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T-odd correlations in p\eneg and p\µnµg decays
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The transverse lepton polarization asymmetry inp l2g decays may probeT-violating interactions beyond the
Standard Model. Dalitz plot distributions of the expected effects are presented and compared to the contribu-
tion from the Standard Model final-state interactions. We give an example of a phenomenologically viable
model, where a considerable contribution to the transverse lepton polarization asymmetry arises.
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I. INTRODUCTION

T violation beyond the Standard Model~SM! is usually
searched for in decays forbidden by time reversal symme
Another way to probeT violation is the measurement o
T-odd observables in allowed decays of mesons. A w
known example isK0→p1p2e1e2 decay, where theT-odd
correlation is experimentally observed@1# and coincides with
the theoretical prediction of the Standard Model@2#. Other
widely consideredT-odd observables are transverse mu
polarizations (PT) in K→pmn andK→mng decays. There
is no tree level SM contribution toPT in these decays, so
they are of a special interest for the search for new phys
Unfortunately,PT is not exactly zero in these decays even
T-invariant theory—electromagnetic loop corrections co
tribute to PT and should be considered as a backgrou
There is no experimental evidence for nonzeroPT in these
processes at the present time@3,4#, but the sensitivity of the
experiments has not yet reached the level of SM loop c
tributions.

In this paper we study the decaysp→eng and p
→mng. Within the Standard Model,T violation in these
processes does not appear at tree level, but interactions
tributing to it emerge in various extensions of the SM. W
shall demonstrate thatp l2g decays are attractive probes
new physics beyond the Standard Model. Depending on
model, p l2g decays may be even more attractive than
usually consideredKl2g decays.

Although pe2g decay has a very small branching ratio~it
is of order 1027), we find that the distribution of the trans
verse electron polarization over the Dalitz plot significan
overlaps with the distribution of the differential branchin
ratio, as opposed to the situation withKm2g decay. Moreover,
the contribution of FSI~final-state interactions related to SM
one-loop diagrams! to the observable asymmetry, being
the level of 1023, becomes even smaller in that region of t
Dalitz plot where the contribution from the new effectiv
T-violating interaction is maximal. Thus,pe2g decay is po-
tentially quite an interesting probe ofT violation, although it
is worth noting that the experimental measurement of e
tron or positron polarization is quite complicated.
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The pm2g decay has a much higher branching ratio th
pe2g decay, and experimental measurement of muon po
ization is simpler than that of the electron. Unlike inpe2g

decay, however, FSI contributions and contributions fromT-
violating interactions to the transverse muon polarization
of similar shape, as we show in this paper. This means
only those new physics effects may be detected which
stronger than FSI, but if this is the case then detectingT
violation inpm2g needs much smaller pion statistics than th
required in the case ofpe2g .

To demonstrate that pion decays may be relevant p
cesses where the signal of new physics may be searched
we present a simple model of heavy pseudoscalar par
exchange leading in the low energy limit to aT-violating
four-fermion interaction. We find the constraints on the p
rameters of this model coming from various other expe
ments and describe regions of the parameter space w
result in largeT-violating effects inp l2g decays. Depending
on the parameters of the model, an experiment measu
transverse lepton polarization with pion statistics
105–1010 pions forpm2g decay and 108–1013 pions forpe2g
decay is needed to detect theT-violating effects~taking into
account statistical uncertainty only and assuming ideal
perimental efficiencies!.

The paper is organized as follows. In Sec. II we introdu
a generic effective four-fermion interaction giving rise
T-odd correlation of lepton transverse polarization and c
culate the distributions of this polarization and of the diffe
ential branching ratio ofp l2g decay over the Dalitz plot. In
Sec. II A we estimate the contribution of the final-state int
actions to the observable asymmetry. Section II B is devo
to the constraint on the effective Lagrangian coming fro
the measurement ofp→ ln l decays. Generically, this con
straint is quite strong, but it becomes much less restrictiv
there is a hierarchy of the constants in the Lagrangian
sponsible for the observableT-violating effects. An example
of a high energy model ofT violation is presented in Sec. III
The constraints on the parameters of this model emerg
from the measurements of muon lifetime, from the study
the parameters of kaon mixing, and from the experimen
limit on the neutron dipole moment are considered in Se
III A, III B, and III C, respectively. It is shown that for ge
neric values of the model parameters the measurement o
CP-violating parameter e forbids new observable
T-violating effects inp l2g decays, but if the parameters e
©2002 The American Physical Society12-1
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hibit a special pattern, theT-violating effects inp l2g may be
large.

II. T-VIOLATING EFFECT IN p l2g
¿ DECAY

Let us consider the simplest effective four-fermio
interaction1

Leff5GP
l d̄g5u• n̄ l~11g5!l 1H.c. ~1!

that may be responsible forT-violating effects in pion phys-
ics beyond the Standard Model. Indeed, the imaginary pa
the constantGP

l contributes to transverse lepton polarizati
in decaysp l2g

1 .
To calculate this polarization let us write the amplitude

the decayp l2g
1 in terms of inner bremsstrahlung~IB! and

structure-dependent~SD! contributions@5–7#:

M5M IB1MSD,

with

M IB5 ie
GF

A2
cosucf pmlea* Ka,

MSD52 ie
GF

A2
cosucem* LnHmn, ~2!

where

Ka5ū~k!~11g5!S pa

pq
2

2pl
a1q̂ga

2plq
D v~pl ,sl !,

Ln5ū~k!gn~12g5!v~pl ,sl !,

Hmn5
FA

mp
~2gmnpq1pmqn!1 i

FV

mp
«mnabqapb , ~3!

with the convention for the Levi-Civita` tensor«0123521.
Hereea is the photon polarization vector,p, k, pl , andq are
the four-momenta ofp1, n l , l 1, andg, respectively,sl is
the polarization vector of the charged lepton,FV andFA are
05401
of

f

vector and axial-vector form factors of pion radiative deca
the effect coming from the Lagrangian~1! may be absorbed
in the f p form factor

f p5 f p
0 ~11DP

l !, f p
0 '130.7 MeV, ~4!

with

DP
l 5

A2GP
l

GFcosuc
•

B0

ml
,

B052
2

~ f p
0 !2

^0uq̄qu0&5
mp

2

mu1md
'2 GeV.

We write the components ofsl in terms ofjW , a unit vector
along the lepton spin in its rest frame, as follows:

s05
jWpW l

ml
, sW5jW1

s0

El1ml
pW l .

In the rest frame ofp1, the partial decay width into the stat
with lepton spinjW is found to be

dG~jW !5
1

2mp
uM u2~2p!4d~p2pe2k2q!

3
dqW

2Eq~2p!3

dpW l

2El~2p!3

dkW

2En~2p!3
,

with

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

whereeW i ( i 5L,N,T) are the unit vectors along the longitu
dinal (PL), normal (PN), and transverse (PT) components
of the lepton polarization, defined by

eWL5
pW l

upW l u
, eWN5

pW l3~qW 3pW l !

upW l3~qW 3pW l !u
, eWT5

qW 3pW l

uqW 3pW l u
, ~5!

respectively,
r0~x,y!5e2
GF

2

2
cos2uc~12l!H 4ml

2u f pu2

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

l D G1mp
4 x2FUFV1FAU2

l2

12l S 12x2
r l

l D
1UFV2FAU2~y2l!G24mpml

2FRe@ f p~FV1FA!* #S 12x2
r l

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

l G J ,

1Additional scalar, vector, or axial type interactions do not contribute to lepton transverse polarization@5#.
2-2
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with l5(x1y212r l)/x, r l5ml
2/Mp

2 , and x52pq/p2

52Eg /mp and y52ppl /p252El /mp are the normalized
energies of the photon and charged lepton, respectively
terms of these variables the differential decay width read

dG~jW !5
mp

32~2p!3
uM ~x,y,jW !u2dx dy

5
mp

32~2p!3
uM ~x,l,jW !u2xdxdl. ~6!

For the transverse lepton polarization asymmetry

PT~x,y!5
dG~eWT!2dG~2eWT!

dG~eWT!1dG~2eWT!
, ~7!

we find

PT~x,y!5
rT~x,y!

r0~x,y!
,

with

rT~x,y!522e2GF
2cos2ucmp

2 ml

12l

l
Aly2l22r l

3H Im@ f p~FV1FA!* #
l

12l S 12x2
r l

l D
1Im@ f p~FV2FA!* #J .

The asymmetryPT is odd under time reversal~the sign of
jWeWT obviously changes under time reversal!, andPN andPL ,
defined analogously to Eq.~7!, are even under time reversa
Moreover, one can show that interaction~1! does not con-
tribute to PN and PL @5#. One observes thatPT is propor-
tional to the imaginary part ofDP , so it is convenient to
rewrite Eq.~7! in the following form:

PT~x,y!5@sV~x,y!2sA~x,y!#•Im@DP
l #, ~8!

where

sV~x,y!52e2GF
2cos2ucmp

2 ml f p
0 FV

3
Aly2l22r l

r0~x,y! Fl21

l
2S 12x2

r l

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

2cos2ucmp
2 ml f p

0 FA

3
Aly2l22r l

r0~x,y! Fl21

l
1S 12x2

r l

l D G .
Taking FV520.0259@conserved vector current~CVC! pre-
diction# and FA520.0116 @8,9# we present in Fig. 1 the
contour plot of@sV2sA# as a function ofx andy for pe2g

andpm2g decays.
05401
In

As one can see, in a large region of kinematic variab
@sV2sA# is about 0.5 for thepe2g decay. This means tha
the transverse electron polarizationPT for this process, Eq.
~8!, is of the same order as Im@DP

e #.53103
•Im@GP

e /GF#. It
is worth noting that the region of the Dalitz plot where
largeT-violating effect might be observed significantly ove
laps with the region where the partial decay widthG(pe2g)
is saturated~cf. Figs. 1 and 2!. This is in contrast to the
situation withT violation in Km2g decay~see, e.g., Ref.@5#!,
where the analogous overlap is small, so the differen
branching ratio in the relevant region is smaller than on
erage.

The situation withpm2g decay is less attractive: one find
that Im@DP

m#.25Im@GP
m/GF# and @sV2sA# is of the order

of 1023–1024 over the Dalitz plot. Moreover, the decay ra
is saturated in the region of smallx ~low energy photons!,
where theT-violating effect is small. On the other hand, th
branching ratio is larger by three orders of magnitude th
that of pe2g decay.

FIG. 1. The contour plots for the function@sV2sA# for pm2g

andpe2g decays, which describe thePT distribution over the Dalitz
plot @see Eq.~8!#.

FIG. 2. The distribution of differential branching ratios ofpm2g

andpe2g decays~multiplied by 103 and 107, respectively! over the
Dalitz plot.
2-3
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A. Final-state interactions

Now let us estimate the SM contribution to th
T-violating observablePT . This contribution arises due t
final-state interactions—one-loop diagrams with virtual ph
tons. These diagrams are similar to the diagrams leadin
the FSI contribution inK→mnmg decay. The latter contribu
tion was calculated in Ref.@10#. Thus FSI inp l2g may be
estimated by making use of the corresponding replacem
(mK→mp , etc.! in the formulas of Ref.@10#. The result is
presented in Fig. 3.

For the pe2g decay, the (x,y) distributions of the FSI
contribution and the contribution from the four-fermionic i
teraction~1! differ in shape. Specifically, part of the regio
with maximal PT from the four-fermion interaction~1! cor-
responds to the region of smallPT from FSI. This implies
that, if measured, thePT distribution could probe the
T-violating interaction ~1! with an accuracy higher tha
Im@DP

e #;1023 (Im@GP
e /GF#;231027). Again, this is not

the case forKm2g decay~see Ref.@10#!.
For thepm2g decay the situation is less promising. Th

contributions from the Lagrangian~1! and from FSI are dis-
tributed over the Dalitz plot similarly. So one may hope
probe T-violating interaction only at the level Im@DP

m#
*1021 (Im@GP

m/GF#;331023).

B. Constraint from p\ l n decays

The interaction term~1! not only gives rise toT violation
in p→ ln lg decays but also contributes to the rate ofp
→ ln l decays. Since the ratio of leptonic decays of the p
has been accurately measured@8,11–13#,

R5
G~p→en!1G~p→eng!

G~p→mn!1G~p→mng!

5~1.23060.004!31024, ~9!

the coupling constantsGP
e andGP

m are strongly constrained
Indeed, the standard (V2A) theory of electroweak interac
tions predicts

FIG. 3. Transverse lepton polarization due to FSI inpm2g and
pe2g decays.
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R05
me

2

mm
2

~mp
2 2me

2!2

~mp
2 2mm

2 !2
~11d!51.23331024,

where d is the radiative correction@14–17#. The four-
fermion interaction~1! changes the prediction:

R5R0

u11DP
e u2

u11DP
mu2

5R0

112Re@DP
e #1~Re@DP

e # !21~ Im@DP
e # !2

112Re@DP
m#1~Re@DP

m#!21~ Im@DP
m#!2

.

Thus to the second order inDP one obtains the constraint

22.931023, f ~DP
e ,DP

m!,0.431023, ~10!

f ~DP
e ,DP

m!5Re@DP
e 2DP

m#

1
1

2
Re@DP

e 2DP
m#Re@DP

e 23DP
m#

1
1

2
Im@DP

e 2DP
m#Im@DP

e 1DP
m#1O~D3!

at 95% C.L. Constraints onT-violating correlations inp l2g
decays, which result from Eq.~10!, are model dependen
Any constraints on the coupling constantsGP

m and GP
e fol-

lowing from Eq.~10! are evaded, if there is a hierarchy in th
coupling constants,

GP
m/GP

e 5mm /me . ~11!

Then the contributions toR cancel: indeed, if them-e hier-
archy ~11! is satisfied, thenDP

e 5DP
m and the result for the

ratio R coincides with the SM prediction. In this case an
Im@DP# are allowed, and although the decays we discuss
rare processes Br(p→en̄eg)5(1.6160.23)31027 @9,8#,
Br(p→mn̄mg)5(2.0060.25)31024 @18#, even experi-
ments with relatively low pion statistics have chances to
serveT violation in p l2g decays: the total number of charge
pions should beNp*108 for pe2g andNp*105 for pm2g .

Note that to the leading order inDP , the bound~10! con-
strains only the real parts of the coupling constantsGP

m and
GP

e entering Eq.~1!, while constraints on imaginary parts a
weaker. Thus, for generalGP

m andGP
e @if the hierarchy~11!

does not hold, i.e., if there is no cancellation betweenDP
e and

DP
m] one obtains uRe@DP#u&1023 and uIm@DP#u&0.03.

Hence in this case experiments aimed at searching forT vio-
lation in p l2g decays should have sufficiently large statistic
the total number of charged pions should beNp*1011 for
pe2g andNp*108 for pm2g . Note that in thepm2g case the
contribution of the new interaction~1! to T-odd correlation is
at best of the same order of magnitude as FSI effects.
can hope to discriminate between them only if they ha
different signs, i.e., Im@DP

m# is negative~cf. Figs. 1 and 3!.
In models with Re@GP#;Im@GP# and without the hierar-

chy ~11!, the bound ~10! from p→ ln decays implies
2-4



le

t

th
, i

i-
a
n-
a

ur

Fo
r

-
s
s
ce

e

el

l
in

o

ere
both

ic
nic

w

-

T-ODD CORRELATIONS INp→eneg AND p→mnmg DECAYS PHYSICAL REVIEW D 66, 054012 ~2002!
uIm@DP#u&1023, which significantly constrains the possib
contribution of the new interaction~1! to T-odd correlation in
p l2g decays; namely, the contribution to thepe2g decay
should be of the same order as or weaker than that from
Standard Model FSI. The constraint onDP

m means that the
effect is at least two orders of magnitude smaller than
FSI effects inpm2g decay. Nevertheless, as we discussed
the case ofpe2g the difference in (x,y) distributions of FSI
and four-fermion contributions may allow one to discrim
nate between the two if they are of the same order of m
nitude, and even if the contribution of the four-fermion i
teraction ~1! is somewhat weaker. On the other hand,
experiment aimed at probingT violation in pe2g decay has to
deal with very high pion statistics. Indeed, to test the fo
fermion interaction~1! at the level allowed byp→ene , i.e.,
at the level of 1023, one has to collect not less than 1013

charged pions, assuming statistical uncertainty only.
pm2g decay, even though the branching ratio is not ve
small, the (x,y) distributions of FSI and four-fermion con
tributions have similar shapes, while the expected effect i
least two orders of magnitude smaller than the FSI effect
pm2g decay, making it hardly possible to detect new sour
of T violation in models without the hierarchy~11! and with
Re@GP

m#;Im@GP
m#.

Overall, in the case of the hierarchy~11!, decaysp→ ln
do not constrain newT-violating interactions which can b
searched for in relatively low statistics experiments,Np

*108 for pe2g andNp*105 for pm2g . In the worst case of
no hierarchy~11! and ReGP;ImGP , newT-violating inter-
actions have little chance to be observed, and inpe2g decay
only.
e
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III. A SIMPLE MODEL: HEAVY PSEUDOSCALAR
EXCHANGE

To illustrate that the hierarchy~11! may appear naturally
in low energy physics~thus theT-violating effects may be
sufficiently large! we present below an example of a mod
which can lead to the effective interaction~1! with coupling
constants obeying the hierarchy~11!. As we show, this mode
may be considered as ‘‘proof by example’’ of the fact that
extensions of the Standard Model, the largeT-violating low
energy interaction~1! may arise without any contradiction t
existing experiments.

Let us assume that in addition to the SM content th
exists a heavy charged pseudoscalar field coupled to
lepton and quark sectors via the following Lagrangian:

LH5Yi j H* d̄ig5uj1YeH n̄e~11g5!e

1YmH n̄m~11g5!m1H.c. ~12!

The mass of the charged ‘‘extra Higgs’’ particleH is sup-
posed to be of the order ofMH;1 TeV. We assume for
simplicity that there are no mixing couplings in the lepton
sector. The new Yukawa coupling constants in the lepto
sector are supposed to obey the hierarchyYm /Ye5mm /me
with accuracy of (1 –0.1)% at the scaleMH . Then even for
the model with Re@Y#;Im@Y#, the bound fromp→ ln de-
cays~10! gives no constraints on the contribution of the ne
interaction~12! to T-odd correlations inp l2g decays.

At energies belowMH this Lagrangian leads to the fol
lowing four-fermion interaction:
LY5~GPi j
e d̄ig5uj• n̄e~11g5!e1GPi j

m d̄ig5uj• n̄m~11g5!m1GP
men̄e~11g5!e•m̄~12g5!nm1H.c.!2GPi jkl ūig5dj•d̄kg5ul

1GP
een̄e~12g5!e•ē~11g5!ne1GP

mmn̄m~12g5!m•m̄~11g5!nm , ~13!
where

GP i j
e 5

Yi j Ye

M2
, GPi j

m 5
Yi j Ym

M2
, GPi jkl5

Yji* Ykl

M2
,

GP
me5

Ym* Ye

M2
, GP

ee5
Ye* Ye

M2
, GP

mm5
Ym* Ym

M2
.

~14!

The m-e hierarchy is natural in this model, since the corr
sponding couplingsGP

e[GP11
e and GP

m[GP11
m emerge as a

result of a Yukawa~Higgs-like! interaction with a heavy
charged scalar. Assuming them-e hierarchy we obtain
-

Im@DP
e #5500•Im@YudYe#•S 1 TeV

M D 2

52.5•Im@YudYm#•S 1 TeV

M D 2

, ~15!

Im@DP
m#5500•Im@YudYm#•S 1 TeV

M D 2

.

~16!

Although Im@DP
m# is significantly larger than Im@DP

e #, the
resulting contributions to theT-odd correlations are of the
same order. Indeed, the asymmetryPT is determined by the
product of Im@DP# and the distribution function@sV(x,y)
2sA(x,y)# @see Eq.~8!#. The typical values of this function
for p2eg and p2mg decays~see Fig. 1! exhibit a hierarchy
inverse to one appearing in Eqs.~15!,~16!. Thus one con-
2-5
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cludes that a large observableT-violating effect~of the order
of 1 –0.1) in bothpe2g andpm2g is possible if Im@YudYm#
.1 –0.1.

In the following subsections we discuss the experimen
constraints on the interaction~12!.

A. Muon decay

If the m-e hierarchy~11! holds, then the interaction~12!

contributes tom→en̄enm decay. The Standard Model contr
bution to the squared modulus of the matrix element summ
over spin states

uMSMu25128GF
2~pq1!~kq2!

has to be compared with the contribution from the interact
~13!:

uM Pu2564uGP
meu2~pq2!~kq1!,

and with the interference contribution

2MSMRe@M P#5128Re@GP
me#

GF

A2
mmme~q1q2!.

Herep, k, q1, andq2 are the momenta ofm, e, n̄e , andnm ,
respectively. Integrating over the neutrino momenta one
tains for the differential muon decay width

dG5
~GF

21uGP
meu2/2!mm

5

96p3
~322«!«2d«

1
Re@GP

me#GFmemm
4

8A2p3
~12«!«d«, ~17!

where«5k0/kmax
0 52k0/mm .

The experimental constraint on the coupling constantGP
me

entering this formula can be obtained from the data on ther0
parameter@8,19#,

r05
MW

2

MZ
2ĉZ

2r̂~mt ,MH!
,

which is the measure of the neutral to charged current in
action strength@hereĉZ is the cosine of the Cabibbo angle
the modified minimal subtraction (MS) scheme, andr̂ ab-
sorbs the SM radiative corrections#. At one sigma level this
parameter equals@8#
05401
l

d

n

b-

r-

r050.999820.0006
10.0011.

If we postulate that neutral current interactions are precis
the same as in the SM, then we allow a new physics con
bution to the muon decay width of the order of

uDGu&2~12r0!GSM

~the factor 2 appears here becauseG;GF
2;MW

24). Compar-
ing this deviation with the term proportional touGP

meu2 in Eq.
~17! we obtain

uGP
meu,0.07GF . ~18!

In fact, this is a fairly weak constraint. For example, setti
Ym51 and assuming them-e hierarchy, one obtains from Eq
~18!

M.Ym
2Ame

mm

1

0.07GF
.75 GeV.

Taking account of the second term in Eq.~17! leads to an
even weaker constraint on Re@GP

me#. So, constraints on the
leptonic part of the Lagrangian~12! are very modest.

B. K0-K̄0 mixing

Let us estimate the contribution from the Lagrangian~12!
to the mixing parameters in the neutral kaon system. Th
are theKL-KS mass differenceDm and theCP-violating
parametere. They are expressed as follows:

Dm5
2Rê K0uHeffuK̄0&

2mK
, e5

Im^K0uHeffuK̄0&

2Rê K0uHeff
fulluK̄0&

,

whereHeff is the effective four-fermion Hamiltonian, gene
ated by the diagram of Fig. 4 andHeff

full is the effective Hamil-
tonian containing contributions both from the diagram p
sented in Fig. 4 and from the usual box diagram with twoW
bosons. We obtain

FIG. 4. Box diagram contributing toK0-K̄0 mass difference.
Heff5
g2

8 (
i , j 5u,c,t

UisU jd* YjsYid* $@4d̄LgmsL•d̄LgmsL#I 2~mi ,mj !1@16d̄RsL•d̄LsR24d̄RsrmsL•d̄LsrmsR#I 1~mi ,mj !%

~19!

whereU is the Cabibbo-Kobayashi-Maskawa mixing matrix,qR,L5@(16g5)/2#q, and
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grlI 1~mi ,mj !

5 i E d4q

~2p!4

qrql

~q22mi
2!~q22mj

2!~q22MW
2 !~q22MH

2 !

5grl

1

2~4p!2MH
2

A1S mi

MH
,

mj

MH
,
MW

MH
D ,

I 2~mi ,mj !

5 i E d4q

~2p!4

mimj

~q22mi
2!~q22mj

2!~q22MW
2 !~q22MH

2 !

52
mimj

~4p!2MH
4

A2S mi

MH
,

mj

MH
,
MW

MH
D ,

with

Ak~a,b,g!5E
0

1

dx dy dz dw
d~x1y1z1w21!

@a2x1b2y1g2z1w#k
,

k51,2.

We calculate the matrix elements of the operators in Eq.~19!
by making use of the ‘‘vacuum saturation’’ approximatio
where nonvanishing matrix elements are

^K0ud̄LgmsL•d̄LgmsLuK̄0&5
2

3
mK

2 f K
2 ,

^K0ud̄RsL•d̄LsRuK̄0&5FmK
2

12
1

B0
2

2 G f K
2 .

Therefore

^K0uHeffuK̄0&5
g2f K

2

3~4p!2 (
i , j 5u,c,t

UisU jd* YjsYid*

3H mK
2 16B0

2

4MH
2

A1S mi

MH
,

mj

MH
,
MW

MH
D

2
mimjmK

2

MH
4

A2S mi

MH
,

mj

MH
,
MW

MH
D J . ~20!

For MH;1 TeV the second term in parentheses is negligi
even for at quark running in the loop. Thus we obtain
05401
e

Dm5
g2f K

2 ~mK
2 16B0

2!

12~4p!2MH
2 mK

(
i , j 5u,c,t

Re@UisU jd* YjsYid* #

3A1S mi

MH
,

mj

MH
,
MW

MH
D , ~21!

e5
g2f K

2 ~mK
2 16B0

2!

24~4p!2MH
2

1

Rê K0uHeff
fulluK̄0&

3 (
i , j 5u,c,t

Im@UisU jd* YjsYid* #

3A1S mi

MH
,

mj

MH
,
MW

MH
D . ~22!

The contribution to theK0-K̄0 mass difference 20 shoul
be smaller than the experimental valueDm53.489
310212 MeV and theCP-violating parametere should not
exceed the experimental value 2.27131023, which are both
consistently described by theCP-violating Cabibbo-
Kobayashi-Maskawa~CKM! matrix in the Standard Model
This constrains the coupling constantsYi j .

The strongest constraint comes from measurement of
CP-violating parametere, while, generally, the constrain
from the KL-KS mass difference is an order of magnitud
weaker. If one assumes that all coupling constantsYi j are of
the same order and have complex phases of order 1,
measurement requires them to be less than 1024, and if we
set Ym51 then one obtainsPT;1024 @see Eqs.~15!,~16!
and Fig. 1#. Obviously, the situation changes for a nontrivi
structure of theY matrix. If the coupling with the first gen-
eration quarks is larger than with the second generation, t
Yud ~and, correspondingly,DP) can be quite large, even ife
is kept small. As an example the valuesuYud50.01u,
uYusu5uYcdu51025, uYcsu51024 are allowed. Another
promising pattern isYi j }Ui j , i.e., the coupling constantsY
are proportional to the CKM matrix. This is the case if theY
matrix is proportional to the unit matrix in the gauge basis
the quarks. The constraint disappears also in the cas
aligned complex phases ofYi j ; in that case, the constrain
from the kaon mass difference becomes important. And
course, ifYis is zero, then there is no contribution toe and
Dm at all.

FIG. 5. Typical two-loop diagrams contributing to neutron d
pole momentdn .
2-7
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Note that measurement of the parametere gives the stron-
gest limit on our model in comparison with othe
CP-violating effects in kaon physics. The contribution
e8/e may be estimated following the lines of Ref.@20#. It is
negligible for any parameters allowed by the requiremene
,eSM. Transverse muon polarization inKm2g decay is rel-
evant only for the special choice ofY;U, since in this case
the interaction~13! leads toPT in this process of the sam
an
un

e
c-
ol
L
-
e

a

ia
ro
a

05401
order as inpe2g . For other choices ofY the transverse muon
polarization inKm2g is much smaller than in pion decays.

C. Neutron dipole moment

In our model, heavy charged scalar particles give a c
tribution to the neutron dipole moment at two-loop level~see
Fig. 5!. The contribution of the diagrams in Fig. 5 can b
estimated as
dn

e
;

~g/2A2!2

16p2 (
i , j ,k

Yd jU jdYik* Uki*

16p2

mi f ~mi
2/MH

2 ,mk
2/MH

2 ,mj
2/MH

2 ,MW
2 /MH

2 !1mkg~mi
2/MH

2 ,mk
2/MH

2 ,mj
2/MH

2 ,MW
2 /MH

2 !

MH
2

,

~23!
ts do

ion
of

.
he
15-
am
ject
by
p-
S

where the dimensionless functionsf andg are of order 1. For
mi510 MeV, MH.1 TeV, and Yi j .1 we have dn /e
;10227 cm, which is two orders of magnitude smaller th
the current limit. For the second generation of quarks r
ning in the loop we havemi&1 GeV, which still allows
corresponding Yukawa couplings to be of order 1. All sp
cial forms of theY matrix described in the previous subse
tion lead to acceptable contributions to the neutron dip
moment. Thus, the constraints on the parameters of the
grangian~12! from theK-K̄ mass difference are more strin
gent than current bounds from neutron dipole moment m
surements.

To summarize the results of this section, the new inter
tions ~12! cannot lead to significantT-violating effects in
p l2g decays if the Yukawa couplings do not exhibit a spec
pattern. In that case the most stringent constraints come f
the measurement of thee parameter. However, there are
-

-

e
a-

a-

c-

l
m

number of special cases when these and other constrain
not apply, andT violation in p l2g decays is allowed to be
sufficiently large. Hence the lepton transverse polarizat
asymmetry inp l2g is an interesting probe of the structure
new interactions at the TeV scale.
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