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We study theT-violating transverse muon polarization in the decay ofK1→m1ng due toCP violation in
theories beyond the standard model. We find that the polarization asymmetry could be large in someCP
violation models and it may be detectable at the ongoing KEK experiment of E246 as well as the proposed
BNL experiment.@S0556-2821~97!07223-8#
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I. INTRODUCTION

In the framework of local quantum field theories, with
Lorentz invariance and the usual spin-statistics connection,
time-reversal (T) violation impliesCP violation ~and vice
versa!, because of theCPT invariance of such theories. Ex-
perimentally, onlyCP violation has been observed so far
and this only in the neutral kaon system. But the origin of
this violation remains unclear. In the standard model,CP
violation arises from a unique physical phase in the Cabibbo-
Kobayashi-Maskawa~CKM! quark mixing matrix @1#. To
ensure that this phase is indeed the source ofCP violation or
T violation, one needs to look for new processes, especially
that outsideK0 system. It would be particularly interesting if
the time reversal symmetry is directly violated in these pro-
cesses, rather than inferring it as a consequence ofCPT
invariance.

Within kaon physics, the most interesting search ofT vio-
lation would be to look for the component of the muon po-
larization normal to the decay plane, called transverse muon
polarization (PT), in the charged kaon decays such as
K1→p0m1n (Km3

1 ) @2#, K1→m1ng (Km2g
1 ) @3#, and

K1→p1m1m2 @4#. The polarization inKm3
1 as well as that

in Km2g
1 will be measured to a high accuracy at the ongoing

KEK E246 experiment@5# and at a recently proposed BNL
experiment@6#, while for K1→p1m1m2 that would be
done in a future kaon factory@7#.

In this paper, we concentrate on the radiativeKm2
1 decay.

We will first give a general analysis on all components of the
muon polarization and then present our estimations on the
transverse component in variousCP violation theories be-
yond the standard model. The transverse muon polarization
in the decay ofK1→m1ng is related to theT odd triple
correlation, i.e.,

PT}sWm•~pW m3pW g!, ~1!

wheresWm is the muon spin vector andpW i ( i 5m andg) the
momenta of the muon and photon in the rest frame ofK1,
respectively. It is expected@8# that the CKM phase does not
induce the polarization in Eq.~1!. Therefore measuring the
polarization could be a signature of physics beyond the stan-

dard model. There are many different sources that might give
rise to the polarization. The most exciting ones are the weak
CP violation from some kinds of nonstandardCP violation
models. However, the electromagnetic interaction among the
final state particle can also make a contribution, which is
usually less interesting and could even hide the signals from
the weakCP violation. We shall refer to the final-state-
interaction~FSI! contribution as a theoretical background of
that by the weakCP violation. It has been estimated that
PT;1023 and 1026 in Km3

0 (K0→p2m1n) @9# and Km3
1

(K1→p0m1n) @10#, due to the FSI effects at one and two-
loop levels, respectively. ForK1→m1ng, although there is
only one charged final state particle likeKm3

1 , FSI arises at
one-loop diagrams because of the existence of the photon in
the final states @11,12# and it is found that
PT

FSI(K1→m1ng);1023 in most of the decay allowed
phase space@13#. To distinguish the realCP-violating ef-
fects from the FSIs, one has to explore various possible mod-
els with the polarization being larger than 1023.

The paper is organized as follows. In Sec. II, we carry out
a general analysis of the muon polarization inK1→m1ng.
In Sec. III, we study theCP-violating muon polarization
effects in some extensions of the standard model. We give
our concluding remarks in Sec. IV.

II. GENERAL ANALYSIS FOR MUON POLARIZATION

For a general investigation of the transverse muon polar-
ization in K1→m1ng decay including some new
CP-violating sources, we first carry out the most general
four-fermion interactions given by

L52
GF

A2
sinuC s̄ga~12g5!u n̄ ga~12g5!m

1GSs̄u n̄ ~11g5!m1GP s̄g5u n̄ ~11g5!m

1GV s̄gau n̄ ga~12g5!m

1GA s̄gag5u n̄ ga~12g5!m1H.c., ~2!

whereGF is the Fermi constant,uC is the Cabibbo mixing
angle, andGS , GP , GV , andGA , arising from new physics,
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denote scalar, pseudoscalar, vector, and axial vector interac-
tions, respectively. From the interactions in Eq.~2!, we can
write the amplitude of the decayKm2g

1 in terms of ‘‘inner
bremsstrahlung’’~IB! and ‘‘structure-dependent’’~SD! con-
tributions, which can be written as@3,14#

M5M IB1MSD,

with

M IB5 ie
GF

A2
sinuCf Kmmea* Ka,

MSD52 ie
GF

A2
sinuCem* LnHmn, ~3!

where

Ka5 ū~pn!~11g5!S pa

p•q
2

2pm
a1q” ga

2pm•q D v~pm ,sm!,

Ln5 ū~pn!gn~12g5!v~pm ,sm!,

Hmn5
FA

mK
~2gmnp•q1pmqn!1 i

FV

mK
emnabqapb , ~4!

ea is the photon polarization vector,p, pn , pm , andq are
the four-momenta ofK1, n, m1, andg, respectively,sm is
the polarization vector of the muon, andf K , FV , andFA are
the form factors given by

f K5 f K
0 ~11DP1DA!,

FA5FA
0~11DA!,

FV5FV
0~12DV!, ~5!

with

D~P,A,V!5
A2

GFsinuC
S GPmK

2

~ms1mu!mm
,GA ,GVD . ~6!

Here f K
0 is the kaon decay constant andFV(A)

0 the vector
~axial-vector! form factor, defined by

^0u s̄gmg5uuK1~p!&52 i f K
0 pm,

E dxeiqx^0uT„Jem
m ~x! s̄gng5u~0!…uK1~p!&

52 f K
0 S gmn1

pm~p2q!n

p•q D1
FA

0

mK
~gmnp•q2pmqn!,

E dxeiqx^0uT„Jem
m ~x! s̄gnu~0!…uK1~p!&

5 i
FV

0

mK
emnabqapb , ~7!

and the hadronic matrix elements involving the scalar and
pseudoscalar currents in Eq.~5! are given by@15#

^0u s̄g5uuK1~p!&5 i f K
0

mK
2

ms1mu
,

E dxeiqx^0uT„Jem
m ~x! s̄g5u~0!…uK1~p!&5 f K

0
mK

2

ms1mu

pm

p•q
,

E dxeiqx^0uT„Jem
m ~x! s̄u~0!…uK1~p!&50, ~8!

whereJem
m is the electromagnetic current. Numerically, one

has f K
0 50.16 GeV from the experiment andFV

0520.095
and FA

0520.043 found in the chiral perturbation theory at
one-loop level@14#.

We use the standard techniques to calculate the probabil-
ity of the processK1→m1ng as a function of the four-
momenta of the particles and the polarization four-vectorsm

of the muon. We write the components ofsm in terms ofjW , a
unit vector along the muon spin in its rest frame, as

s05
pW m•jW

mm
, sW5jW1

s0

Em1mm
pW m . ~9!

In the rest frame ofK1, the partial decay width is found to
be

dG5
1

2mK
uM u2~2p!4d~p2pm2pn2q!

3
dqW

~2p!32Eq

dpW m

~2p!32Em

dpW n

~2p!32En

, ~10!

with

uM u25r0~x,y!@11~PLeWL1PNeWN1PTeWT!•jW #, ~11!

whereeW i ( i 5L,N,T) are the unit vectors along the longitu-
dinal, normal and transverse components of the muon polar-
ization, defined by

eWL5
pW m

upW mu
,

eWN5
pW m3~qW 3pW m!

upW m3~qW 3pW m!u
,

eWT5
qW 3pW m

uqW 3pW mu
, ~12!

respectively, and
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r0~x,y!5
1

2
e2GF

2sin2uC~12l!H 4mm
2 u f Ku2

lx2 Fx212~12r m!S 12x2
r m

l D G1mK
4 x2F uFV1FAu2

l2

12lS 12x2
r m

l D
1uFV2FAu2~y2l!G24mKmm

2 FRe@ f K~FV1FA!* #S 12x2
r m

l D2Re@ f K~FV2FA!* #
12y1l

l G J , ~13!

with l5(x1y212r m)/x, r m5mm
2 /MK

2 andx52p•q/p252Eg /mK andy52p•pm /p252Em /mK being normalized energies
of the photon and muon, respectively. If we define the longitudinal, normal and transverse, muon polarization asymmetries by

Pi~x,y!5
dG~eW i !2dG~2eW i !

dG~eW i !1dG~2eW i !
~ i 5L,N,T!, ~14!

we find that

Pi~x,y!5
r i~x,y!

r0~x,y!
~ i 5L,N,T!, ~15!

with

rL~x,y!52e2GF
2sin2uC

~12l!

2lAy224r m
H 4mm

2 u f Ku

lx2
@x~ly22r m!~x1y22l!2~y224r m!~lx12r m22l!#

2MK
4 lx2F uV1Au2

l

12l
~ly22r m!S 12x2

r m

l D1uV2Au2~y22ly22r m!G
24MKmm

2 FRe$ f K~V1A!* %lS 12x2
r m

l D ~222x2y!1Re$ f K~V2A!* %„~12y!~y2l!12r m2l…G J ,

rN~x,y!5e2GF
2sin2uC

~12l!Aly2l22r m

MKlAy224r m
H 4mm

3 u f Ku2

lx
~x1y22l!2MK

4 mmlx2F uV1Au2
l

12lS 12x2
r m

l D1uV2Au2G
22MK

3 mmFRe$ f K~V1A!* %S ~r m2l!~12x2r m!

12l
1lx~12x! D2Re$ f K~V2A!* %~y22r m!G J ,

rT~x,y!522e2GF
2sin2uCmK

2 mm

12l

l
Aly2l22r mH Im@ f K~FV1FA!* #

l

12lS 12x2
r m

l D1Im@ f K~FV2FA!* #J . ~16!

From Eq.~14!, it is easily seen that the asymmetries ofPL
and PN are even quantities under time-reversal transforma-
tion, while PT is an odd one. Since we are interested inCP
violation, we will concentrate on the transverse part of the
polarization shown in Eq.~14!. We rewritePL(x,y) as

PT~x,y!5PT
V~x,y!1PT

A~x,y!, ~17!

with

PT
V~x,y!5sV~x,y!@ Im~DA1DV!#,

PT
A~x,y!5@sV~x,y!2sA~x,y!#Im~DP!, ~18!

where

sV~x,y!52e2GF
2sin2uCmK

2 mm f K
0 FV

0
Aly2l22r m

r0~x,y!

3F211l

l
2S 12x2

r m

l D G ,
sA~x,y!52e2GF

2sin2uCmK
2 mm f K

0 FA
0
Aly2l22r m

r0~x,y!

3F211l

l
1S 12x2

r m

l D G . ~19!

Clearly, to haveCP-violating transverse muon polarization
of PT in Eq. ~18!, at least one of the couplingsGi
( i 5P,A,V) in Eq. ~2! has to exist and be complex.

In the standard model, from Eqs.~17! and ~18!, we see
that the transverse muon polarization is zero sincef K5 f K

0

and FV(A)5FV(A)
0 which are both real due toGi50 and

D i50 (i 5P,V,A). However, the longitudinal and normal
muon polarizations are nonvanishing. In Figs. 1–3, we show
the Dalitz plots forr0, PL, and PN , respectively. In the
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nonstandard models,PT could be nonzero if the new physics
couplingsGi ( i 5P,A,V) have some phases. In Figs. 4 and
5, we display the Dalitz plots of sV(x,y) and
sV(x,y)2sA(x,y), respectively. From the figures, we see
that they are all in the order of 1021 in most of the allowed
parameter space. We shall usesV andsV2sA as 0.1 in our
numerical estimations of the next section. However, it is in-
teresting to note that there is no contribution to the transverse
muon polarization if the interaction beyond the standard
model contains only left-handed vector current, i.e.,
GV52GA , because of the zero relative phase between the
amplitudes ofM IB andMSD.

III. TRANSVERSE MUON POLARIZATION
IN VARIOUS MODELS

SincePT(Km2g
1 )50 at tree level in the standard model, a

nonzero value of the transverse muon polarization provides
an evidence for newCP-violating source outside the CKM
mechanism after taking care of the theoretical background.
In such case,PT may arise from the interference between the
tree level amplitude in the standard model and the new
CP-violating amplitude. In the following we will study vari-
ous CP violation models such as the left-right symmetric,
two-Higgs-doublets, supersymmetry~SUSY!, and discuss
the possibilities of having largePT in these theories.

A. Left-right symmetric models

In this subsection we study the prediction ofT-violating
muon polarization forKm2g

1 decay in models with left-right
symmetric gauge symmetries SU(2)L3SU(2)R3U(1)B2L
@16#. In these models, the minimal set of Higgs multiplets to
break the gauge symmetry down to U(1)em is one doubletf
and two tripletsDL,R . The transformations of the Higgs
bosons under SU(2)L3SU(2)R are given by

f5S f1
0* f2

1

2f1
2 f2

1D→ULfUR
† ,

DL,R5S d1/A2 d11

d0 2d1/A2
D

L,R

→UL,RDL,RUL,R
† , ~20!

with the vacuum expectation values~VEVs! being

^f&5
eia

A2
S v1 0

0 v2
D ,

^DL,R&5
eiuL,R

A2
S 0 0

vL,R 0D , ~21!

FIG. 2. Dalitz plot ofPL(x,y).

FIG. 3. Dalitz plot ofPN(x,y).

FIG. 4. Dalitz plot ofsV(x,y).

FIG. 1. Dalitz plot ofr0(x,y).
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where a and uL,R are theCP-violating phases. After the
spontaneous symmetry breaking~SSB!, the masses of fermi-
ons can be generated by the Yukawa coupling terms

LY5Q̄LFfQR1Q̄LGf̃QR1H.c., ~22!

where the generation indices have been suppressed,QL,R
stand for the left- and right-handed fermions doublets,F and
G correspond to theN3N mass matrices forN generations,
and f̃[t2f* t2. In addition, the eigenstates of bothWL,R
bosons related to weak eigenstates can be written as

W15cosjWL1sinjWR ,

W252sinjWL1cosjWR , ~23!

wherej is the left-right mixing angle. In any event, due to
the WR gauge boson, we have new mixing matrix, called
right-handed CKM~RCKM! matrix, coming from the diago-
nalization of right-handed quarks. The charged current inter-
actions are given by

LCC5
gL

A2
WL

mŪgmKLPLD1
gR

A2
WR

mŪgmKRPRD1H.c.,

~24!

where gL and gR are coupling constants for SU(2)L and
SU(2)R , UT5(u,c,t) and DT5(d,s,b) are the physical
states of up-type quarks and down-type quarks,KL and KR

are the CKM and RCKM matrices, andPL,R5(17g5)/2,
respectively.

The number of physicalCP-violating phases in CKM and
RCKM matrices with N generations are NL5(N
21)(N22)/2 and NR5N(N11)/2, respectively. For ex-
ample, we have threeCP-violating phases fromKR for the
case of two generations. Here, we do not assume parity in-
variant as well as any special relation in the matrices so that,
in general, the gauge coupling constantgL is not equal togR
and the matrix elements of RCKM are free parameters. In-
cluding the left-right mixing parameterj we can generate
PT(Km2g

1 ) from the tree diagram as shown in Fig. 6. The
quark level four-fermion interaction which contributes to
Km2g

1 decay is given by

LRL522A2GFS gR

gL
DKus

R* j s̄gmPRu n̄ gmPLm. ~25!

Comparing Eq.~25! with Eq. ~2!, we get

GV5GA52
GF

A2

gR

gL
Kus

R* j, ~26!

which leads to

DA5DV52
jKus

R*

sinuC

gR

gL
, ~27!

in terms of Eq.~5!. From the expression ofdA,V in Eq. ~27!
and the definition of the muon transverse polarization in Eq.
~17!, we obtain

PT52sV

jgR

gL
Im~Kus

R* !. ~28!

To illustrate the prediction of the transverse polarization, we
consider two-generation case. The RCKM matrix which con-
tains three physical phases can be parametrized as

UR5eigF e2 id2cosuC e2 id1sinuC

2eid1sinuC eid2cosuC
G , ~29!

d1,2 and g are the three physicalCP-violating phases, and
uC is the Cabibbo angle. From the mixing matrix in Eq.~29!,
we find that

Im~Kus
R !5sinuCsin~g2d1!<sinuC . ~30!

In the typical left-right symmetric models as shown in
Ref. @17#, one generally has

j
gR

gL
,4.031023, ~31!

and thus one gets

PT,8.031024 ~32!

with choosing thatsV;0.1 and Im(Kus
R* );sinuC . However,

in a class of the specific models studied in Ref.@18#, it is
found that

j
gR

gL
,3.331022 ~33!

FIG. 5. Dalitz plot ofsV(x,y)2sA(x,y).

FIG. 6. Tree diagram tos̄u→m n̄ induced by the left-right
gauge boson mixing.
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for MR.549 GeV. In such models, with the same set of the

parameterssV and Im(Kus
R* ), one gets

PT,6.631023, ~34!

which is within the experimental detecting range. The
bounds in Eqs.~32! and~34! can be even larger if one uses a
larger value ofsV . We remark that the muon transverse
polarization for the decay ofK1→p0m1n, i.e., PT(Km3

1 ),
vanishes in the left-right symmetric models as shown in Ref.
@19#. This is because the photon is a vector particle while the
pion is a pseudoscalar one.

B. Two-Higgs-doublet models with FCNC

In a two-Higgs-doublet model~THDM! without introduc-
ing global symmetry@20#, the up and down-type quarks will
couple to the both two Higgs doublets. However, the up- and
down-type quarks mass matrices cannot be simultaneously
diagonalized. Therefore, flavor changing neutral current
~FCNC! is induced at tree level. To suppress the effects of
the FCNC, one can impose a discrete symmetry. However,
the discrete symmetry normally also constrains the scalar
potential such that spontaneousCP violation ~SCPV! may
not occur. In this section, instead of having a discrete sym-
metry, we assume that the couplings related to the FCNC are
small. The various possible theories with naturally small
couplings have been explored in Refs.@21,22#.

The Yukawa coupling terms in the weak eigenstate can be
written by

LY5h i j
DQ̄Lif1DR j1h i j

UQ̄Lif̃1UR j1j i j
DQ̄Lif2DR j

1j i j
UQ̄Lif̃2UR j1h i j

E L̄ if1ER j1j i j
E L̄ if2ER j1H.c.,

~35!

whereh i j
U,D,E andj i j

U,D,E are dimensionless and real param-
eters,QL and L denote the left-handed quark and lepton
doublets,DR , UR , andER are the right-handed down-type
quarks, up-type quarks, and leptons,f1 andf2 are the two
Higgs doublets withf̃[ is2f* , respectively. The VEVs of
the Higgs doublets are given by^f1&5v1 and
^f2&5exp(iu)v2, whereu is the CP-violating phase. From
Eq. ~35! the Yukawa interactions of quarks and leptons with
neutral and charged Higgs bosons can be expressed by

LNH5
1

A2
ŪL j̃ UUR~h02 iA0!1

1

A2
D̄L j̃ DDR~h01 iA0!

1H.c.,

LCH52ŪR j̃ U†
KLDLH†1ŪLKL j̃ DDRH†1N̄LKL j̃ EERH†

1H.c., ~36!

respectively, with

j̃ U[VL
U~2hUsinb1e2 iujUcosb!VR

U†,

j̃ D[VL
D~2hDsinb1eiujDcosb!VR

D†,

j̃ E[~2hEsinb1eiujEcosb!VR
E†, ~37!

where flavor indices are suppressed,VL,R
U,D,E are the unitary

matrices which transform the fermionic weak eigenstates to
the mass eigenstates, and tanb5v2 /v1. However, for sim-
plicity we can reparamterize the diagonal parts of matrixj̃ E

to be (j̃ E) i i [zml i
, wherez is unknown parameter andml is

the lepton mass. The parameterz can be bounded by the
m-e universality in tau decay.

From Eq.~36!, we find the following four-fermion inter-
action:

LK
m2
1 5

zmm

MH
2

s̄ S 2(
j

K js
L* j̃ j 1

U PR1(
i

j̃ i2
D* Kui

L* PLDu n̄ PRm,

~38!

whereMH is the mass of charged Higgs particle. From Eq.
~36!, we clearly see that the off-diagonal elementsj̃ i j

U,D ( i
Þ j ) are related to the FCNC at tree level. To illustrate the
polarization effect, we use the ansatz in Ref.@23# by Cheng
and Sher, in which the couplingsj̃ U,D in Eq. ~38! are taken
to be

j̃ i j
U,D5l i j

Ami
U,Dmj

U,D

v
for iÞ j , ~39!

where l i j are undetermined parameters,
v5Av1

21v2
25(2A2GF)21/2, and mU(D) the masses of up

~down!-type quarks. We now simplify Eq.~38! to

LK
m2
1 5

zmm

MH
2

s̄Kus
L* ~2 j̃ 11

U PR1 j̃ 22
D* PL!u n̄ PRm ~40!

by using Eq.~39!. We consider the constraints onj̃ 11
U and

j̃ 22
D from theK02K̄0 mixing, arising from the box diagrams

with the u quark as the internal fermion as shown in Fig. 7.
From the figures, we find that

^K0uMHH
boxuK̄0&52

f K
2 mK

6~4p!2MH
2 ~Kud

L Kus
L !2~ j̃ 11

D j̃ 22
D*

2 j̃ 11
U j̃ 11

U* !2,

^K0uMHW
boxuK̄0&5

4A2GF

~4p!2

f k
2mK

3

3ms
2 ~Kud

L Kus
L !2

3 j̃ 11
D j̃ 22

D* DHWS MH
2

MW
2

,
mu

2

MW
2 D , ~41!

with

DHW~x,y!5
lnx

2~x21!x2 1
lnx

2x
1

ln~xy!

2x2 . ~42!
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Using the experimental value on theK02K̄0 mixing, we
obtain

u j̃ 11
D j̃ 22

D* 2 j̃ 11
U j̃ 11

U* u,7.331025MH GeV21,

u j̃ 11
D j̃ 22

D* u,1.331022ms

GeV-1

ADHWS MH
2

MW
2

,
mu

2

MW
2 D . ~43!

For MH;200 GeV, we find thatu j̃ 11
D j̃ 22

D* u,5.631023 and
thus,

u j̃ 11
U u,8.631023AMH. ~44!

The strict constraint onz, as pointed out by Grossman@24#,
is from them-e universality int decay as well as the pertur-
bativity bound, and is given by

uzu,min~1.131022MH GeV22,2.0 GeV21!. ~45!

One notes that ifMH.175 GeV, the bound onz mainly
comes from the perturbativity as shown in Eq.~45!. From
Eqs.~2!, ~6!, and~40!, we get

GP52
zmm

4MH
2

Kus
L* ~ j̃ 11

U 1 j̃ 22
D* !, ~46!

and

DP52
mK

2

ms1mu

A2z

4GFMH
2 ~ j̃ 11

U 1 j̃ 22
D* !, ~47!

which leads to the muon transverse polarization as

PT5~sV2sA!
mK

2

ms1mu

A2z

4GFMH
2

Im~ j̃ 11
U 1 j̃ 22

D* !. ~48!

Using the constraints in Eqs.~44! and ~45!, we obtain

PT<0.048 ~49!

for usV2sAu;0.1 andMH;100 GeV.
Using the interaction in Eq.~40! by neglecting the contri-

bution of j̃ 22
D* , the similar estimation for the transverse

muon polarization inK1→p0m1n can be done. By taking
the same values of parameters as in the decay ofKm2g

1 , we
find that PT(Km3

1 ) could be as large as the current experi-
mental limit, i.e., 131022. Therefore,PT in both decays of
Km2g

1 and Km3
1 can be very large in the Higgs models with

FCNC. We note that the muon polarization effects of the two
modes in the three-Higgs-doublet models with NFC could be
also large as studied in Refs.@15,19,25#.

C. Supersymmetric models

In this subsection we consider the effects onPT in theo-
ries with SUSY. It is known that, in general, SUSY theories
would contain couplings with the violation of baryon or/and
lepton numbers, that could induce the rapid proton decay. To
avoid such couplings, one usually assignsR parity, defined
by R[(21)3B1L12S to each field@26#, whereB(L) and S
denote the baryon~lepton! number and the spin, respectively.
Thus, theR parity can be used to distinguish the particle
(R511) from its superpartner (R521). Recently, Ng and
Wu @27# have investigated theT-violating PT for Km2g

1 in
SUSY models withR parity and they find that when the
squark family mixings are taken into account, large enhance-
ment effects would appear due to the heavy quark masses
and large tanb5v2 /v1. In this paper, we will concentrate on
the SUSY models withoutR parity. To evade the stringent
constraint from proton decay, we can simply require that
B-violating couplings do not coexist with theL-violating
ones. In the following we consider the theories with the vio-
lation of theR parity and the lepton number. In such cases,
the superpotential is given by

WL” 5
1

2
l i jkLiL jEk

c1l i jk8 LiQjDk
c , ~50!

where the subscripti jk are the generation indices,L andEc

denote the chiral superfields of lepton doublets and singlets,
andQ andDc are the chiral superfields of quark doublets and
down-type quark singlets, respectively. We note that the first
two generation indices ofl i jk are antisymmetry, i.e.,
l i jk52l j ik . The corresponding Lagrangian is

LL” 5
1

2
l i jk@ n̄ Li

c eL j ẽRk* 1 ēRknLi ẽL j1 ēRkeL j ñ Li2~ i↔ j !#

1l i jk8 @ n̄ Li
c dL j d̃Rk* 1 d̄RknLi d̃Rk1 d̄RkdL j ñ Li

2 ēRi
c uL j d̃Rk* 2 d̄RkeLi ũL j2 d̄RkuL j ẽLi #1H.c. ~51!

FIG. 7. Box diagrams toK02K̄0 mixing with theu quark as the
internal fermion.
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From Eq.~51!, we find that the four-fermion interaction of
s̄u→m n̄ with the slepton as the intermediate state shown in
Fig. 8 can be written as

LRV52
l2i2* l i128

M ẽLi

2 s̄PLu n̄ PRm, ~52!

whereM ẽLi

2 is the slepton mass.

From the interaction in Eq.~52!, we get

GP5
l2i2* l i128

4M ẽLi

2 , ~53!

which leads to

DP5
A2

4GFsinuC

mK
2

~ms1mu!mm

l2i2* l i128

M ẽLi

2 ~54!

for i 51,3. We therefore obtain the transverse muon polar-
ization of Km2g

1 as

PT52~sV2sA!
A2

4GFsinuC

mK
2

~ms1mu!mm

Im~l2i2* l i128 !

M ẽLi

2 .

~55!

In order to give the bounds on theR-parity violating cou-
plings, we need to examine the various processes induced by
the FCNC. We first study the decay ofm→eg. Based on the
analysis in Ref.@28#, the total branching ratio form→eg
decay can be expressed by

B~m→eg!5
12p2

GF
~ uALRu21uARLu2!, ~56!

where

Ai5Ai
l1Ai

l81Ai
Dm , ~57!

with i 5LR andRL. In Eq. ~57!, the amplitudesAi
Dm stand

for the neutralino- and slepton-mediated contributions and
Dm is the soft breaking mass. For convenience, we only
considerAi

l contributions. Using the results in Ref.@28#, we
get

ALR
l 5

e

96p2 (
i ,k51

3

l i1kl i2kS 1

M ñ i

2 2
1

2

1

M ẽRk

2 D ,

ARL
l 5

e

96p2 (
i , j 51

3

l i j 1l i j 2S 1

M ñ i

2 2
1

2

1

M ẽL j

2 D . ~58!

Therefore, the bounds onR-parity violating couplingsl are
given by

ul31kl32ku

M2
,4.631028

1

GeV2
, for k51,2; ~59!

ul i j 1l i j 2u

M2
,2.331028

1

GeV2
, for i , j 51,2,

where we have assumed thatM ñ t
.M ẽR

.M ẽL
.M . For

simplicity, we takeul31ku;ul32ku and ul211u;ul212u, and we
have

ul322u
M

,2.131024
1

GeV
,

ul212u
M

,1.531024
1

GeV
. ~60!

The bounds onl8 can be extracted from the experimental
limit on K1→pn n̄ as shown in Ref.@29#. One finds that

ul i jk8 u

M d̃Rk

,1.231024
1

GeV
, for j 51,2, ~61!

whereM d̃Rk
;M is the sdown-quark mass.

From Eq.~55! and the bounds in Eqs.~60! and ~61!, we
find

PT~Km2g
1 !<0.01 ~62!

for usV2sAu;0.1.
The interaction in Eq.~52! could also yield transverse

muon polarization inK1→p0m1n. We find @19# that
PT(Km3

1 ),1022 by using the same parameter values as in
the case ofKm2g

1 . Thus, inR-parity violation SUSY models
with R-parity violation, one can also get a large prediction of
PT(Km3

1 ).

D. Leptoquark model

There exist three scalar leptoquark models contributing to
the decayKm2g

1 through the tree diagrams which is similar to
the cases forKm3

1 shown in Ref.@19#. The quantum numbers
of the leptoquarks under the standard group
SU(3)C3SU(2)L3U(1)Y are @19,30,31#

f15S 3,2,
7

3D ~model I!,

FIG. 8. Tree diagram tos̄u→m n̄ with the slepton as the inter-
mediate state.
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f25S 3,1,2
2

3D ~model II!,

f35S 3,3,2
2

3D ~model III!, ~63!

respectively. The general couplings involving these lepto-
quarks are given by@31#

LI5~l1Q̄LeR1l18 ūRLL!f11H.c.,

LII5~l2Q̄LLL
c1l28 ūReR

c !f21H.c.,

LIII 5l3Q̄LLL
cf31H.c., ~64!

whereQ5(d
u) and L5(e

n). Here the coupling constantslk

(k51, . . . ,3) arecomplex and thusCP violation could arise
from the Yukawa interactions in Eq.~64!. We assume that
CP violation in K→pp decays can be accounted for by the
nonvanishing KM phase, and investigate the effect on the
muon polarization of adding anotherCP violation mecha-
nism in Eq.~64!.

In terms of each charge components of the leptoquarks we
rewrite Eq.~64! as

LI5(
i , j

H Fl1
i j ū i

1

2
~11g5!ej1l81

i j ū i

1

2
~12g5!ej Gf1

~5/3!

1Fl1
i j d̄ i

1

2
~11g5!ej1l81

i j ū i

1

2
~12g5!n j Gf1

~2/3!J
1H.c.,

LII5(
i , j

H l2
i j F2 ū i

1

2
~11g5!ej

c1 d̄ i

1

2
~11g5!n j

cG
1l82

i j ū i

1

2
~12g5!ej

cJ f2
~21/3!1H.c.,

LIII 5(
i , j

l3
i j H ū i

1

2
~11g5!n j

cf3
~2/3!1F ū i

1

2
~11g5!ej

c

1 d̄ i

1

2
~11g5!n j

cGf3
~21/3!1 d̄ i

1

2
~11g5!ej

cf3
~24/3!J

1H.c., ~65!

wherei , j are family indices andQe in fk
(Qe) are the electric

charges. From Eq.~65!, we see that the relevant terms for the
processKm2g

1 are the ones involvingf1
(2/3) , f2

(21/3) , and

f3
(21/3) couplings, respectively. We will concentrate on these

terms in our discussions. The effective interactions from
these leptoquark exchanges are

Leff
I 5

l1
22~l81

1i !*

4Mf1

2
s̄~11g5!m n̄ i~11g5!u1H.c.,

Leff
II 5

1

4Mf2

2 @2l2
2i~l2

12!* s̄~11g5!n i
cm̄c~12g5!u

1l2
2i~l82

12!* s̄~11g5!n i
cm̄c~11g5!u#1H.c.,

~66!

Leff
III 5

l3
2i~l3

12!*

4Mf3

2
s̄~11g5!n i

cm̄c~12g5!u1H.c., ~67!

whereMfk
(k51, . . . ,3) are themasses off1

(2/3) , f2
(21/3) ,

and f3
(21/3) , respectively. Using the Fierz transformations

and Eq.~6!, we have

DP
I 52

A2mK
2

GFsinuC~ms1mu!mm

l1
22~l81

1i !*

8Mf1

2
,

DP
II 52

A2mK
2

GFsinuC~ms1mu!mm

l2
2i~l82

12!*

8Mf2

2
, ~68!

which give rise to

@PT
I ,PT

II#5~sV2sA!
A2

GFsinuC

mk
2

~ms1mu!mm

3Fl1
22~l81

1i !*

Mf2

2
,
l2

2i~l82
12!*

8Mf2

2 G , ~69!

respectively, where we have neglected the tensor interactions
and the contribution ofLIII because it contains only left-
handed vector current interactions which have no relative
phases betweenM IB andMSD.

For model I, since the leptoquarks model can give a large
contribution to the moun transverse polarization inKm3

1 @19#,
we may use the present experimental bound onPT(Km3

1 ) to
constrain theCP-violating parameters in Eq.~67!. Explic-
itly, we find

TABLE I. Summary of the upper values of~1! PT(Km3
1 ) and ~2! PT(Km2g

1 ) for ~a! current experimental
limits, ~b! sensitivities in KEK-PS E246,~c! theoretical background~FSI!, ~d! standard CKM model,~e!
left-right symmetric models,~f! multi-Higgs models with NFC,~g! multi-Higgs models without NFC,~h!
SUSY with R parity, ~i! SUSY withoutR parity, and~j! leptoquark models.

~a! ~b! ~c! ~d! ~e! ~f! ~g! ~h! ~i! ~j!

~1! 1022 531024 1026 0 0 1022 1022 1022 1022 1022

~2! 1023 1023 0 731023 531023 531022 231022 131022 531023
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ul1
22~l81

1i !* u

Mf1

2
,4.431028, ~70!

and therefore we get

uPT
I ~Km2g

1 !u,4.831023 ~71!

for usV2sAu;0.1. Similar results can be obtained in model
II.

IV. CONCLUSIONS

We have studied the transverse muon polarization in the
decay ofK1→m1ng in variousCP violation theories. We
have explicitly demonstrated that the polarization effect can
be large in models with the left-right symmetry, multi-Higgs
bosons, SUSY, and leptoquarks, repectively. These results as
well as that from otherCP violation models are summarized
in Table I. The estimations for the transverse muon polariza-
tion in Km3

1 are also presented in Table I. It is interesting to

see that a largePT(Km2g
1 ) corresponds to a largePT(Km3

1 ) in
most of theCP violation models shown in the table except
the left-right symmetric theories, in whichPT(Km3

1 )50.
Therefore, the decay ofKm2g

1 has comparable or even more
sensitivity with that ofKm3

1 to the newCP violation mecha-
nism.

In conclusion, the transverse muon polarization of
K1→m1ng could be at the level of 1022 in the nonstandard
CP violation theories, which may be detectable at the ongo-
ing KEK expeiment of E246 as well as the proposed BNL
experiment. The measurement of such effect is a clean sig-
nature ofCP violation beyond the standard model since that
from the theoretical background, i.e., FSI, is<1023.
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