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T-violating muon polarization in E„3'decays
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We update the analysis on the muon polarization from the K„3 decays normal to the decay plane due
to CP violation in various models. We find that the muon polarization could reach a level of 10 ' in
multi-Higgs-boson and leptoquark models without convicting with experimental constraints.

I. INTRODUCTION

It is well known that measuring a component of muon
polarization normal to the decay plane in K„3 decays
would signal T violation [1]. This muon polarization
called transverse polarization (P~ ) is related to the T-odd
triple correlation:

s (p Xp ),
where s„and p„~ ~

are the muon spin vector and the
muon (pion) momentum respectively. A T-odd operator
can arise in T-invariant theories since T invariance also
requires an exchange of initial and final states. However,
it is possible to extract signals from genuine T violation
(or CP violation) in K„3 decays. A small P~ can be in-
duced by electromagnetic final-state interactions [2,3]
even in the absence of CP violation. It has been estimat-
ed that such effects lead to P~ —10 in Kp3
(K +sr p+v and K— +n+lj, v) [—2,3] and P~ ~ 10 in

Kp3 (K+ ~~ p+v and K ~ tr p v) [4] decays. At the
level of 10, an observation of P~ for K„—3 decay will in-
dicate T violation, whereas for K„3 decays, one needs to
measure the difference between the muon polarization in
E ~~ p+v and K —+m+p v decays to distinguish the
real CP-violating effects from the final-state interactions.
These interactions give the same Pz for the two neutral K
decays whereas CP violation gives a different sign for P~
[3]. Due to the electromagnetic corrections and the
difhculty of measuring p polarization, the decay

(1.2)

is the most promising decay mode among the E„3 decays
to study CP violation [5]. Thus, we will concentrate on
this particular K+ decay in (1.2) and study the possibility
of having a sizable P~ in various models of CP violation;
the electromagnetic final-state interaction will be ignored.
In the standard model of electroweak interactions, CP
violation comes from the complex Kobayashi-Maskawa
(KM) [6] matrix in the quark sector where only one phys-
ical phase exists, and there is no mixing and therefore no
CP violation in the lepton sector. Since only one diagram
induces the process K+~~ p+v occurs at the three lev-
el, there cannot be interference effects or CP violation.
Hence, P~ is zero in the standard KM model. A nonzero

signal of Pj must result from new CP-violation mecha-
nisms beyond the standard KM model. Recently, a gen-
eral examination of the nonstandard effects for P~ in Kp3
was done [7,8]. It has been shown that a nonzero value of
P~ can be achieved with an effective scalar or leptoquark
interaction. A transverse polarization cannot arise from
effective vector interactions such as the ones in the stan-
dard model or in the left-right symmetric models. We
will derive the result on effective vector interactions in a
more direct way. Among the models with scalar interac-
tions, the most popular one which would lead to a large
transverse polarization of the muon [4,9] in the decay
(1.2) is Weinberg's three-Higgs-doublet model [10] in
which the CP violation arises dominantly from the ex-
change of charged Higgs bosons. The multi-Higgs-boson
models have received renewed interest because of the re-
cent theoretical developments as well as new experimen-
tal constraints [11]. However, most of the e6'orts were on
the effects of the neutron electric dipole moment
(NEDM) d„(Ref. [12]). Furthermore, as the minimum
charged-Higgs-bosons mass is raised to be )45 GeV by
experiments at the CERN e+e collider LEP, the es-
timated value of P~ in Refs. [4] and [9] clearly will
change. It should be interesting to improve the predic-
tion on Pj in this class of models. While for leptoquark
models definite predictions are still lacking, it is impor-
tant to study these effects as well.

In this report, we will systematically study the trans-
verse muon polarization in various specific CP-violation
models incorporating phenomenological constraints. In
particular, we will reexamine the CP-violating effects in
the multi-Higgs-boson and leptoquark models and give
updated predictions on P~.

The paper is organized as follows. In Sec. II we give a
general analysis for muon polarization. We then study
the T-violating transverse polarization of the muon in
various models in Sec. III. Our conclusions are summa-
rized in Sec. IV.

II. GENERAL ANALYSIS I OR MUON POLARIZATION

We first carry out a general analysis of the decay
K+~m p+v based on Lorentz invariance. The most
general invariant amplitude can be written in the form
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W=Fsv(p„)p(p„, s„)+Fpv(p )iy5p(p, s )

+Fvpkv(p )y~(p„,s„)+Fwpkv(p O' Y5p'(p„, s„)

vector s„of the muon is easily calculated by the standard
techniques and is given by

(2.1)

where F&, F~, F&, and Ez are scalar, pseudoscalar„vec-
tor, and axial-vector form factors, respectively. These
form factors are complex functions of Lorentz invariant
quantities. The p&, p, p„, and p are the four-momenta
of E+, m, p+, and v, respectively, while s„ is the polar-
ization vector of the muon. To compute a physical quan-
tity for such a process, we have to estimate the contribu-
tion of various diagrams to these form factors.

The probability of the decay (1.2) as a function of the
four-momenta of the particles and the polarization four-

du =( I+s„P)4&'p/(2Ek),

where

dp~dpp dp~
(

@'=[F, I'+ IFpl' (IF—v '+ Fg I')m+12p„p.

+(IFvl'+F~ I')4p„.pkpk P.
—[Re(FsF) )+Im(FpF~ )]4m~ kp

and the four-vector P is defined as follows:

(2.2)

(2.3)

(2.4)

P =P] +P2+Pj, (2.&)

1
Re(FvF~ )Pt 'P + [Re(FsFg )+Im(FpFv )]p„'P Pk2m

(2.6)

1
P2 = 4m& —Im(FsFp )+ [Re(FsF& )+Im(FpFv )]pk pz

—Re(FvF& )mx. p„ (2.7)

P~ = —4[ Im(FsFv)+—Re(FpF~ )]e p„&p rpksl@' . (2.8)

It is easy to see that the term s„P~ is odd under the time-reversal transformation and it is proportional to the T-odd
triple correlation s„(p„Xp,) or s„(p„Xp ) in the kaon rest system. P& and P2 are related to the polarization in the
decay plane of the muon and the pion, these are not CP violating. The components of the four-vector muon polariza-
tion s„can be written in terms of g, a unit vector along the muon spin in its rest frame, as

p '0 soP =L-+
0 & p 8 ~ + pp

mp p mp

In the rest frame of the kaon, the transverse polarization in (2.8) can be rewritten in three-dimensional form

P~= —n„Xn 4m~E Ip„l[ Im(FsFv)+Re(FpF&)]l@'

with

(2.9)

(2.10)

N'=4m~E , (IFs I'+ IFp I') (IFvl'+ IF& I'—) —(&„—n„n.lp„l)

+E„(IFvI + IF~ I )
— " [Re(FsFv )+Im(FpF„* )]

mg
(2.1 1)

where n„and n are the unit vectors along p„and p, re-
spectively.

III. TRANSVERSE MUON POjLARIZATION

The various models of CP violation can be classified ac-
cording to the type of intermediate boson exchanges that
could give a tree-level contribution to the decay
If+~a. p+v. There are only three possible types (a) —(c)
of tree diagrams shown in Figs. 1(a)—1(c), corresponding

to intermediate bosons of electric charges 1, -',-, and —
—,
'

respectively. Most of the existing models belong to type
(a) since they have either a charged vector or scalar boson
responsible for this decay. For example, the standard,
the left-right-symmetric„and the horizontal-symmetry
models can have gauge boson exchanges and the multi-
Higgs-boson models can have scalar-charged-Higgs-
boson exchanges. Figures (b) and (c) arise in leptoquark
models with intermediate leptoquark exchanges. In this
section we will study the transverse muon polarization,
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(3.1), we find that

Fs =iFP = GrsinOcm„f+y,

F~= F—~ =G~sinOc f+, (3.3)

where y= —,
' [(f lf+ ) —1]. Equations (2.6)—(2.8) and

(3.3) lead to

S

P, =2m„Re(p, R )pk I@
P', = —m„iZi'p le
P = —2m Im(y)e ~r p p pk&l@

where R =pk+gp„and
4& =(4G~sin 0, f+ i )

2=2PI -PkP .Pk mrcPI 'Pv

+2 Ream~ pk+m„ lgl p„'p

(3.4)

(3.5)

(3.6)

(3.7)

(c)

FIG. 1. Tree diagrams contributing to E+~~ p+v decay.

We note that the results in Eqs. (3.4)—(3.6) agree with
that given in Ref. [3]. Since the ratio of the two form fac-
tors f+(q ) and f (q ) is real, i.e., Imp=0, we have
P~=0 in the standard model as mentioned in the Intro-
duction. In the leading order of chiral perturbation
theory f+ = 1 and f =0, then y = —

—,', and we thus
have

including the phenomenological constraints, in each
specific model in those three classes.

4=m EE' v

2m
1+— E

4 m'm~
2 2

mp mp+ 1 —— ip in n.—
mk4 2 P P

K
(3.8)

A. The standard model: An overview
in the rest frame of the kaon.

From Fig. 1(a) the amplitude of the decay K+ ~+ p+v
in the standard model with V-A interactions is given by

GF .
JR = sin8c[f+(q )(pk+p )

+f (q')(pk p'. ) —)vy. (1 —ys)V—
where GF is the Fermi coupling constant, Oc is the Ca-
bibbo angle, and f+ (q ) and f (q ) are the form factors
from the hadronic matrix element:

(~'isy. (1—y, )u iI~+ )

1—
I f+ (q')(pk+ p. ).+f- (q')(pk —p. ).l2

with q = (pk —p ) = (p +p ). Comparing Eqs. (2.1) and

B. Models with only Vand A interactions

We start by discussing the left-right-symmetric models
[13]. For these models, it has been pointed out [7,8, 14]
that there is no transverse polarization of the muon. We
now show this result by using our general expression
given by Eq. (2.10). We will discuss the most general
left-right-symmetric models in which the neutrinos are
massive and therefore CI' violation comes from not only
the quark mixings but also the lepton mixings. The mod-
el involves both V —A and V+ A interactions. There
are four tree diagrams of type (a) contributing to the de-
cay as shown in the Fig. 1 of Ref. [8]. Without loss of
generality the amplitude can be written as

GJk= —singe (ir iXsy (1—ys)uvy (1—y5)p+ Ysy (1 —ys)uvy (1+y5)p
2

+Zs Y (1+'Y5)uvy (1 —y )p+ Wsy (1+y )uvy (I+y5)PiIC ) (3.9)
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= (~'(sy u (K+ & (3.10)

since the axial-vector piece vanishes due to parity. Using
this and Eq. (3.2), we obtain, from the amplitude (3.9) the
following form factors de6ned in Eq. (2.1):

Fs= —GFsinOc(m„—m )f+X(X+I'+Z+ JV),

F~=iGFsinOc(m„+m )f+X(X—I'+Z —W),

Fv =GFsin8c f~ (X+I'+Z + W),

F„=—GFsin&cf+ (X —Y+Z —W') .

It is easy to see from the above equations that

(3.11)

Im(FsFf, ) =RF(FI F„*) =0 (3.12)

since Imp=0. From Eq. (2.10), we conclude that Pi =0
in left-right-symmetric models [15]. This result is in-
dependent of the masses of neutrinos or on the presence
of neutrino mixing. For models with horizontal sym-
metries where the gauge bosons have vector and axial-
vector couplings [14], the amplitude can always be put in
the form (3.9) resulting in a zero value for the muon
transverse polarization. In fact, it is straightforward to
see that the result of P~ =0 can be extended to arbitrary
models with efFective V or 2 interactions as already been
concluded by many authors [7,8, 14].

where X, 7, Z, and 8'are arbitrary complex factors aris-
ing from the diagrams of Figs. 1(a)—l(d) of Ref. [8], re-
spectively. The matrix elements

(7r'~sy (1—y, )u ~K+ & =(77'~sy (I+y, )u ~K+ &

+y;XiMEE~ )H;++H. c. , (3.13)

where E is the KM matrix, MU, MD, and ME are the fer-
mion mass matrices for d- and u-type quarks and charged
leptons, respectively, and a, , p, , and y, are complex cou-
pling constants which are related to each other by the fol-
lowing conditions [23]:

Im(a2P2 ) Im(Pzyz ) Im(azyz )

Im(a, P*, ) Im(P, y*, ) Im(a, y*, )
(3.14a)

is broken spontaneously and the KM matrix is real. The
observed CP violation in the neutral kaon system comes
solely from charged-Higgs-boson exchange. However,
both charged- and neutral-Higgs-boson exchanges [11] in
this model would give rise to sizable d„whereas only the
charged-Higgs-boson exchanges [4] yield contributions to
Pi in K+~+ iM+v through Fig. 1(a). In order to isolate
the CP-violating transverse muon polarization arising
from (ii), in this report we will assume that CP-violating
efFects by the neutral-Higgs-boson exchanges are much
smaller than that by the charged ones. We will first study
the original Weinberg model and then the models in
which CP violation occurs both in (i) and (ii). For the
latter case, the observed CP violation in E~~~ decays
[22] will be accounted dominantly by the standard KM
mechanisms and thus the main constraint on the model is
from the experimental limits on the neutron EDM.

The Yukawa interactions of quarks and leptons with
the charged-Higgs-boson in the mass eigenstates are
given by

2

Xr=(2&26~)' g (a; Ul KMDD~+p; U~M„KDL

C. Multi-Higgs-boson motiels

We study the charged-Higgs-boson efFects on P~ in
multi-Higgs-boson models. As originally pointed out by
Weinberg [10] to have spontaneous CP violation due to
difFerent relative phases of the vacuum expectation values
(VEV's) of the Higgs-doublet fields and natural flavor
conservation (NFC), [16] at least three Higgs doublets
(P, , i =1, . . . , 3) are needed [17]. The NFC is
guaranteed if, for example, P, only couples to Dz, P2 to
Uii aild (tl3 to Eii, respectively. However, to achieve it, a
symmetry such as a discrete or Peccei-Quinn (PQ) [18]
symmetry has to be introduced [19]. The model contains
three possible sources of CP violation: (i) the complex
KM matrix; (ii) a phase in the charged Higgs boson mix-
ing, and (iii) neutral scalar-pseudoscalar mixing [20,21].
In the original Weinberg three-Higgs-doublet model, CP

2 Im(a, y*, )= — Im(P, y*, ) = — Im(a, P*, ),
U2 U) U3

(3.14b)

where u; (i =1,2, 3) are the VEV's of the Higgs doublets
iti; and

u =(u, +uz+u3)' =(2&26~)

The amplitude of the decay K+ —+m p+v in the multi-
Higgs-boson models can be written as

(3.15)

where A.o is the standard piece given in (3.1) and

GF . O i Yi pl yi
Af = — —sine~m„z v m, , y(i —y, lvvii+y, ip+m„z ( + y, 1uv y+),(y1. Ky+i)v'2 M M~

(3.16)
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as calculated from Fig. 1(a) with the intermediate
charged-Higgs-boson exchanges. For simplicity we will
assume that M~ &&MH =MH and neglect the m„-

2 j

dependent terms in Eq. (3.15). Using the matrix elements

loop contributions to d„. The naive-dimensional-analysis
(NDA) estimate of d„on the Weinberg three-gluon
operator [27,28] arising from two-loop diagrams with
charged-Higgs-boson exchanges [29] yields [12]

(7r ~$(1 —y )u K+ ) = &77 ~r(1+@ )u ~K+)

m~2 f
we 6nd that

(3.17) m, 3 m,
X —ln — ——+2

MH 2 M~

m]

2 MH4

Im(a, Pi ) m,
d„g=1 X 10

MH [1—(m, /MH )]3

e cm,

Fs Fs+Fs FI, =Fp+F
F =F F =F

V V& A A

(3.18)

where F (a=S, P, V, and A) are given in Eq. (3.3) and

1 ~ 1
GF . 2Fs =iF~ = — sinOcm„mz f+2 M

(3.19)

From Eqs. (2.10), (3.8), (3.14), (3.18), and (3.19) we get
[4,9]

Im(a, Pi ) v2
P&-——n Xn m m&

M~ u3

Pp

[E„+/p„/n„n —(m„/mx ) ]
(3.20)

In order to estimate P~ one has to known the constraints
on both the parameters Im(a, p*, )/MH and u2/u3, in
various multi-Higgs-boson models. We start by consider-
ing the Weinberg three-Higgs-doublet model. The con-
straints on this model were updated recently by Cheng
[12]. He finds that

Im(a, P*, ) MH
ln —— =(0.024 —0.027) GeV

M m

(3.21)

with the use of the experimental value [24]
~e =2.26X10 and the consideration of not too large
e'. The NEDM due to the charged-Higgs-boson ex-
change in the one-loop diagrams, given by [25]

&ZG,
d„=—', dd = — mdlm(a, P*, )

9m'

XI.

5 3
X —x; ———

4

1 2X
lnx, K,d

1 x;

(3.22)

with x; =m; /M~, is expected to be ——9X10 e cm
with Eq. (3.21) and K,d -0.22, K« -0.01, MH -45 GeV,
and m, —100 GeV. Thus, the value of d„at one-loop lev-
el is not far from the experimental limit [26]
d„'"i"&1.2X10 ~5 e cm. As pointed out by Cheng [12],
the original Weinberg model could be ruled out by higher

(3.23)

and d„s-4X10 e cm by using Eq. (3.21) and MH-45
GeV and m, —100 GeV. However, there are large uncer-
tainties [30,31] such as the choice of the hadronic scale
[31] in calculating the contribution to d„ from the gluon
operator and the value in (3.23) can be easily wrong by an
order of magnitude. Moreover, in a model with a PQ
symmetry, it has been shown by Bander [32] that a large
part of the contribution of the three-gluon operator will
be eliminated.

Without considering the Weinberg three-gluon opera-
tor, we find, using Eq. (3.20) and the constraint in (3.21),
that

2

P:—~P ~„.„-2.6X10
p v

U 3

(3.24)

for an outgoing muon and neutrino at right angle, i.e.,
n„.n =0 and MII-45 GeV. The prediction of P~ in
(3.24) is not very sensitive to the mass of the charged
Higgs boson because of its logarithmic dependence, the
transverse polarization could reach 10 provided
u2/u3~2. To see if this is possible, we study the phe-
nomenological constraint on the factor u2/U3. We recall
the analog of the KM matrix for the charged-Higgs-
boson mixings [33] and we have

UU3
Im(a, P*, ) = sin203sin6H .

2u1 U2
(3.25)

For MH ~ 45 GeV, from Eqs. (3.21) and (3.25) we obtain

U3 ~ U)+U2+U32 2 2

2U)U2
(3.26)

To satisfy (3.26) for a large ratio of u2/u3, the only possi-
bility is to have large ratios of U2/v, and v3/v &. Experi-
mentally, the ratio u2/v, is constrained by D Dmix-—
ing. The dominant contribution to the D mass difference
AMD due to the D —D mixing from the box diagrams
involving the charged Higgs boson is given by

2 4
GF mq v2

hMD= — sin OcmDfDBD
24m. v&

(3.27)

Using the experimental upper limit [24]

hMD &1.3X10 ' GeV and m&=1. 87 GeV, m, =0.2
GeV and fDBD = 170 MeV, we find
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V 2 MII~15
V)

1/2

(3.28)

U2
&102 . (3.29)

which implies for the most conservative bound corre-
sponding to the lightest allowed charged Higgs boson,
MH -45 GeV,

constraints on the ratio of U2/v3. Therefore, the polar-
ization Pj in (3.33) could very well reach a measurable
level of 10 . On the other hand, if we take the result of
NDA on the three-gluon operator in Eq. (3.23) seriously,
it is much less likely to have a transverse muon polariza-
tion of 10, since it requires an unnaturally large ratio
of u2/u3. Although there is no constraint on this ratio,
we have, instead of (3.33),

Combining this result with (3.26) leads to

U2 ~5.7 .
V3

(3.30)

2 2

P'" & 7X 10 P' ~ & 7X 10
U3 V3

D. I,eptoquarks

(3.34)

The upper limit of the transverse muon polarization is
thus given by

P~ ~ 8.4X10 (3.31)

in the Weinberg three-Higgs-doublet model.
We now examine the phenomenological constraints on

the multi-Higgs-boson models in which the KM matrix is
complex. In these models we assume that e is dominated
by the short-distance contribution and thus it will arise
mainly from the standard KM CP-violation mechanism
since the short-distance contribution from the charged-
Higgs-boson exchange is very small [34]. In this case, the
constraint on the parameter Im(a, P& )/MH comes direct-
ly from d„'""'.

From Eq. (3.22) we obtain

P, =(3,2, —7) (model I),
P2=(3, 2, —,

'
) (model II),

$3=(3, 1,——,
'

) (model III),
P~=(3, 3, ——', ) (model IV),

(3.35a)

(3.35b)

(3.35c)

(3.35d)

respectively. The general couplings involving these lepto-
quarks are given by [36]

There are four scalar-leptoquark models which give
contributions to the decay K+ ~m p+v through the tree
diagrams in Figs. 1(b) and 1(c). The quantum numbers of
the leptoquarks under the standard group
SU(3)c XSU(2)L XU(1)r are [35,36]

and

Im(a, P; )
&6X10 '

MH
(3.32a)

(3.32b)

(~1QLeR +~1+ALL )41+H.c

2dRLI- +~2QLvR )4'2+H c

=(&3dg vg +&3QI LL +A3u~e~ )p3, +H. c. ,

=A,4QLLJ p4+H. c. ,

(3.36a)

(3.36b)

(3.36c)

(3.36d)

for m, —100 GeV and (1) MH —45 GeV and (2) MH —200
GeV, respectively, which lead to

U2
2

U2
2

Py 3.2X 1() P ( 1.1 X 1() ~, (3.33)
V3 U3

from Eq. (3.20). Unlike the previous Weinberg type of
multi-Higgs-boson models, there are no experimental

where Q =(~) and L =(, ). Here the coupling constants
(k =1, . . . , 4) are complex and thus CP violation

could arise from either the Yukawa interactions in (3.36)
or from the standard phase in the KM matrix. We as-
sume that CP violation in K ~a~ decays can be account-
ed for by the nonvanishing KM phase, and investigate
the efT'ect on the muon polarization of adding another
CP-violation mechanism in (3.36).

In terms of each charge components of the lepto-
quarks, we rewrite Eq. (3.36) as

& = r [[~i'& —,'(I+)' )e, +~'"&—,'(1 —y )e, ]y""'+[~I'd; —,'(I+y, )e, +&',"a;—,'(1 —y, )v ]/I'"']+H. c. (3.37a)

&"=X [l~i'd; —,'(1—)', )e, +~/~; —,'(I+&, )v, ]&2'"'+[~pd, —,'(1+y, )v +A2'~d; —,'(1 —y, )v ]p', ' ']+H.c. , (3.37b)
I,J
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X"'= g [Agd; —,'(1 —ys)v'+A3'J[ —u; —,'(1+ys)e'. +d; —,'(1+ys)v'. ]+A2"iu; —,'(1 —ys)e']$13 ' '+H. c. , (3.37c)

= gXg[u; ,'(—1+y5)v'4)4 '+[u; —,'(1+ys)e'+d, —,'(1+y5)v']P~ ' '+d; —,'(1+ys)e'P4 ']+H. c. (3.37d)

(Q, )
where i,j are family indices and Q, in iI)k

' are the electric charges. From (3.37) we see that the relevant terms in the
process K+~rr p+v we are considering are the ones involving $11

i ', $122i ', f13 'i2', and f41
'i3' couplings, respective-

ly. We will concentrate on these terms in our discussions. The eft'ective interactions from these leptoquarg exchanges
shown in Figs. 1(b) and 1(c) are

g22( gi1i )
s

X',s.= 2
s(1+y5)pv;(1+ys)u +H. c. ,

4M~
(3.38a)

g22( gi 1i
)
s

2 s(l —ys)pv;(1 —y5)u +H. c. ,
4M~

(3.38b)

C',Ir= 2 [ —A3'(A3' )*s(1—y5)v', iM'(1 ys)u—+A3'(A3' )*s(1+ys)v', p, '(1 —y, )u

—
A3 '(A3' )*s(1+ys)v,'iM '(1 —y5)u+ A3 '(A3 ' )*s(1+y5)v,'p '(1+y5)u]+H. c. , (3.38c)

g2i( g12 )
e

s(1 —ys)v';1M '(1+y5)u +H. c. ,
4M~

(3.38d)

where M& (k = 1, . . . , 4) are the masses of $11
k+

Pz ', $13
' ', and P4

' ', respectively.
Using the Fierz transformations

2s(1+y5)ab(1+ ys)u = —sy„(1+-ys)uby"(1+ys)a

Fsk =( —1)" 'iFpk

g22( gi1i )
e 2

=(—1)" (/4 =1,2),
8&2M~

k

Fi',k F„'k ——0 (k =—1,2),
(3.39a) 2

1 mxF
8&2M~

g2i( pi 12
)
e +gi2i( g«12 )

e
3 3 3 3

Bs(1+ys)ab(1+ys)u = —4s(1+ys)ub(1+ys)a

—sa.„(1+ys)ubo" (1+y5)a,
(3.39b)

m, m
+ ', "

[ —~23'(~ 2)*
mlr-

+g 2i(g 12)e ]

mF1 1 g2i(gi12)e+gi2i(g»12)e
8&2M' s

we can obtain the e6'ective couplings

F~k =F~+F~k ) (3.40)

m, m+
mIr-

+gi2i(gi12)e ]
where ct=S, P, V, and A and k =1, . . . , 4. From Fig. 1

we get (3.41)
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Fl [ g2i(g&&12)++7 &2i(g&12)e ]4v'2M 3 3
1m[A, 3 '(A3 ' )*]

M
(3.43b)

Fl [g2i(g»12)e+g21(g~12)e]A3 4~ 2 3 3 3 3

PlFi =F~ = "FS4 P4 2 V4

P
2 A4 g2i( g12 )

e
8&ZM2

4'4

Ip„l

[E„+/p„/n .n, —(m„/mx. )]
(3.42a)

where we have ignored the tensor interactions because
the form factor fT is much smaller than f+ -—1 in K„+3
decays [24]. From Eqs. (2.10), (3.3), (3.7), (3.8), and (3.41)
it follows that the transverse polarization is given by

Q,.Im[A. , (1,'1')" ] m~
Py — Il X Il~

4v'2G~sinHCM & 1

respectively.
The leptoquark couplings in (3.37) will induce several

rare processes which could all put constraints on the pa-
rameters (3.43). In model I one expects contributions to
either CP-conserving processes such as (g —2)„, p —+ey,
pN~eN, P ~l l (P =m, 21, D, KI, 8, and
l, =e,p), vr ~vv, K~npe, and b —+sy or CP-violating
ones, such as e in E -E mixing, EI —+~ ee, d„, and the
electric dipole moments of leptons di (l =e,p, r, v,. ).
From the Lagrangian (3.37c) of model III one expects a
contribution to (g —2)„, prey, pN~eN, P ~l, l
(P'=m', g, D'), vr'~vV, K+~rr+vv, K~ ~sr'vv, e in
K -K mixing, d„and d&. Very tight constraints on the
parameters (3.43) are obtained by ignoring the generation
index, i.e., A, k

—it.g( —(i(,'k~( —[A.k"J[ (i =1,3) and
(Q, ) .

M& =M& ' in Eq. (3.37). For example, from the experi-
mental limit [24] of 8(KI ~pe),„,&2.2X10 ', one
finds that in model I [37]

PII 0

Q,.1m[A, 3'(A,3' )*] m~
Pg —Il X Il~

4v'2GFsinOcM ~3

X Pp

[E„+~p ~n„n„—(m /mi()]

(3.42b)

(3.42c)

& 10 ' GeV
M~

and in model III,

&10 " GeV
M~

(3.44a)

(3.44b)

pIV 0 (3.42d)

1m[A, , (A, '")*]
Mp

(3.43a)

and

where the terms proportional to I/M& were neglected.
k

The result that P~=O in model IV is expected as the
effective interaction to the decay K+ ~m p+v is V+ 3 as
discussed in Sec. II. However, the zero transverse polar-
ization in model II is based on the cancellation between
Im(FsF1*, ) and Re(F~F~ ) in Eq. (2.10). This is a general
feature for nonstandard models with a coupling of the
type Fsv(1 —yz)p. Such a coupling is also present in
model III together with V+ 2 couplings, leaving only one
term to contribute to the transverse polarization as ob-
tained above.

To estimate the transverse muon polarization in mod-
els I and III we need to find out the bounds on the pa-
rameters

from I (pTi ~eTi)/I (pTi ~all),„,& 4.6 X 10 '2 (Ref.
[24]). These two constraints, in turn, imply very small
polarizations,

P &5X10

and (3.45)

P~ &5 X 10

from Eqs. (3.42a) and (3.42c), respectively. Of course, the
parameters in Eq. (3.43) could escape some experimental
constraints since a priori there are no relations among the
coupling s corresponding to either Aavor diagonal or
flavor changing interactions. For instance, the limit in
(3.44a) depends on

~g21(g12)e+gll(g22)e
~

M~

To get direct constraints on A, 1 (A, 1')* and A, 3 '(A, 3' )*, we
write only the relevant couplings in Eq. (3.37) as

model I:
i(1 c—,'(1+y5)p+ g A, ',"u —,'(1—y~)e; pI

~ '+ A, ,~s—,'(1+y5)p+ g A, ',"u —,'(1—y~)v; f11 ~ '+H. c. , (3.46a)

model III:

g A3' u —,'(1—y5)p'+A3 '[ —c—,'(1+y5)e +s—,'(1+y, )v,'] ii)13
'~ '+H. c. (3.46b)
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It is interesting to see that the most stringent constraints
on models I and III arise from the rare decays of D ~pl
(l =e,p) [see Figs. 2(a) and 2(b)], respectively. To study
these constraints we assume M& '-M& ', A, &"=A,&J,

1 1

and A,3'=A, 3 for i,j =1,2, 3 and neglect the tensor interac-
tions. The decay rate for D ~p, l (l =e,p) can be calcu-
lated from the diagram in Fig. 2(a),

fDmD lx) (x) ) Ir(D'
2567m I~ M4

C

(3.47)

Using fD-0.2 GeV and the experimental limits [24]
B (D ~pP, ),„,& 1.1 X 10 and B (D ~pe ),„,& 1.0
X10,we find

~g22(g&li)e
~

&1.4X10 ' GeV '.
M~

(3.48)

This leads to

P', (7.2X10 ' (3.49)

in model I. Such a large polarization is already ruled out
[24], but the possibility of measuring a transverse polar-
ization in K+~a. p+v remains until there are significant
improvements in D decays. Similar results are obtained
in model III.

FIG. 2. Contributions to D ~pl decays where l =e and p
(a) in model I and (b) in model III.

IV. CONCLUSIONS

We have studied the transverse muon polarization in
K+ —+m p+v decay in various specific extensions of the
standard KM model of CP violation. We have rederived
the result that there is no muon transverse polarization
for models with purely effective V and A interactions
such as the standard, left-right-symmetric, and
horizontal-symmetry models. We have also shown that
such a result holds even with nonzero neutrino masses.
The charged-Higgs-boson exchange effect on P j in
multi-Higgs-boson models has been reexamined. In par-
ticular, we estimated that in the Weinberg three-Higgs-
doublet model Pt -2.6X 10 vz lv3, which yields an
upper bound around 8.4X 10 . For the models in which
the KM matrix has a nonzero phase, we find that the
transverse muon polarization can easily reach the 10
level without convicting with experimental constraints.
We have considered all possible leptoquark models
(I—IV) that give contributions to IC„3 decays through the

scalar leptoquark exchanges at tree level and we find that
models I and III could lead to a large P~, there are basi-
cally no direct experimental constraints on these models
except for the polarization measurement itself. The
transverse polarization was shown to be zero in models II
and IV.

In conclusion, the measurement of the transverse muon
polarization in K+ —+m p v is a clean signature of CP
violation beyond the standard model. This T-odd muon
polarization in the multi-Higgs-boson and leptoquark
models could reach a level of 10 which is accessible to
future experiments at KEK [38] or a kaon factory [5].
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