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We estimate the size of time-reversal violation inb decay due to the Kobayashi-Maskawa phased, and the
u termLu . We find that the contribution ofd to theD andR correlations is not likely to be larger than of the
order of 10212uau(us2s3sdu/1023) and 10214uau(us2s3sdu/1023), respectively, whereuau.1 for neutron and
19Ne decay. For the contribution ofLu toD andR we conclude that it is not likely to be larger than of the order
of 10214uau(uuu/3310210)Q/(mn2mp) and 10212uau(uuu/3310210), respectively~the present experimental
limits on s2s3sd andu areus2s3sdu&1023 anduuu&3310210!, whereQ is the energy release in the decay. For
both d andLu the D andR coefficients are dominated by long-distance contributions. The small values of
D andR in the standard model compared to the best experimental limit onT-odd correlations~1023 for D in
19Ne decay! give potentially a wide window in whichT-violating interactions beyond the standard model can
be searched for. However, the range in this window that one will be able to exploit depends on the level at
which the contributions of the final-state interactions can be kept under control.@S0556-2821~97!03513-3#

PACS number~s!: 11.30.Er, 12.15.Ji, 23.40.2s, 24.80.1y

I. INTRODUCTION

CP violation has been observed so far only in the neutral
kaon system. The origin of this effect is still unknown. The
most economical explanation is that it is due to the
Kobayashi-Maskawa phased @1# in the standard model~SM!
@2#. Alternatively, it may be a manifestation of a
CP-violating interaction in an extension of the SM. The
most suitable observables to probe for new types of
CP-violating interactions are those for which the contribu-
tion from d is suppressed. One such observable~assuming
thatCPT invariance holds, as is the case in gauge theories!
is the electric dipole moment of the neutron (dn). A nonzero
dn due tod appears only in second order in the weak inter-
action, and only if the strong interaction also participates.
The theoretical prediction for this contribution isdn
.10231–10232 e cm @3#, to be compared with the present
experimental limitu(dn)exptu,10225 e cm @4#. Thus, one has
a window of about six orders of magnitude in which
CP-violating interactions other than those in the weak inter-
action can be further searched for. Among the possibilities is
the u termLu in the QCD Lagrangian@5#, which is the sec-
ond source ofCP violation in the SM. Theu term gives rise
to a dn , and the best constraint foru follows from the
present experimental limit ondn .

In this paper we investigate the size of time-reversal vio-
lation (T) in b decay in the SM. As is the case withdn ,
T-violating effects inb decay ~and in other semileptonic
processes! due tod vanish in first order in the weak interac-
tion @6#. The strength of thed-induced T-violating
n→pe2n̄e interaction is expected to be, therefore, many or-
ders of magnitude below the best present experimental limit
(.1023GF) on such interactions. This is so also for the
contributions fromLu , which gives rise toT violation in b
decay through the interference of theGFu and the weak

amplitudes. A problem inb decay, which is not present for
dn , is associated with the final-state interactions.
T-violating interactions are searched for inb decay through
their contributions toT-odd correlations. Such correlations
can receive contributions not only fromT-violating interac-
tions, but also from theT-invariant interactions among the
particles produced in the decay. This is a contribution of the
order of 1025 to theD correlation in neutron decay~see Sec.
II !, and generally a larger one elsewhere.CP-violating ef-
fects are free of such contributions, but their study inb decay
would require comparisons of correlations in neutron and
antineutron decay~or in nucleus and antinucleus decay!.
Thus the range in the window between the present experi-
mental limit and the SM contribution that one will be able to
exploit to search forCP-violating interactions beyond the
SM @7# depends not only on how much it will be possible to
improve the sensitivities of the experiments, but also on the
level at which it will be still possible to separate the contri-
butions from the final-state interactions.

In the next section we estimate the contribution ofd to the
T-oddD andR correlations. In Sec. III we do the same for
Lu . In Sec. IV we summarize our conclusions.

II. KOBAYASHI-MASKAWA CP VIOLATION

In the SM the matrix element describing the decay
n→pe2n̄e is given in first order in the weak interaction and
neglecting isospin-breaking effects by@8#

Mb
~1 !5

g2

8mW
2 Vudūegl~12g5!unūpS gVgl1

igM
2mN

slrqr

2gAglg52
gP
2mN

g5q
lD , ~1!
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where Vud is the ud element of the Kobayashi-Maskawa
~KM ! matrix,mN5 1

2(mn1mp), qr5(pp2pn)r , gV51, gA
.1.26,gM53.7, andgP.4mN

2gA /mp
25228 @9#. The ampli-

tude ~1! is CP invariant ~the superscript onMb indicates
CP511!. CP-violating contributions ton→pe2n̄e due to
the KM phased appear first in second order in the weak
interaction, through diagrams involving the flavor-
nonconserving nonleptonic weak interaction. Since in such
diagrams the leptonic current remains intact, the most gen-
eral form of theCP-violating n→pe2n̄e amplitude is

Mb
~2 !5

g2

8mW
2 Vudūegl~12g5!unūpS gV~2!gl1

igM
~2!

2mN
slrqr

1
gS

~2!

2mN
ql2gA

~2!glg52
gP

~2!

2mN
g5q

l

2
igT

~2!

2mN
slrg5qrD un , ~2!

where the constantsgk
(2) (k5V,...,T) are pure imaginary.

We shall neglect always theCP-invariant components of the
second-order weak contributions, since these are tiny relative
to the contributions fromMb

(1) .
Experimental information onT violation in b decay is

available on the coefficientsD and R of the correlations
^JW &•pW e3pW n /JEeEn and sW •^JW &3pW e /JEe ~sW is the electron
spin, JW is the nuclear spin!, respectively. We shall writeD
5Dt1Df ,R5Rt1Rf , where Dt ,Rt represent the
T-violating contributions, andDf ,Rf are the T-invariant
contributions due to the final-state interactions. TheD coef-
ficient is sensitive toV,A interactions, and theR coefficient
to scalar- and~nonderivative! tensor-type interactions.

In Mb
(2) @Eq. ~2!# tensor-type couplings are absent, and

the only source of scalar-type amplitudes is thegS
(2) term,

which can be written in the form

Mb,S
~2 !5CSūe~12g5!unūpun , ~3!

with CS5(gS
(2)me/2mN)(g

2Vud/8mW
2 ). Thus all the contribu-

tions from scalar-type couplings are proportional tome . We
shall neglect thegP

(2) term ~which is equivalent to a
pseudoscalar-type amplitude!, since it is suppressed for non-
relativistic nucleons. The contributions ofgT

(2) andgM
(2) to the

D coefficient are suppressed by the factorsQ/2mN.7
31024Q/(mn2mp) and (Ee2En)/2mN.531025, respec-
tively, whereQ is the energy release in the decay@10#. In-
spection shows that these form factors do not contribute to
theR coefficient. ThusgT

(2) andgM
(2) need to be considered

only when larger contributions toDt are absent.
T-violating effects inn→pe2n̄e arise from the interfer-

ence of the amplitudes~1! and ~2!. Neglecting inDt the
contributions from thegW

(2) andgT
(2) terms,Dt andRt due to

the amplitude~2! are given by@11#

Dt.a Im
1

2 S gV~2!

gV
2
gA

~2!

gA
D , ~4!

Rt.2a
me

2mN
Im

gS
~2!

2gV
, ~5!

where the constanta is given by

a54dJJ8S J

J11D
1/2 gVgAMFMGT

gV
2 uMFu21gA

2 uMGTu2
. ~6!

In Eqs.~4! and~5! MF andMGT are the Fermi and Gamow-
Teller nuclear matrix elements,J andJ8 are the angular mo-
menta of the parent and the daughter nucleus. For19Ne and
n decaya521.03 anda50.87, respectively. The best limit
on Dt /a comes from19Ne decay. The experimental value
D5(0.160.6)31023 @12# implies

uDt /au,1.131023 ~90% C.L.!. ~7!

The contributionDf of the electromagnetic final-state inter-
actions has been estimated for this case to be;2
31024pe /(pe)max @13#. The present experimental result for
D in n decay isD5(20.561.4)31023 @14#. Df for n de-
cay is smaller than that for19Ne decay by an order of mag-
nitude @13#. New experiments to search forT violation in n
decay@15# and 19Ne decay@16# are under way, aiming at
improving the limit ~7! by about an order of magnitude.

The best limit on ImCS from b decay is 1021GF @17#,
deduced from the experimental value of aT-even observable.
A considerably more stringent limit (.1024GF) on ImCS
follows from the experimental bound on theP- and
T-violating tensor electron-nucleon interaction@18#.

FIG. 1. Hadronic tree diagrams contributing to theT-violating
n→pe2n̄e amplitude in the Kobayashi-Maskawa model. The circle
represents the nonleptonic weak interaction.
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From the diagrams contributing to the amplitude~2! we
shall consider the diagrams with the lightest single-baryon
and the lightest spin-zero and spin-one single-meson inter-
mediate states~Fig. 1!, the one-loop hadronic diagrams in
Fig. 2, and the short-distance contributions shown in Fig. 3.
It is reasonable to expect that the largest contributions to
Dt andRt will be among the contributions from these dia-
grams.

1. Contributions of single-hadron intermediate states

We shall consider first diagram~a! in Fig. 1. The lightest
contributing baryon intermediate states are theL and S0.
The source ofCP violation is theCP-violating component
(H (2)) of theDS51 nonleptonic weak HamiltonianH. For
the P-conserving componentH1

(2) of H (2) the L and S0

contributions have the distinguishing feature that they are
enhanced by a denominator containing the SU~3!-breaking
mass difference@see Eqs. ~10! and ~27! below#. The
P-violating partH2

(2) of H (2) need not be considered, since
the contributions ofH2

(2) are suppressed relative to the con-
tributions of H1

(2) by the factor (mB2mn)/(mB1mn) (B
5L,S0), which eliminates the above-mentioned enhance-
ment. Also, the form factors in the matrix elements of the
octet part ofH2

(2) ~which dominates! between the states of
the baryon octet vanish in the limit of SU~3! symmetry@19#.

The n→B matrix element ofH1
(2) is described by the

amplitudeaB
(2) , defined by@20#

^BuH1
~2 !un&5aB

~2 !ūBun ~B5L,S0!. ~8!

To evaluate the diagram we need yet the matrix element

Mb
B5

g2

8mW
2 Vusūegl~12g5!unūpS gVBgl1

igM
B

mB1mp
slrqr

1
gS
B

mB1mp
ql2gA

Bglg52
gP
B

mB1mp
g5q

l

2
igT

B

mB1mp
slrg5qrD , ~9!

which describes theB→pe2n̄e vertex.
We shall estimate first the contributions of thegV

B and
gA
B terms in Eq.~9!. These induce agV

(2) and agA
(2) term in

the matrix element~2!, given by

gk
~2!5~gk

~2!!B.2
Vus

Vud

iaB
~2 !

mB2mn
gk
B ~B5L,S0;k5V,A!.

~10!

The corresponding coefficientDt @Eq. ~4!# is given by

~Dt /a!L1S.2
Vus

Vud

1

2 F aL
~2 !

mL2mn
DL1

aS
~2 !

mS02mn
DSG ,

~11!

wherea has been defined in Eq.~6!, and

DL[~gV
L/gV!2~gA

L/gA!.2A2/3D/~F1D !.20.52,
~12!

DS[~gV
S/gV!2~gA

S/gA!.2&D/~F1D !.20.90.
~13!

In Eqs.~12! and ~13! we used forgk
L andgk

S (k5V,A) the

valuesgV
L5A3

2 , gA
L5(1/A6)(3F1D), gV

S52(1/&), and
gA

S5(1/&)(F2D), which follow from SU~3! symmetry,
andF520.460,D520.800 @21#.

SinceCP violation requires the participation of quarks
heavier than thec quark, the main contribution to the ampli-
tudesaB

(2) comes from the penguin diagrams@22,23#. An
estimate ofaB

(2) can be made using the effectiveDS51
nonleptonic Hamiltonian@22–24#

FIG. 2. One-loop hadronic diagrams contributing to the
T-violating n→pe2n̄e amplitude in the Kobayashi-Maskawa
model. The circle represents the nonleptonic weak interaction.

FIG. 3. The lowest-order short-distance contributions to the
T-violating n→pe2n̄e amplitude in the Kobayashi-Maskawa
model.
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H5
GF

2&
Vud* Vus(

k51

6

ckOk , ~14!

where theOk’s are local operators of dimension six, and the
ck’s are the Wilson coefficients. The operator basis we em-
ploy is the one introduced in Ref.@22#. In the matrix ele-
ments^BuH1

(2)un& it is sufficient to keep the contributions
from O1 , O5 , andO6 : the matrix elementŝBuOkun& ( i
52,3,4) vanish in models where the baryons are composed
of three quarks@22,25# and, therefore, they are expected to
be small. For the matrix element ofO6 we shall use the
relation ^BuO6un&52 3

8^BuO5un& @25#, which holds in the
same models. It follows that the amplitudesaB

(2) are given
by

aB
~2 !.vB,1 Im c11vB,5 Im c58 . ~15!

In Eq. ~15! c585c52
3
8c6 , andvB,k is defined by

ūBvB,kun5K BU GF

2&
Vud* Vusi ~Ok!1UnL , ~16!

where (Ok)1 is the parity-conserving part of the operator
Ok .

For the Wilson coefficients we shall use the values ob-
tained in a recent calculation in Ref.@26#. For LQCD5LMS

(4)

50.3 GeV ~whereMS denotes the modified minimal sub-
traction scheme!, andm~the renormalization scale!51 GeV,
they are@27#

Im c150.090 Imt, ~17!

Im c5520.102 Imt, ~18!

Im c6520.044 Imt, ~19!

where

Im t52Im~Vtd* Vts /Vud* Vus!5~c2 /c1c3!s2s3sd.s2s3sd .
~20!

In Eq. ~15! theO5 contribution is expected to dominate,
since while both Imc1 and Imc58 are of the order ofas , the
vacuum saturation part of^BuO5un& is enhanced by the fac-
tor mp

2 /(mu1md)(ms2md) @28#. It turns out, however, that
this enhancement is not effective in theDt coefficient: in-
spection shows that the sum of the two terms in the square
brackets in Eq.~11! vanishes for the vacuum saturation parts
of ^Lu(O5)1un& and ^S0u(O5)1un& @29#. Dt is, therefore,
determined bŷ Bu(O1)un& (B5L,S0) and the remaining
~nonfactorization! part ^Bu(O5)1un& r of ^Bu(O5)1un&.

An order of magnitude estimate of (aB
(2)) r @5aB

(2) with
vB,5 replaced by (vB,5) r ] can be obtained from the experi-
mental values (AB)expt of the correspondings-wave hyperon-
decay amplitudesAB . This is derived as follows. The single-
baryon matrix elementsaB of H1 are related toAB by the
soft-pion relationaB52 i& fpAB . Assuming that the con-
tribution ofO1 to theCP-invariant matrix elementaB

(1) is of
the order of (aB

(1))expt @30#, the matrix elementvB,1 is of the
order of& fp(AB)expt ~since Rec1 is of the order of unity!.

Now we observe that as (vB,5) r is not enhanced, the matrix
elementsuvB,1u and u(vB,5) r u should be of comparable size.
Since one has alsouIm c1u.uIm c58u @see Eqs.~17!–~19!#, we
obtain u(aB

(2)) r u;uvB,1 Im c1u;u&fp(AB)expt Im c1u. This es-
timate yieldsu(aL

(2)) r u, u(aS
(2)) r u.431026 Im t MeV.

All the matrix elements needed forDt have been calcu-
lated in the MIT bag model@25#, obtainingvL,15(24.9
31028)& f p , (vL,5) r5(6.531028)& f p , vS,15(1/&)
3(11.931028)& f p , and (vS,5) r5(1/&)(23.0
31028)& f p , wherefp(.131 MeV) is the pion-decay con-
stant. Using these matrix elements and the Wilson coeffi-
cients in Eqs.~17!–~19!, we find from Eq.~15! for the non-
factorization part (aB

(2)) r of aB
(2) (B5L,S0) @31#

~aL
~2 !!r.21.831026 Im t MeV, ~21!

~aS
~2 !!r.1.731026 Im t MeV. ~22!

The values~21! and~22! are not far from the values obtained
above from the estimate using the experimentals-wave
hyperon-decay amplitudes.

From Eqs.~13!–~15!, ~21!, and ~22! we obtain (Dt /a)L

.26310210 Im t, (Dt /a)S.7310210 Im t, so that

~Dt /a!L1S.10210 Im t. ~23!

With the upper limit@26#

uIm tu&1023 ~24!

deduced from the experimental value ofe ~Im t is in the
range 331024&Im t&1023 if d accounts fore!, Eq. ~23!
yields

u~Dt /a!L1Su&10213. ~25!

The theoretical uncertainties in the result~25! come
mainly from the theoretical uncertainties in the amplitudes
aB
(2) . The mismatch between the scale (m51 GeV) at which
the Wilson coefficients are given and the scale~0.2–0.4
GeV! at which the matrix elements of the operators were
evaluated is not expected to be a serious problem for the
imaginary parts of the Wilson coefficients, since these do not
depend strongly onm ~they originate predominantly from the
region in momentum space betweenmt andmc!. The theo-
retical uncertainties in the matrix elements of the operators
are difficult to assess. These are likely to be large enough to
allow values for which the cancellation between (Dt /a)L

and (Dt /a)S in Eq. ~11! is weaker, or absent. The size of
(Dt /a)L1S may be, therefore, comparable to the size of
(Dt /a)L or (Dt /a)S . Consequently, a safer conclusion for
(Dt /a)L1S than Eq.~25! is the limit

u~Dt /a!L1Su&10212. ~26!

The contributions toDt from gM
B and gT

B , which induce a
gM
(2) andgT

(2) term in the matrix element~2!, are negligible
relative to the contribution~23! @32#.

The constantsgP
B can be ignored, since they give rise to a

gP
(2) term. The constantsgS

B induce a contribution togS
(2) ,

given by
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~gS
~2!!L1S5 (

B5L,S0

Vus

Vud

iaB
~2 !

mB2mn
gS
B mp1mn

mB1mp
. ~27!

ForgS
B @which is induced in Eq.~9! by SU~3! breaking# a bag

model estimate givesgS
B.0.3gV

B @9#. With these values, and
taking for aL

(2) and aS
(2) the vacuum saturation values

(aL
(2))vs.2731026 Im t MeV, (aS

(2))vs.631026 Im t
MeV ~see Ref. @31#!, we obtain (gS

(2))L.331029 Im t,
(gS

(2))S.21029 Im t. The correspondingRt coefficient is

~Rt /a!L1S.23310213 Im t, ~28!

so that

u~Rt /a!L1Su&3310216. ~29!

Diagram~b! in Fig. 1 with theK2 intermediate state is a
further source of a scalar typen→pe2n̄e amplitude. Ne-
glecting the parity-conserving part ofH (2) ~since it gives
rise to a pseudoscalar-typeb-decay coupling!, the
CP-violating n→pe2n̄e interaction from theK2 diagram is
of the form ~3! with

CS5~CS!K5 i
Vus

Vud
AK2

~2 ! f Kme

mK
2 S g2

8mW
2 VudD , ~30!

where f K.1.23f p is theK2-decay constant, and the ampli-
tudeAK2

(2) is defined by

^K2puH2
~2 !un&5ūniAK2

~2 !up . ~31!

We shall estimateAK2
(2) using vacuum saturation. In this ap-

proximation only the operatorsO5 andO6 contribute. We
find

AK2
~2 !

52
GF

2&
VudVus*

32

9
f S

f KmK
2

mu1ms
~ Im c51

3
16 Im c6!,

~32!

where f S[ f S(0) is defined by

^puūdun&5 f S~q
2!ūpun . ~33!

Using the values of Imc5 and Imc6 given in Eqs.~18! and
~19!, f S50.6 @33#, andms5175 MeV, mu55.1 MeV @34#,
we obtain

AK2
~2 !.531028 Im t, ~34!

and from Eqs.~30!, ~5!, and~24!

u~Rt /a!Ku&2310215. ~35!

The lightest vector meson that can contribute is the
K*2(892) @see diagram~b! in Fig. 2#. The form factorshV
andhA at thegl and theglg5 terms in the^pK* uH (2)un&
matrix element give a contribution

gj
~2!. i

Vus

Vud
hj
&

f K*
~ j5V,A! ~36!

to gV
(2) and gA

(2) . In Eq. ~36! f K* is the K* -W coupling
constant. Usingf K*. f r.5.5, and assuming thathV and
hA are of the same order of magnitude asAK2

(2) @Eq. ~34!#, we
obtain ugV

(2)u, ugA
(2)u;331029uIm tu and, therefore, possibly

~Dt /a!K*.231029 Im t. ~37!

A scalar coupling with

gS
~2!. i

Vus

Vud
hS
&

f K*
~38!

is induced by the form factorhS at the ql/2mN term in
^pK* uH (2)un&. For hS.AK2

(2) one would have

~Rt /a!K*.24310213 Im t. ~39!

We note that in the vacuum saturation approximationDt

vanishes, sincêpK* uH (2)un& is proportional to^puūgl(1
2g5)dun&. A scalar-typen→pe2n̄e amplitude is not in-
duced in this approximation either, since in̂puūgl(1
2g5)dun& the induced scalar form factor is absent.

2. One-loop hadronic diagrams

From this class of diagrams the ones with the lightest
hadrons are the diagrams containing theK-p-N loop ~see
Fig. 2!. Inspection of theG-parity behavior of the effective
weak currents shows that these diagrams, and also similar
loop diagrams involving other intermediate states, can give a
CP-violating contribution only to the form factorsgT

(2) and
gS
(2) in Eq. ~2!. The contributions togT

(2) ~which come from
H2
(2)! and gS

(2) ~which are generated byH1
(2)! are, respec-

tively, of the order of (iVus /Vud)(gpNN /p
2)Aj

(2) , and
( iVus /Vud)(gpNN /p

2)Bj
(2) , where Aj

(2) and Bj
(2) ( j

5K6,K0,K̄0) are the parity-violating and the parity-
conservingn→NK amplitudes.

Using the vacuum saturation value of theAK2
(2) amplitude

@Eq. ~34!# to represent the size of the parity-violating
n→NK amplitudes, we find thatDt /a in neutron decay is of
the order of 10215–10214, which is negligible relative to the
contribution of diagram~a! in Fig. 1. It is interesting to note
that in the chiral SU~3! limit Dt receives contributions only
from the diagrams in Fig. 2, and from analogous diagrams
where the nucleon in the loop is replaced by its strange
SU~3! partners. The reason is that these are the only dia-
grams containing terms proportional to the logarithm of the
mass of the pseudoscalar meson@35#.

The parity-conservingn→pK2 amplitude BK2
(2) in the

vacuum saturation approximation and at lowq2 is given by

BK2
~2 !

5
2mNgA~q2!mp

2

~mu1md!~mp
22q2! f S

AK2
~2 ! , ~40!

where f S is defined in Eq.~33!, and where we used the par-
tial conservation of axial-vector current~PCAC! prediction
for the nucleon matrix element of the divergence of the
axial-vector current̂ pu]lAlun&. For q2.mp

2, which corre-
sponds to the typical momenta in the loop, the matrix ele-
ment ^pu]lAlun& is not known. If we assume that the form
of this matrix element at lowq2 is a reasonable approxima-
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tion for all q2 @36#, we obtainBK2
(2).3AK2

(2) for q2.mp
2,

implying that the upper limit on this contribution toRt /a is
of the order of 10214. The amplitudesBK0

(2) andB
K̄0
(2)

vanish

in the chiral limit@37#, but atq2.mp
2 could be comparable to

BK2
(2) .

3. Short-distance contributions

We have to consider the transitiond→ue2n̄e in second
order in the weak interaction. To have aCP-violating con-
tribution three of the fourW vertices must lie on the quark
line. Note that on the quark line one can organize only a
self-energy insertion. A properW vertex is precluded by
charge conservation. A self-energy insertion alone reduces
‘‘on the mass shell’’~in the short-distance contributions we
consider the quarks as free ones! to an uninteresting mass-
and wave-function renormalization. To circumvent this a
gluon propagator has to be included, and it must be attached
in such a way that the diagram would become an irreducible
one. The resulting diagrams are shown in Fig. 3.

Inspection of diagrams~a!–~d! in Fig. 3 shows that as
long as we neglect theu- andd-quark masses the effective
quark vertex has aV2A structure, just as the first-order
W-quark vertex. ACP-violating phase becomes, therefore,
part of an unobservable overall phase.

An effective right-handed (V1A) current with a
CP-violating phase is generated by diagrams~a! and ~c!
only, and is proportional to the productmumd . Chirality-
changing terms in the effective current are generated by all
four diagrams, and are linear in a light-quark mass.

Thus all short-distance contributions are strongly sup-
pressed, being proportional tomumd or mu,d times momen-
tum transfer. Moreover, these two-loop diagrams are sup-
pressed further by geometrical factors.

The above general arguments can be confirmed by ex-
plicit calculation in the~purely theoretical! limit when all the
quarks are light compared to theW. In this approximation
only diagrams~b! and ~d! with the well-known penguin
block survive. The corresponding effectiveCP-odd quark-
leptonb-decay interaction is given by

Hb
d5

GF

&
ēgl~12g5!neūgm~12g5!d

3H 2 i
GF

&
c2c3s1

2s2s3sd

as

54p3 q
lqmF ln2 mt

2

mc
2

1 ln2
mb
2

mc
22 ln2

mt
2

mb
2 12 ln

mt
2

mc
2 ln

mc
2

ms
2G J . ~41!

The interaction~41! can be written in the form of an ef-
fective scalar-pseudoscalar interaction, where the scalar-type
and the pseudoscalar-type components are proportional to
me(md2mu) andme(md1mu), respectively. Formt.mW
the scalar-pseudoscalar interaction is not expected to be sig-
nificantly different from Eq.~41!, except for some suppres-
sion due to the heaviert-quark mass. Thus we expect@taking
as50.4, and assuming that the factor with the logarithms is
of the order of 100, as it is in Eq.~41!# the short-distance
contribution toRt to be

u~Rt /a!sdu&10217. ~42!

Formt.mW aV1A interaction may also be induced. But
even if this interaction would turn out to be stronger than the
interaction~41! by an order of magnitude@what is conceiv-
able, since it would be proportional tomumd rather than to
me(md2mu)#, its contribution toDt /a would still be only of
the order of 10216 and, therefore, negligible relative to the
contribution of diagram~a! in Fig. 1.

III. CP VIOLATION FROM THE u TERM

The second source ofCP violation in the SM is theu
term @5#

Lu52u
gs
2

64p2 emnabFmn
a Fab

a ~43!

in the QCD Lagrangian. The best limit on the parameteru
comes from the electric dipole moment of the neutron. The
experimental limit ondn @4# and the calculation ofdn in Ref.
@38# yield

uuu&3310210. ~44!

The most generalCP-violating n→pe2n̄e amplitude
Mb

(2) due toLu is of the form ~2!, where we shall denote
now the form factors bygk

u(k5V,...,T). In the limit of iso-
spin invariance the only form factors that can be induced by
Lu for the ūgmd and theūgmg5d current are the second-
class form factors@39# gT

u andgS
u , respectively. The reason

is thatLu conservesG, but notP. In the following we shall
neglect the contributions fromgM

u and gP
u , since these are

suppressed not only by isospin-breaking factors, but also ki-
nematically.

To estimate the size of the coefficientsDt andRt we shall
consider the hadronic diagrams involving the lightest single-
baryon, spin-zero meson, and spin-one meson intermediate
states~Fig. 4!, and the one-loop hadronic diagrams in Fig. 5.

FIG. 4. Hadronic tree diagrams contributing to theT-violating
n→pe2n̄e amplitude induced by theu term. The cross represents
Lu .
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The lightest single-baryon intermediate state that can con-
tribute is the nucleon. The corresponding diagrams@~a! and
~b! in Fig. 4# involve then→pW2 vertex and the amplitude
Bu , defined by

^N~p8!uLuuN~p!&5BuūN~p8!g5uN~p!. ~45!

For gV
u , gA

u , gT
u , andgS

u we obtain

gV
u 5 i

Bu

2mn
gASmn2mp

mp
D , ~46!

gA
u 5 i

Bu

2mn
gVSmn2mp

mp
D , ~47!

gT
u. i

Bu

mn
gM , ~48!

gS
u. i

Bu

mn
gP . ~49!

The amplitudeBu has been estimated in Ref.@40# assum-
ing h8 dominance for the nucleon matrix element ofLu .
This yielded

Bu.20u
mumd

mu1md
.70u MeV, ~50!

where we have usedmu55.1 MeV,md59.3 MeV ~34!. The
value~50! corresponds to the valuegh8NN510, used in Ref.
@40# for the strongh8NN coupling constant~the value
quoted in Ref.@41#!. An analysis in Ref.@42# indicates that
gh8NN may not be this large. Using Eq.~50! the limit ~44!
implies

uBuu&231028 MeV. ~51!

For theDt coefficient in neutron decay we obtain@see Eq.
~4! and Ref.@10##

~Dt /a!n.
Bu

2mn
F S gAgV2

gV
gA

D mn2mp

2mp
1S gMgA D mn2mp

mn1mp
G .
~52!

In otherb decays the second term in the square bracket in
Eq. ~52! is of the order of (gM /gA) @ uQu/(mn1mp)#, where
Q is the energy release in the decay. The dominant contri-
bution in Eq. ~52! is the weak magnetism term. The limit
~44! implies

u~Dt /a!nu&2310214. ~53!

The Rt coefficient is relatively large, due to the large
value ofgP . We obtain

~Rt /a!n.2
Bu

2mn

me

mn1mp

gP
gV

, ~54!

and thus

u~Rt /a!nu&7310213. ~55!

The pion intermediate state in diagram~c! of Fig. 4 gen-
erates a scalar-typeCP-violating n→pe2n̄e amplitude with

gS
u5 iAp

~2 !
2mNf p

mp
2 , ~56!

whereAp
(2) is defined by

^ppuLuun&5 iAp
~2 !ūpun . ~57!

Using the estimateAp
(2).&(0.027)u @38# we obtain

u~Rt /a!pu&2310214. ~58!

The lightest contributing vector meson is ther2 @see dia-
gram ~c! in Fig. 4#. Since for ther2 only ūgmd is involved
in the diagram, we havegV

u 5gM
u 5gS

u50. ForgT
u we obtain

gT
u5hT

&

f r
, ~59!

wherehT is defined by

^pr2uLuun&5ūp
ihT
2mN

slmg5qmunel
~r! . ~60!

In Eq. ~60! el
(r) is the polarization vector of ther. If hT and

Ap
(2) are of comparable size, we would have

FIG. 5. One-loop hadronic diagrams contributing to the
T-violating n→pe2n̄e amplitude induced by theu term. The cross
representsLu . There are two additional diagrams involving the
same particles, which can be obtained from diagrams~a! and~b! by
exchanging the strong and theLu vertices.
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u~Dt /a!ru.
1

2

mn2mp

2mN

&

f r

uhTu
gA

&8310216. ~61!

With isospin breaking included the matrix element
^pr2uLuun& contains also aglg5 term. This may give a
contribution toDt which is comparable to the contribution in
Eq. ~61!.

1. One-loop hadronic diagrams

From such diagrams the dominant contribution is ex-
pected to come from thepN intermediate state~see the dia-
grams in Fig. 5!.

As the neutron electric dipole moment@38#, gT
(u) induced

by thepN intermediate state can be calculated rigorously in
the chiralmp→0 limit. Using the result fordn in Ref. @38#
and isospin symmetry, we obtain

gT
u5

Ap
~2 !gpNN

p2&
ln
mN

mp
, ~62!

where Ap
(2) has been defined in Eq.~57!, and gpNN

(.13.5) is the strongpNN coupling constant. Equation~62!
and the limit~44! imply

u~Dt /a!pNu.
1

2

mn2mp

mn1mp

ugT
u u

gA
&6310215. ~63!

There is no contribution toRt , since only the vector current
is involved in thep→p matrix element.

IV. CONCLUSIONS

In this paper we investigated the size ofT violation in b
decay due to the Kobayashi-Maskawa phased, and theu
termLu .

The Kobayashi-Maskawa phase gives rise to a
T-violating b-decay amplitude only in second order in the
weak interaction. We find that the contributions (Dt)d and
(Rt)d of d to theD andR correlation are not likely to be
larger than of the order of 10212(Im t/1023)uau and
10214(Im t/1023)uau, respectively, where the constanta has
been defined in Eq.~6! ~uau.1 for neutron and19Ne decay!.
The parameter Imt (.s2s3sd) is in the range 331024

&Im t&1023 if d accounts fore. The largest contribution to
Dt comes from the diagrams involving theL andS0 inter-

mediate states, and possibly from the diagram with the
K*2 intermediate state. For (Rt)d the dominant contribution
is most likely from the diagrams involving theK2p2N
loop.

The u term gives rise toT violation in b decay through
the interference of the amplitude of orderGFu with the first-
order weak amplitude. SinceLu can induce first-class form
factors in the effectiven→pW2 vertex only through isospin
breaking, the contributions (Dt)u and (Rt)u of Lu to the
T-oddD andR correlations are suppressed either kinemati-
cally, or by isospin-breaking factors~or both!. We find that
(Dt)u and (Rt)u are not likely to be larger than of the order
of 10214(uuu/3310210)uauuQu/(mn2mp) and 10212(uuu/3
310210)uau, respectively~the present experimental upper
limit on uuu is 3310210!, whereQ is the energy release in the
decay. The largest contribution to bothDt and Rt comes
from the single-nucleon intermediate state. ForDt the domi-
nant part is the one given rise by the weak magnetism form
factor, and forRt the part generated by the induced pseudo-
scalar form factor. The contribution from the single-nucleon
intermediate state involves the amplitudeBu , which deter-
mines the nucleon matrix element ofLu . The value ofBu we
used may involve large uncertainties, partly from the uncer-
tainty in the value of the strongh8NN coupling constant
gh8NN , and possibly also from other sources. Forgh8NN we
used the valuegh8NN510. If ugh8NNu,3,Dt would be domi-
nated by the one-loop diagram with thepN intermediate
state. The largest contribution to (Rt)u would still be the one
from the single-nucleon intermediate state.

Our results forb decay can also be used for an evaluation
of the contributions ofd and Lu to T-odd observables in
muon capture@43#. A difference with respect tob decay is
that the strength of theT-violating effective scalar- and
pseudoscalar-type interactions is proportional tomm , rather
thanme . There is a similar enhancement for the contribu-
tions of theT-violating weak magnetism and pseudotensor
couplings.
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