, the K2° —» 2w decay (Sec. IV), the 
prjw coupling constant (Sec. V), and the S°—>A£+<r* 
decay (Sec. VI) will be calculated in the "one-W 
approximation." 

The calculations will be carried out by assuming 
simplified mechanisms for those processes, especially 
by assuming the existence of several kinds of scalar 
mesons. It turns out that a very crude estimate gives 
the K2° —> 2ir rate almost correctly. The small ratio 
r(ir2

0~>2x)/r(ir1°->27r) is due to the fact that the 
Ki° decay rate is greatly enhanced by a scalar meson 
lying close to the JT-meson mass (e.g., a meson12). The 

S \ FIG. 1. The simplest diagram 
f \ for the mass splitting among 
i \ the octet baryons. 

3 & % 

19 From a phenomenological point of view, one might start just 
from considering the "physical" particle W and its source function 
/ given by the second equation of (1.10), avoiding a more restric
tive, but heuristic discussion about the "bare" particle W. For 
the discussion of this point the author should thank Professor 
T. D. Lee. 

calculated prjir coupling constant depends on the various 
unknown coupling constants of the strong interaction. 
None the less we can still say that the recent estimate 
g2/^S 10_1 from a number of available data20 seems to 
be naturally expected from our model with a reasonable 
choice of the coupling constants. 

The C-violating effect can be observed in the 
S°—>Ae+e~~ decay.5'21 We should observe a nonzero A 
polarization normal to the plane spanned by the mo
menta of electron and positron. It turns out that there 
is certainly a simple process to give such an effect, but 
unfortunately the kinematical factor is so small as to 
make the experimental test difficult. 

II. ESTIMATE OF / 

The simplest estimate of the coupling constant / is 
obtained by assuming that (1.3) is the only interaction 
which causes the discrepancy between the actual mass 
levels of the vector mesons and those of the Gell-
Mann-Okubo mass formula15; 

m*f=Z(m*2-mJ)2-(mi*--nH*)2yt2, (2.1) 

where w*=(1020 MeV) and mw(=780 MeV) are the 
observed masses of <j> and as mesons, and m8 is the mass 
of the isosinglet member of the octet expected from the 
simple-minded Gell-Mann-Okubo mass formula (930 
MeV), and m\ is the mass of a purely singlet vector 
meson, given by (%2+ww

2-w8
2)1 /2 . Taking m simply 

as the mass of the nucleon, we have 

/=0 .5 . (2.2) 

Another estimate comes from the mass splitting 
among the octet baryons. The self-energy diagram in 
Fig. 1 gives 

Mz-MN~M(f/7r)^(glgs/47r), (2.3) 

where gi and g$ are the coupling constants for the singlet 
meson-baryon and octet meson-baryon interactions, 
respectively. We made an approximation by assuming 
a pure .F-type coupling of the octet meson, correspond-

20 Assuming the process rj -»7r°-j-p° —> 7T°+Y —> Tr°-\-e+-\-e~, we 
can calculate this decay rate in terms of gpr)7r. If we further assume 
r ( r / - > 2 7 ) = K V 3 w / ) r ( 7 r 0 - > 2 7 ) from 5*7(3), and use the 
observed decay branching ratio of rjy we have 

r=T(r} -> <ir0e+e-)/T(i} -> v+rfir)£&.066(gni*/4ar). 

(See footnote of Nauenberg's paper, Ref. 7.) The upper limit 
r=0 .7% quoted in Ref. 11 gives gfiri *

2/47r<0.11.The average TT^TT" 
asymmetry in the rj —> T T W - decay defined in Ref. 7 is related 
to r by 

A^(6.5X10-9
W

 gp1,lf^ -1V
/»~0.5Vr. 

The value r=0 .7% gives A ^ 4 . 1 % . See also Refs. 7 and 10. Also 
according to these papers, the absence of the decay X° —> pir —> 3TT 
implies a severe upper limit to the C violating coupling constant 
gXPir2/4xr< 10~4. However, this coupling should vanish if we assume 
that XQ is a pure unitary singlet (without mixing with 77), and 
that the C violating interaction Lagrangian transforms like an 
isosinglet of an octet. 

21 S. Barshay, Phys. Letters 17, 78 (1965). 
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ing to thejneglect of a small mass difference between A 
and 2. M is the average of the baryon masses 
£=%(MN+M%) in the above approximation]. The in
tegral was made finite by introducing a Feynman cutoff 
factor with the nucleon mass. Further assuming22 

we have 
£ i 2 / 4 7 r ~ £ 8

2 / 4 7 r ~ 2 , 

/ « 0 . 3 . 

(2.4) 

(2.5) 

This is consistent with the previous estimate (2.2). 
In the remaining part of this section we shall prove 

that / ' , the coupling constant of the C-violating inter-
action (1.4), does not affect the first-order correction to 
the mass splitting. By denoting the strong and semi-
strong interaction Hamiltonians by H(x) and H'(x), 
respectively, the self-mass of, say, baryon B, is given by 
the sum of terms like 

9 ^ ri= I dXv ' ' f dXn-+wP(5|F(*i)-••£?(*„) 

XHr{xn+1)"'H\xn+m)\B). (2.6) 

Now, the mass of a baryon B should be equal to that of 
an antibaryon B, because of the CPT theorem. There
fore, (2.6) must be equal to the similar quantity, 

3Kn - f f 

y,P{B\E{x^)'"E\xn^m)\B). (2.7) 

Using the charge-conjugation operator C, which com
mutes with the strong interaction Hamiltonian, we find 
that the self-mass is given by the sum of the following 
terms: 

UWnm+VKnm) = - dxV " j (IXn 

XP(B I H(Xl) • • • [H'(Xn+1)+C-lH'(xn+i)Cl •••\B). 

(2.8) 

Then, to the first order in the semistrong interaction, 
the contribution comes only from the part which com
mutes with C. 

III. MIXING BETWEEN U^ AND W 

The second terms of (1.5) gives rise to mixing be
tween Uy. and W. In order to clarify the nature of this 
particular mixing, we consider the Lagrangian which 
consists of the free parts of Z7M and W with the masses 
m and n, respectively, and the interaction part 

-L^^mfU^W. (3.1) 

22 The magnitude of g8 was obtained from the observed width 
of p, by assuming that p couples universally to the isotopic spin 
current. 

The following equations of motion are derived from 
this Lagrangian: 

dvidvUp- dliUv)-m
2Ufl+mfdfiW= 0, (3.2) 

(D-n^W-mfd^U^O. (3.3) 

The Green's functions (in the momentum representa
tion) for these coupled equations are given by 

Y * I kixkv\ 
\ m2 A 

Guw— —Gwu=i 

— + JL i ; 
m2 /k2~\-m2 m2 1—p k2-\-n2 

1 (3.4) K f 
w ti

nt 1—pk2-\-n2 

Gww=(\-f2)-\k2+n2)~\ 

where n is defined by 

n2=n2(l-f)-K (3.5) 

This change of the mass of W field can be seen most 
easily in the following way: Differentiating (3.2) with 
respect to #M, we have 

d*Ur=(J/m)nW, (3.6) 

which can be substituted into (3.3), to give 

(U-n2)W-f2nW=0, (3.7) 

or by dividing by 1—p, 

(B-n2)W=0. (3.8) 

The mass m of U^ remains unchanged because only the 
longitudinal part of U^ couples to W through Lmix, 
on the one hand, and the "observed" mass of VM is 
essentially that of the transverse part, on the other hand. 

We introduce the mixed fields U^ and W by23 

U^CuU^+C^W y 

W=c21dflUll+c22W, 
(3.9) 

where the c# are to be chosen so that the Green's func
tions for these fields have diagonalized forms: 

GfJLV= (dflv+kflkv/m
2)(k2+m2)~1, 

Gftw—Gw^O, 

GWw=(k2+n2)-K 
(3.10) 

The simplest way to get a§ is to introduce a#, which 
form the inverse^ matrix to c#, and to express the G's 
in terms of the G's: 

Gnp=aii Gfiv-j-a^kfikyGww, 

Gpw— —ikva\\a<L\G -̂f- a\2a22ik fiww, 

Gww—^2i2knkvGfiV-\~a222Gww. 

Substituting from (3.10) and comparing the result with 

(3.11) 

23 T. Kaneko, Y. Ohnuki, and K. Watanabe, Progr. Theoret. 
Phys. (Kyoto) 30, 521 (1963). 
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(3.4), we have 

or 

JiJ~\o (W2)-1'2 / ' 

,1 -f/m N 
v \o a-f2)1'2/' 

(3.12) 

(3.13) 

which are equivalent to (1.8) and (1.6), respectively. 
Neither the matrix cy nor a# is orthogonal and they 
cannot be given by an "angle" as in a simpler case.15 

Still the nonvanishing off-diagonal element f/il — p)1'2 

or — / can be quite big according to our previous esti
mate / ~ J . Therefore large effects can be generally ex
pected in the decay or production processes of Z7M 

andPF. 
| We define the source function / M

( - ) , to which Z7M 

couples, and which has an odd C parity. [See Eq. (1.7)] 
The isosinglet Sir state is the lightest state contributing 
to / M

( - ) . Likewise we define J"(+), to which W couples, 
and which has an even C parity. The isosinglet 2w state 
is the lightest contributing state. The new source func
tions given by 

(3.14) 

couple to the fields £/M and W, respectively. [Explicit 
forms of (3.14) are given by J l . 10 ) . ] One finds that, 
because a 2 i=0 , the particle U^ decays only to states 
with odd C parity (corresponding to / M

( - ) ) , while W 
decays into states with even C parity, as well as states 
with odd C parity, if J V - ) is not conserved. The branch
ing ratio is a product of f2 and the ratio of the strong-
interaction coupling constants involved in 7M

(~") and 
/ ( + ) , and the phase-space densities. As will be seen from 
the later discussion, this will be the only observable 
effect in which the coupling constant / 2 ( ~ i ) appears 
without any small multiplying factor [e.g., (4x) - 1 ] . 

Now the problem is to find the neutral current J ^ 
which is not conserved. We are mainly interested in the 
part consisting of a number of mesons. The 2ir current is 
the same as the ordinary electromagnetic current of a 
pion, and has 1=1. Therefore the transition through 
this current will be suppressed due to the selection rule 
| AJ| = 1. Moreover this current is exactly conserved on 
the mass shells. The 3w current 

(3.15) / / - > = (Fte/tnfye^dpir+diiPdair 

IS obviously conserved, simply as a consequence of the 
Lorentz invariance. There are some nonconserved 4x 
currents, but they will be neglected because of the 
| A71 = 1 rule. The 5x current is also conserved if there 
is no final-state interaction.24 A special version of the 5w 

current which is not conserved is interesting: 

(3.16) 

where a>„ and pM denote the wave functions of co and p 
mesons, respectively, and £ stands for an isotriplet 
scalar meson14 (its predicted mass is around 1 BeV). 
From the above considerations one finds that it will be 
extremely difficult to observe the abnormal decay of W, 
unless its mass is much heavier than the sum of the 
masses of co and 2T (1063 MeV).25 This is not the case if 
W is identified with e (isosinglet scalar meson of mass 
^760 MeV).13 

I t is well known that charge independence or SU(3) 
symmetry gives a severe restriction on the types of 
strong-interaction phenomena in which C-violating 
effects occur.26 Here we have discovered that the spec
trum of the states contributing to a nonconserved part 
of /JU

(~) begins at a relatively high mass. This seems to 
provide another reason why the possible effects of C 
violation might be deeply hidden from most of the 
world which we know only through relatively low-
energy phenomena. If this spectrum does begin at a 
relatively high mass, making C-violating effects rela
tively unimportant in decays, one ^could search for 
some production processes involving WL As an example, 
the pp annihilation process in which W would be pro
duced together with two more pions. The annihilation 
from 3Si pp state would go mainly through co or <j>, and 
p mesons, as shown in Fig. 2. In process (a), the cross 
section is proportionahto pF2^-*, and the two pions pro
duced together with W are in an isosinglet state (2w° is 
possible). The process (b) is a "normal" one coming from 
a part of 7 ( + ) , and the two pions are in an isotriplet 
state (no 2TT°). Therefore we must expect a number of 
W2TT° events comparable with the Wir+ir~ events. 

In the following sections we shall consider the proc-

FIG. 2. pp annihilation with production of W and two pions. 

24 See also Sec. IV of the paper; Y. Fujii, Phys. Rev. 138, 423 
(1965). 

25 This abnormal decay is equivalent to the C-invariant decay 
of an isosinglet scalar meson with C= —1 (0+ _) . The decay into 
(2TT)/=07 suggested by V. G. Grishin and G. L Kopylov [Nuovo 
Cimento 37, 962 (1965)] is forbidden if y is real. Only the decay 
into (2Tr)i=oe+e~ is allowed. 

26 See, for example, N. Cabibbo, Phys. Rev. Letters 14, 965 
(1965). 



C V I O L A T I O N I N S E M I S T R O N G I N T E R A C T I O N S B1383 

esses involving virtual W mesons. In the "one-TF 
approximation" the C violation should come from the 
product of the "normal" and "abnormal" terms of J i n 
(3.14), i.e., — ai2a22J

i+)dliJ^~"K Using the explicit form 
(1.10), the C-violating term in the ^-matrix elements is 
given by the sum of terms like 

—i / dxv • • / dxn 

m 1—f2 nl J J 

XH(xz).->H(xn)). (3.17) 

Here AF(XI— x2;n
2) is the propagator of W with the 

mass n, and H(x) denotes the Hamiltonian of inter
actions not involving W. 

So far we have simplified the discussion by omitting 
the mixing interaction between two vector mesons. The 
whole discussion, however, can be easily generalized to 
include (1.3). The sole effect of (1.3) is well known.15 

The sum of the free Lagrangians of 27M and FM and the 
mixing term (1.3) can be diagonalized by introducing the 
fields coM and 0M defined by 

w«= Ua cosX — Vn sinX, 
. (3.18) 

0^= Up sm\+ FM cosX, 

where X is given by 

X= i t2Lir1Z2m2f/(mv
2-mu

2)'], (3.19) 

with mu, wiv being the masses of U^ and FM, respec
tively. Now the straightforward calculation shows that 
the sum of the Lagrangians of U^ FM and W and the 
interaction Lagrangian (1.5) can be diagonalized in 
terms of the fields given by 

&u=o>u—f coskm~ldJV, 
- . (3.20) 
4>n—<l>n--f smXflT^djJF. 

The masses of wM and <?M remain the same^as those of coM 

and 0M, respectively, and the mass n of W is still given 
by (3.5). The source functions for the mixed fields are 
given by 
7 (a>)= J (a) 

J = ( l - / 2 ) - l / 2 / ( + ) 

- ( / / ( l - / 2 ) 1 ' 2 ) ^ " 1 ^ / , " ^ • (3.21) 

Therefore, there is no essential change in the conclu
sions about C violation by taking V^ into account. 

IV. K2°->2iz DECAY 

In this section we shall present a simplified discussion 
of the observed C-violating transition K2° —> 2T, to 
show how it is possible to explain its characteristics in 
terms of the suggested basic interaction (1.5). 

For simplicity we shall calculate only the mass opera-

FIG. 3. The transition ""* ° *" °" * 
K±±R. 7 a, w K 

tor of the Ki°, K2° system according to the discussion in 
Ref. 2. This will be justified by smallness of the ob
tained result. The off-diagonal element of the" matrix 
mass operator is given by 

MKK=MKK*=(K°\3C\K°) 

(K0\3C\n)(n\3C\K0) 
+ Z P + • • * , (4.1) 

» rnn—niK 

where 3C is the weak-interaction Hamiltonian including 
the modification due to C violation. The intermediate 
state n has zero strangeness. The simplest such states 
are the one-scalar-meson state (called a-, 1=0, 0++) and 
one-pion state as shown in Fig. 3. The relevant weak-
interaction Lagrangian is written in the following form; 

-L=m2l(ih<ra+h7rir0)K°+ (ih*<r- h^ir°)K° 
-v2(fcx-iT+-A7r*7r+ir-)]. (4.2) 

This is not invariant under C and P separately, but is 
invariant under CP if ha- and hT are real. The part con
taining charged mesons is added only to show explicitly 
the validity of the | AI \ = | rule. The magnitudes of h* 
can be determined if we assume that the a meson has 
the mass ~400 MeV,12 and that the Ki° —> 2TT decay is 
dominated by a process Ki° —> a —> 2w. The decay rate 
Ti of Ki° is given by 

r i = 3 — | A , | ' ( — ) 
4T \mR/ 

f m2 \2 

X(mK
2-^m,2)M , (4.3) 

where gr<T is the coupling constant of a to 2w.27 The 
magnitude of h* could then be determined from the 
mass difference between Ki° and K2°, but in view of the 

1 uncertainty of its sign we shall leave hT undetermined. 
If CPT and CP invariances are valid, MRK is real 

and is given by 
MKK=Hm-m2), (4.4) 

where mi and m2 are the masses of Ki° and K2°, respec
tively. Owing to small CP violation, M%K gets an 
imaginary part. Neglecting the higher order terms in 

I CP violation, we have the following formula for the 
K2° —» 2w decay: 

/r(ir2°->2x)\1/2 

| € | s ( ) 

\ImMRK\ 
. (4.5) 

t Z(m1-m2)
2+i(T1-T2yj/' 

I (See Sees. II and III of Ref. 2.) 
27 The interaction Hamiltonian is given by // = xV. The 

- width ~95 MeV (Ref. 12) corresponds to gT<rV4?r«0.9. 



B1384 Y. F U J I I 

FIG. 4. (a) Corrections to h^ and h^\ (b) Irreducible correc
tion to K-*K transition. Weak vertices h*W hj0) are indicated 
by O. 

In the one-lf^ approximation, there are two kinds of 
corrections to MKK* One is the correction through the 
correction to A«(a=cr,7r), as shown in Fig. 4(a). The 
other is the "irreducible" correction shown in Fig. 
4(b).28 We are considering the part of /M

(~) and 7 ( + ) 

given by 

/<+) = imG^2+imG^+mGKKKK. 
(4.6) 

Substituting (4.2) with h<x=ha
(0) = redl (the unper

turbed coupling constants) and (4.6) into (3.17), and 
using a Feynman cutoff with nucleon mass, the correc
tion to ha is calculated: 

5ha~iha(0)-
f FKKG a 

1 2 V J 1 - / 2 4w 
(4.7) 

The integral in the irreducible diagram is convergent. 
These add up to give 

dM RK=i ImMRK ~—i-
1 / FKK M2 

X 

1 2 v 3 " l - / 2 4TT mK 

r / m2 \ 
[A,(o)]2f G0.+GKK) 

L \mj^—m0
2 / 

/ m2 \"1 
(o)]2 G„+GKK ) . (4.8) 

\MK2—MJ / J 
- [Ax ( 0 ) ] 

Note that the v and ir states contribute with different 
signs. This comes from the difference in phases (i) of the 
coupling constants in (4.2). 

In order to get a simple numerical estimate we 
tentatively take [ A ^ ] 2 ^ ^ 0 * ] 2 , and set all the 
strong-interaction coupling constants F and G equal, 
and take m=M. We have then 

I m l f ^ - 0 . 5 3 ( / / ( l - / 2 ) ) ( G 2 / 4 r ) [ ^ ( 0 ) ] 2 ( B e V ) . (4.9) 

On the other hand, the denominator of (4.5) is nearly 

28 The following calculation can also be made by first eliminating 
the "two-body interaction" (4.2) by the suitable diagonalizations 
of Ki° and o-, and of K2° and x. The source functions of W given by 
(4.6) change correspondingly. The results, however, turn out to 
be the same as those in the text, if we expand them with respect 
to the weak coupling constants (A's), and keep only the second-
order terms. 

equal to 

r 1 /v2^0.77(^V47r)[^(°) ] 2 X10 2 (BeV), (4.10) 

where use was made of (4.3). Substituting (4.9) and 
(4.10) into (4.5), we have 

I e\ - 0 . 9 6 ( / / ( l - / 2 ) ) ( G 2 / ^ 2 ) X 1 0 - 2 , (4.11) 

or by taking / « § and G2^g1T(T
2, 

[ e | ^ 6 X 1 0 ~ 3 . (4.12) 

This is to be compared with the observed value 
2.2X10 -3 .3 The smallness of the result comes mainly 
from the fact that Yx in (4.10) is "enhanced" because 
m9 is close to mk in (4.3).29 Although the above estimate 
is a very crude one, one may expect that there is cer
tainly a dynamical explanation for a small K2° —> 2x 
decay in terms of the present model. 

V. pipe COUPLING CONSTANT 

As emphasized in Sec. I, the prjir interaction (1.1) is 
very important in a theoretical analysis of C-violating 
effects in semistrong interactions. In this section we shall 
derive this interaction from our basic interaction. The 
simplest diagrams are those shown in Fig. 5(a) and (b). 
Here we assumed the existence of an isotriplet scalar 
meson £,14 with the strong interaction 

The relevant parts of J ^ an 7 ( + ) are 

J^-^mF^'^), 

J^ = imG^2+^mGvvV
2. 

(5.1) 

(5.2) 

The integrals are fortunately convergent. One obtains 
the effective pr)7r coupling constant defined by (1.1): 

g~(247r2)-Kf/(l-f2))FPzgUG™+Gvv). (5.3) 

The result depends critically on the magnitudes of the 
coupling'constants g^, Fpb Gr, and G,„ about which 

p 
p 

<a>- or 

FIG. 5. Diagrams for prjir coupling. 

29 The result changes only little if we change the mass and 
width of the scalar meson to 490 and 110 MeV, respectively, 
according to a more recent analysis by P. G. Thurnauer [Phys. 
Rev. Letters 14, 985 (1965)]. The only essential fact is that there 
is a strong 5-wave final-state interaction in the isosinglet 2TT 
system. 
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nothing is known. However, GX7r
2/4ar cannot be much 

larger than unity, otherwise W with the assumed mass 
about nucleon mass would have an extremely large 
width (>340 MeV). Also these coupling constants 
should be compared with gpinr

2/47r«2, which is the 
only known coupling constant of the three-boson in
teraction. Thus, by assuming simply that all the 
coupling constants in (5.3) are equal to G, with 

(5.4) G 2 / 4 T T = 2 - 1 , 

we have a very crude estimate: 

g2 I f f \ 2 / G \ 

4TT 9 7 r 2 \ l - / V \4TT/ 

for / = \. I t seems unlikely that a larger value of g can be 
obtained by considering more complicated processes. 
I t should also be noted that the upper limit quoted in 
(5.5) is very close to 

4 x \ l - / V 
;3X10~ ( /=*) (5.6) 

which may be considered as a "natural" maximum for 
g2/47r in our model, being independent of the detailed 
nature of the process. The most recent estimate from 
the analysis of the decays rj —* (37r)j=o and rj —> 7r°£+e~ 
gives g2/47r< 10-1.20 An even smaller value seems to be 
consistent with the present model, in which an equal 
mixture of C-invariant and -noninvariant interactions 
is assumed for the basic semistrong interaction. 

VI. THE £ ° - > A e + e - DECAY 

In this section we shall consider the process 2° —* A 
+e++0~", which has been suggested as a test of C 
violation.5,21 I t seems reasonable to assume that this 
decay occurs mainly through a process involving a 
virtual p meson, as illustrated in Fig. 6. The interaction 
Lagrangian for 2Ap coupling is given by 

— L = ifiHy^ • gfi+f2AafiVi: • (dMp„— d ^ ) 

+ / 8 I S - d | l p | t + H . c . (6.1) 

The coupling constants f\, /2 , f% are real if we assume C 
invariance in (6.1). The effective interaction Lagrangian 
between p° and photon can be written as follows: 

-L = eMdtipv
0-d^0)(dfiA,-dtAfi) 

= -2e/ 4pM
0 i /x- (6.2) 

Here / 4 is related to (r2), the squared radius of the iso-
vector electromagnetic form factors by 

U=(m,?/2AgpNN)(r*). (6.3) 

To obtain the second line of (6.2) we performed a partial 
integration and used the equation of motion for photon 

FIG. 6. Diagram for 2° —> Ae+e~. 

fields 
dv(dvAlx~ d^Ay) = jn (6.4) 

As easily seen in the first line of (6.2), only the trans
verse component of p^0 has an effective coupling, so 
that the term in / 3 in (6.1) does not contribute to the 
process in question. 

From the interactions (6.1) and (6.2) we can cal
culate the differential decay distribution for which the 
initial 2° is at rest and unpolarized, the final A has a 
polarization CTA, and the positron and electron have the 
momentum q±, and the energy e±, respectively, in the 
rest frame of 2°. The calculated decay distribution is 
proportional to 

/4
2{ - 21 / i 12(q+- q_+ 6+e_)+41 / , 13(q++q_)'(«?+<?_) 

-2Im(/x/ 2 *)((e + s-6_ 2 ) /M A ) [ (q + Xq-)-<r A ]} , (6.5) 

where, in each of the three terms in (6.5), we neglected 
the higher order terms in IT A - 1 . The last term giving 
the A polarization perpendicular to q+ and q_ is a typical 
result of the violation of time reversal invariance, and 
also violates C invariance in this decay. Because the 
second term in (6.5) can be neglected compared to the 
first term, the ratio of the C-violating term to the 
C-invariant term is given by a ratio R, 

R=-
Im(/i /2*) 6+

2 

l / i MA 

(6.6) 

Now we shall calculate the imaginary parts of f\ and 
/ 2 in our model. The simplest diagram is shown in Fig. 
7(a). The relevant parts of J / - ' and / ( + ) are given by 

/ ( + ) = G S S S 2 + G A A A A . 
(6.7) 

The integrals are logarithmically divergent. By using 
Feynman cutoff factors with nucleon mass and neg-
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lecting the 2-A mass difference, we have 

1 / FWGAA—FAAGSZX 

\ 4 4 T T 1 - / 2 4-7T 

( a = l , 2 ) (6.8) 

where / a
( 0 ) is the unperturbed real coupling constant.30 

Note that both of / i and fc get the same phase factor, 
to give no contribution to the interference term Im/1/2*. 

The next simplest processes are the ones shown in 
Fig. 7(b) and (c), where the prjw coupling is effective. As 
easily found, these contributions are very similar to the 
2T part of the isovector electromagnetic form factors of 
the nucleon. The only essential difference is the appear
ance of \g in (1.1) in place of ie in the pion electromag
netic current. Neglecting the mass difference between 
T and rj, and 2 and A in the intermediate states and 
assuming SU(3) symmetry for the coupling constants, 

I 
! 
I 

A 
'/ V 

\ 
\ 

FIG. 7. Corrections 
to SAp coupling. 

/ 

( b ) 

A 
1 / \ » 
/ \ 

/ \ 
/ \__ 

30 If W is a unitary singlet and U? belongs to an octet, we have 
i7AA=— F22S3— F, GAA=G :SS=G !, which give FSSGAA—FAAGSZ 
= 2FG. This result remains almost the same in the alternative 
assignment of Up and W. 

we obtain the contributions of dfi and 5/2 given by 

where Fa^
v'2v)(0) is the 2w part of the isovector elec

tromagnetic form factor at zero momentum transfer: 

FJv'*r>(0)**pv/2M= 1.SS/2M. 
(6.10) 

Here 1—a represents the "core par t" of Fi(V)(q2), and 
fxv is the half of the difference between proton and 
neutron anomalous magnetic moments.31 We add (6.9) 
to the real parts of f's, / i ( 0 ) and f2

(0). Further assuming 
f2(0)~(»v/M)f1w\ we have 

(0>-
•i\g<*> 

and finally 
/,«0«r/JO(/i (U-ilo 

Im(/ i /2*) 1 g /xr 

l/il 3 /!«•> M 
( 1 - a ) . 

(6.11) 

(6.12) 

The presently available data do not show any signifi
cant core term 1—a in the isovector form factor of the 
nucleon.32 This may suppress the value of (6.12). 
Furthermore the remaining factor (e+2— €J)/MA in 
(6.6) is very small. The maximum of this factor is 
given by 

M^+MA m 

2M?MA 
- ( i f s - i f A ) 2 ^ 0 . 5 X 1 0 - W . (6.13) 

Therefore, by using the estimate of g in (5.5) and 
/ i ( 0 ) ~(2X47r) 1 / 2 «5 , we have a rather small upper 
limit of R given by 

| i ? | < 2 . 2 X ( l - a ) X 1 0 - 3 . 

ACKNOWLEDGMENTS 

(6.14) 

The author wishes to express his sincere thanks to 
Dr. G. Marx and Dr. M. Nauenberg for their many 
stimulating discussions. He is also indebted to Dr. B. 
Adams for his critical reading of the manuscript. 

81 Gauge invariance requires that F\^ (0) is equal to J what
ever the contribution Fi<-v,2ir)(0) from a 2-nr state may be. The 
simplest estimate of a is given by the formula 

On the other hand, there is no such restriction for F2 ( r )(0) 
(—fjtv/2M)f and to a good approximation we may assume that 
most of nv comes from the 2x contribution. 

32 See, for example, R. R. Wilson and J. S. Levinger, Ann. Rev, 
Nucl. Sci. 14, 135 (1964). 


