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CP violation in a gauge model with right-handed charm current
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A mechanism of CP violation including the nonleptonic EI = 1/2 enhancement is discussed within the

co@text of an SU(2) && U(1) gauge model of hadrons and leptons. The model is constructed so as to include a

V+ A charm-changing charged current in addition to the conventional V —A charged weak hadron current.

The lepton-hadron-anomaly cancellation is achieved in this model by including a heavy lepton and its

associated neutrino in addition to the known leptons. The V+ A current gives rise to additional contributions

to the KL- Ks mass difference and the CP-violation parameter, which do not contradict the experimental

values.

I. INTRODUCTION

Following the discovery of P particles' evidence
for charm' seems to be overwhelming in subse-
quent experiments. ' Furthermore, an additional
degree of freedom of quarks, namely color, intro-
duced in a different context4 appears to be neces-
sary in order to explain the rise' in the ratio 8
[=o„,(e'e - hadrons)/q„(e'e —p,

'
p, )] from 2.5 to

5 as the energy increases from 3 GeV to 7 GeV.
Thus a color-charm quark model with integrally
charged quarks seems to be an attractive possibili-
ity. An interesting consequence of charm on weak
interactions has been discussed by De Rujula et
a/. ,

' who have shown that a V+A charm-changing
current, in addition to the conventional weak
charged current, can explain several experimental
facts including ~I = —,

' enhancement in nonleptonic
decays. This has renewed interest in gauge models
with right-handed currents. ' Furthermore, as the
CP violation and b,I =-,' enhancement in the nonlep-
tonic neutral-kaon decays' appear to be closely
related, it would be interesting to achieve these
effects in a gauge model of hadrons involving four
quark flavors (6', '2, A. , 6") with color tripling, and
we have done that in the present paper. Although
our model of CP violation is similar in spirit to
that of Mahapatra, ' it is somewhat comprehensive
in its choice of quarks, and our work is more
explicit in demonstrating the additional contribu-
tion to the K~-K~ mass difference and CP-viola-
tion parameter resulting from the inclusion of the
V+A charm current. Although this contribution
cannot be reliably estimated because of our
ignorance about the hadronic factors in our model,
a reasonable choice of these factors' yields an ef-
fect which is of the same order of magnitude as
the experimental K~-K~ mass difference" and
which in no way can be used as a constraint to rule
out the existence of the V+A charm current.

The quark model with the CP-violating phases

II. SU{2) X U{1)MODEL WITH RIGHT-HANDED
CHARM CURRENT

We consider the three triplets of colored quarks

i =1, 2, 3,

and three charmed colored quarks 6";. The elec-
tric charges of the quarks 6",, 6'„X„and ~, are,
respectively,

1, 1, 0, 0 for i =1, 2

0, 0, -1,-1 for i =3.
(2)

Following Tornozawa and Yun" we introduce the

used in the present work is similar to that of
Tomozawa and Yun" who, however, have not in-
cluded the V+A charm-changing current in their
model. Consequently, while discussing weak inter-
actions in the framework of SU(2) x U(1) gauge
theory of Salam and Weinberg, "we have, unlike
Tomozawa and Yun, " introduced a right-handed
doublet involving 6" and X quarks in order to in-
corporate a current of the type 6"y„(1 —y, )X in our
model. This current gives rise to Al =-,' enhance-
ment relative to bI = —,

' due to the absence of
Cabibbo suppression and the presence of the mass
of 6" quark in the AI = —,

' matrix element as shown

by De Rujula eI; al.' We have achieved the lepton-
hadron-anomaly" cancellation by including, be-
sides known leptons, a right-handed doublet in-
volving a heavy lepton and its associated neutrino,
which seems to be interesting in view of the di-
lepton events observed in the neutrino reactions. '

The plan of the paper is as follows. Our model
and the principal results are presented in Sec. II
and Sec. III, respectively. A brief discussion of
the quark mass matrix is included in Sec. IV. Sec
tion V contains our summary and conclusions.
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respective mixing of the first two triplets of quarks
and the first two charmed quarks:

ii 'i) 8, case'+i', sin8')

q"= Oft" = X, cosg'+X2sing'

Xy cos 0 + A.g slI18

X, (8)j Q=-l,

(P,'~ ) Q=p

l(2r, (82)j Q =-1,

(10)

=q, cos8'+ q, sln8', (3a) where

X2~(82) = Ã2I cos8, +&2~ sing,

(2) cg h)

~(2)

-tf', sin8' +6', cos8'

—X~ sln0 +'X~ cos 0

-A. , sin0'+A. , cos0'

and

A.,~(82) =-X2~ sin82+&2z cos82,

Similarly,

=-q, sin8' +q, cos0'. (3b)

g' " =6",cos0'+(P,'sin0',

6" = -(P' sin 0' + 6'2cos8' .1

(3c)
(14)

It is to be noted that such a mixing may influence
observables in the bS =0 and hC =0 interactions.
In order to construct the conventional charged
weak current as well as the V+A charm-changing
charged current we define the following doublets
and singlets: where

g(l) Q

(P i(2)
~ q

31(2) j q p
(18)

and

~(2) g(2)
R 8

where

and

(6i i((( '} q

(g((((g)j q p

Z~" (8,) =XI' cosg, +X~"sing,

X~("(8,) = -'Z~(" sin 8, + X~('~ cos 8, ,

Q=1

Q=O,

j 6, (2)

(4) Q=p

X~ j q =-1.
(18)

It is to be noted that 6'„, 6'~, and +» are mem-
bers of the right-handed doublets in our model but
they are singlets in the model proposed by Tomo-
zawa and Yun. " We have made this choice in order
to include the V +A charm-changing charged cur-
rent in our model.

The necessary and sufficient condition for the
cancellation of the lepton-hadron anomaly is
QL =Q~, where QL and Q„are the sum of the elec-
tric charges for the left- and right-handed fermion
doublets, respectively. This is achieved in the
present model by introducing the following right-
handed doublet and a left-handed singlet of lep-
tons

where
Q=0

Q =-1
(19)

and

(2)s 8 e'
L 2

g(2&(g ((( g ) g(2) sing cilia

+&")cos0 e'~&
L 2

(8)

(9)

in addition to those (I„f „,R„R„)defined in Ref.
11. In our model QL =Q„=O, which is same as
expected' for the conventional current.

From now on we concentrate on. the hadronic
interactions, and the relevant hadronic Lagrangian
in our SU(2)x U(1) gauge model is
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(20}

g =-,'ig[(L, y&VL, +L,'y„rL,')+(Lay„rL, +Lay„rL')+(L,y„7L, +L,'y„7'L,')+ (R,'y„YR,')+(R,'y„vR,')+(R,'y„rR,')]

+-,' ig '[(L,y„L, +L,'y„L,') + (L y&L, + L'y„L,') —(L,y„L,+ L,'y„L,') + (R,'y&R,') + (R,'y„R,') —(R,'y»)
+2(R,y„R, +R,y„R,) —2(R,"y„R~)]B~,

where each notation has its usual meaning. 2 is expressed in terms of the quark and vector-boson fields
as follows:

2 =2 „+ ~ ig[(i),'cos8'+&,'sin8')y„(1 —y, )(X, cos8'+3l', sin8')
2v2

+ (-PI sin 8' +i),' cos8'}y„(1—y, )(-X, sin8' +Xa cos 8') +&,'y„(1 —y, ) &,]W" . (21)

The angles (8„8„8,) and the CP-violating phases
(y„, g„) together define the Cabibbo angle through
the relations"

Isin8, +sine, e'~" +sin8J'tan2~c-
icos8, +cos8, e'~~+cos8, i' '

8, —8, 0, —0, e, + e,Cos COS ' + COS(P~ COS ~2 COS

where fs and fr are scalar and tensor form fac-
tors, respectively. The contributions (b,m)„„and
(&m),«cannot be reliably estimated because of our
ignorance of the form factors and the angles. How-
ever, a simple choice of angles as given in Eq.
(24} and a reasonable choice of form factors

fz —- 1 2m„. fs/fz ( 0.04, and fr/fz ( 0.23

0, + 03+ cosg„sin82 sin ' ' =0. (23} leads to

(27)

The CP-violating phases are genuine, as can be
seen from their appearance in the quark mass ma-
trix discussed in Sec. IV. A simple choice, which
satisfies both Eqs. (22) and (23), is as follows:

(nm)„„=1.26 x 10 "mz

and

(6m),«( 4.8&&10 '4mr1

(26}

8, =v, 8 =s/12, 8, =0, y„=0, and $„=10

(24)

which are not in conflict with the experimental
values.

III. RESULTS

To estimate the contribution to the K~-K~ mass
difference we approximate the vector-boson propa-
gator by -ig"s/p' —M~' and neglect the external
momenta compared to the internal momentum for
simplifying the integration. The contribution to the
mass difference due to diagrams 1(c) and 1(d) re-
sulting from the conventional charged current is
given by

4 2

~~4 ]28@2 ~~~~ ™
&&Re(sin8, cos8, +sin8, cos8, e"~" ~"'

4I

I I
qadi

VL~~
L

(o)

X(K) ~(q,)

Ii (1t,'j (K}

Ot(K.) ~(q,)

(b)

+sin 8, cos 8,)', (26) L

where &mes =ms" —mes and fz is the vector
form factor. The additional contribution to the
K~-K, mass difference due to diagrams 1(a) and
1(b) resulting from the V+A current is

g' 4fs'+ fr' s Mw'
M„' 128m ' }

&&Re(cos8, +cos8, e" s"'+cos8,)',
(26)

(c)
&(4) st«}

(d)

A($'}

FIG. 1. The relevant diagrams of order g for Ko-Ifo
transition.
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In other words, the constraining role of the
K~-K~ mass difference cannot be exercised in dis-
carding the model if the inequality in Eq. (28) is
satisfied. The CP -violation parameters arising
from the usual V —A and V+A charm currents
are given by

g)
sin(y„—g„)

1 + sin28, /sin28, + sin28, /sin28 (29}

(&}.« = -sing&
1+cos8, /cos8, +cos8, /cos8, ' (30}

Experimentally (8)„„+(8),« =10, which implies
the small difference between the CP-violating
phases. The CP violation disappears completely if
P„=$„=0, although the CP violation due to the
conventional current vanishes if P„=f~. It is
interesting to note that for the simple choice of

angles given in Eq. (24) our model predicts

(S}„„=(8},« =10 '. (31)

IV. QUARK MASS MATRIX AND CP-VIOLATING PHASES

To construct the quark mass matrix we require
two Higgs multiplets

and v= w

&r
(32)

(T') =K and (m') =p. (33)

%e choose the following interaction between the
Higgs scalars and the left- and right-handed quark
multiplets:

and let T' and n' develop nonzero vacuum expecta-
tion values

Z~=~QI,
~

IR;+~QLg~ ~Rg+ Q 1,7 wR, + Q 1., 7 vR,
i T'/ i=i &-T j

+ H. c. , (34)

where f~'s (i = 1, . . . , 6) are arbitrary constants
which in general may be complex. Thus we ob-
tain mass terms likes

0;i ~i; 4&~+ 4~x m~g 0 ~

where i and j= 1, . . . , 12 run over the twelve quark
fields. Some of the off-diagonal mass terms turn
out to be zero because of the condition given in
Eq. (33). Following Mahapatra' the mass matrix
is diagonalized by choosing the appropriate f s
so that all the off-diagonal matrix elements van-
ish. The masses of the twelve colored quarks are
determined by the relevant diagonal elements. The
CP-violating phases appear in the diagonal mass
terms of 'X „X„A,„and A., quarks, which are
given by

mz = Re{cos'8'[(2f, +f, ) cos8, -f, sin8, ]
+ sin'8' e ' ~& [(f, —f ) sin8, + 2f, cos8,]},

m~ = Rejsin'8'[(2f, +f,}cos8, —f, sin8, ]
+ cos28'e ' ~& [(f, f,) sin8, + 2f, co-s8,]],

mq = Re[(f, sin8, +f, cos8, ) cos'8'

+ (f, sin8, +f, cos 8,) sin'8' e '~"],
m q, = Re[(f, sin8, +f, cos8, ) sin'8'

+ (f, sin8, +f, cos8, ) cos28' e '~&]. (36)

Thus we see that the CP-violating phases are gen-
uine because they survive in the diagonal mass
matrix and hence they cannot be transformed away.

V. CONCLUSIONS

%e have discussed a mechanism of CP violation
including the nonleptonic hl = —,

' enhancement within
the framework of an SU(2)XU(1) gauge model of
hadrons involving four quark flavors with color
tripling. The V+A charm current of the type5"y„(1 —p, ) X is incorporated in our model by de-
fining a right-handed doublet involving 6" and%
quarks, which leads to the nonleptonie M = —,

' en-
hancement as shown by De Rujula et al. ' %'e
achieve the lepton-hadron-anomaly cancellation
by introducing a new heavy lepton and its assoc-
iated neutrino, the existence of which is subject
to experimental verif ication. The CP-violating
phases are introduced in the hadronic sector and
shown to be genuine because of their distinctive
appearance in the diagonal quark mass matrix.
The presence of the right-handed charm current
in our model gives rise to an additional contribu-
tion to the K~-K~ mass difference and the CP-
violation parameter, which are not in conflict with
the experimental values. It is to be noted that our
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model leads to a milliweak" type CP violation
with consequences of the superweak theory" for
K~0- 2m.
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