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CP-violating electron-nucleon interactions from leptoquark exchange
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We investigate theCP-violating electron-quark interactions arising from the exchange of spin-1 and spin-0
leptoquarks coupled to the first fermion family and deduce the bounds on theCP-violating products of the
effective leptoquark-fermion coupling constants from experimental limits onCP-violating electron-nucleon
interactions.
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I. INTRODUCTION

CP violation @1# has been seen in the mixing of neutr
kaons and recently also in theK0→2p amplitudes@2# and in
the decays of neutralB mesons@3#. The experimental infor-
mation is consistent with the most economical possibil
that the observed effects are due to the Kobayashi-Mask
phasedKM @4# in the standard model~SM! @5#. A major ques-
tion in the field ofCP violation is whether there are source
of CP violation other thandKM , independently of their rel-
evance, or lack of it, for the observedCP violation. A further
source ofCP violation in the SM is theu term in the QCD
Lagrangian. New sources ofCP violation are present in
many extensions of the SM. It is relevant to mention in t
connection thatdKM is not sufficient to generate the baryo
asymmetry of the Universe@6#. The most suitable observ
ables to probe the existence of newCP-violating interactions
are those for which the contribution fromdKM is small.

In this paper we shall be concerned with electron-qu
(e-q) interactions that violate bothCP andP ~referred to for
brevity as CPVe-q interactions in the following! @7#. Strin-
gent limits on the strength of such interactions come fr
searches for electric dipole moments~EDMs! of atoms, and
the parity-~P! and time-reversal-~T! violating nuclear spin-
flip parametern in molecules@8#. The CPVe-q interactions
contribute to these observables through CPV electr
nucleon (e-N) interactions, which they induce. The CP
e-N interactions given rise to bydKM are very weak, with a
strength of;10216GF (GF5Fermi constant!, since they ap-
pear only in second order in the weak interaction@9#. For
comparison, current experiments probe CPVe-N interac-
tions at the level of;1027GF ~see Sec. II!. The contribution
of the u term is also small, of strength&10210GF @9#. The
CPV e-N interactions can be much stronger, however,
some extensions of the SM. CPVe-q interactions have bee
studied in multi-Higgs-boson models@9–11#, leptoquark
models@11,9,12#, and in theR-parity-conserving@13# and the
R-parity-violating minimal supersymmetric standard mod
@14#. CPV e-q interactions for thes quark have been ana
lyzed in Ref.@15#.

The aim of this paper is to deduce the information on
CP-violating effective leptoquark-fermion coupling con
stants ~see Sec. III! provided by experimental bounds o
CPV electron-nucleon interactions@16#. We investigate both
spin-1 and spin-0 leptoquarks~LQs! and consider also con
0556-2821/2003/68~11!/116004~10!/$20.00 68 1160
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tributions that arise from the mixing of LQs of definite SM
coupling constants. Spin-1 and spin-0 LQ exchange as p
sible sources of CPVe-q interactions were noted first in Re
@11#. Further previous work on CPVe-q interactions from
LQ exchange is contained in Refs.@9# and @12#, where the
contribution of spin-0 LQs was considered in the absence
LQ mixing.

In the next section we consider the nucleon matrix e
ments of the scalar, pseudoscalar, and tensor quark cur
and, using the results of atomic calculations, present
bounds on the coupling constants of the CPV interact
from atomic EDMs and the molecular parametern(TlF). In
Sec. III we identify the contributions of LQs coupled to th
first fermion family to the CPVe-q interactions and deduc
the limits on the CPV products of the effective LQ-fermio
coupling constants. We consider then some other contr
tions of these coupling constants. In Sec. IV we summa
our conclusions.

II. BOUNDS ON CP-VIOLATING e-u AND e-d
INTERACTIONS

The most general form of the CPVe-N interaction, in-
cluding nonderivative couplings only, is given by@7#

HeN5 (
a5p,n

GF

A2
~kSaēig5eāa1kPaēeāig5a

1kTaēig5smleāsmla!, ~1!

wherekSa, kPa , andkTa are real constants@17#. The inter-
action ~1! violates also time-reversal invariance and~auto-
matically! invariance under parity@18#. It contributes there-
fore to observables that are both parity and time-reve
violating (P, T violating!, such as the EDMs. Stringen
bounds on the interaction~1! are set by the experimenta
limits

ud~Tl!u,9.4310225 e cm ~90% C.L.!, ~2!

ud~Cs!u,1.5310223 e cm ~90% C.L.!, ~3!

ud~Hg!u,2.1310228 e cm ~95% C.L.!, ~4!

ud~Xe!u,6310227 e cm ~95% C.L.!, ~5!

un~TlF!u,431024 Hz ~90% C.L.!, ~6!
©2003 The American Physical Society04-1
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on the EDM of the205Tl @19#, 133Cs @20#, 199Hg @21#, and
129Xe @22# atoms and on theP, T-violating spin-flip param-
etern(TlF) of the TlF molecule@23#.

Atomic physics calculations yielded the following resu
for the contribution of the interaction~1! to the above ob-
servables@7#:

d~Tl!.6.9310218@~0.4kSp10.6kSn!21023kTp#e cm,
~7!

d~Cs!.27.1310219@~0.4kSp10.6kSn!

11.331022kTp#e cm, ~8!

d~Hg!.22.0310220@kTn1331023kPn

1331022~0.4kSp10.6kSn!#e cm, ~9!

d~Xe!.24.1310221@~0.24kTp10.76kTn!

12.431023~0.24kPp10.76kPn!

11022~0.4kSp10.6kSn!# e cm, ~10!

n~TlF!.2900@~0.75kTp10.25kTn!

11.531023~0.75kPp10.25kPn!

12.631022~0.4kSp10.6kSn!# Hz. ~11!

The relative suppression of the tensor contribution ind(Tl)
andd(Cs) is due to the enhancement of the scalar contr
tion by factors ofZ ([ atomic number! andN ([ number of
neutrons!. In d(Tl) the tensor contribution is anomalous
small @an order of magnitude smaller than ind(Cs)], due to
cancellations @7#. The pseudoscalar contribution is su
pressed relative to the tensor contribution by about three
ders of magnitude@and is therefore neglected ind(Tl) and
d(Cs)], since it arises as a correction to the nonrelativis
approximation for the nucleons. The contribution of the s
lar interaction appears in all cases through the same co
nation ofkSp andkSn. This is due to the approximate equa
ity of the ratioZ/N for the nuclei involved. In199Hg, 129Xe,
which are diamagnetic atoms, and also in TlF, the contri
tion of the scalar interaction is suppressed by about two
ders of magnitude relative to the tensor contribution, sinc
can contribute only through the intervention of the hyperfi
interaction@7#.

Our interest will be in the implications of the experime
tal limits ~2!–~6! on the CPVe-q interactions, which induce
the CPVe-N interaction. In the following we shall restric
our attention toe-u ande-d interactions, as appropriate fo
leptoquarks coupled to the first fermion family. The mo
general nonderivative CPVe-u and e-d interaction has the
same structure as thee-N interaction~1! @7#:

Heq5 (
q5u,d

GF

A2
~kSqēig5eq̄q1kPqēeq̄ig5q

1kTqēig5smleq̄smlq!, ~12!

wherekSq, kPq , andkTq are real constants@24#.
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The constants of the interaction~1! are related to thee-q
constants in Eq.~12! as

kSa5 f a
(u)kSu1 f a

(d)kSd, ~13!

kPa5ga
(u)kPu1ga

(d)kPd , ~14!

kTa5ha
(u)kTu1ha

(d)kTd , ~15!

where the quantitiesf a
(q)[ f a

(q)(0), ga
(q)[ga

(q)(0), and ha
(q)

[ha
(q)(0) are defined by

^a~p8!uq̄qua~p!&5 f a
(q)~q2!ūaua , ~16!

^a~p8!uq̄ig5qua~p!&5ga
(q)~q2!ūaig5ua , ~17!

^a~p8!uq̄smlqua~p!&5ha
(q)~q2!ūasmlua ~18!

(a5p,n; q5u,d).
An estimate of the quantitiesf p

(u) and f p
(d) can be obtained

from thes term ~deduced from pion-nucleon scattering da!
and, assuming octet-type SU~3! breaking, from baryon mas
splittings. These yield@25#

f p
(u).3.5, ~19!

f p
(d).2.8. ~20!

The neutron matrix elements are related to the proton ma
elements by charge symmetry:

f n
(u)5 f p

(d) , ~21!

f n
(d)5 f p

(u) . ~22!

The basis for estimates of the pseudoscalar matrix
ments is the relation@26#

ga
(q)5

Ma

mq
F ~Dq8!a1

as

2p
~Dg!aG ~23!

(a5p,n;q5u,d,s), which follows from the divergence o
the axial-vector currentq̄gmg5q. In Eq. ~23!, Ma is the
nucleon mass,Dq8 is the form factor at zero momentum
transfer in the nucleon matrix element of the axial-vec
current,

^auq̄glg5qua&5~Dq8!aūaglg5ua , ~24!

and (Dg)a is defined by

^auTrGmnG̃mnua&522Ma~Dg!aūaig5ua , ~25!

where Gmn is the gluon field intensity andG̃mn

5 1
2 emnlrGlr.
For (as/2p)(Dg)a we shall use the results obtained

Ref. @27#. In this reference (as/2p)(Dg)a and ga
(u)1ga

(d)

1ga
(s) were estimated using pseudoscalar meson pole do

nance. The results depend on theh-nucleon andh8-nucleon
coupling constantsghNN andgh8NN . SinceghNN is not well
4-2
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known @28# andgh8NN is unknown@29#, the author considers
two cases:~a! settingghNN56.8, as found in an analysis o
the nucleon-nucleon potential, and~b! assuming gh8NN

5ghNN . In both cases (Dg)a andga
(u)1ga

(d)1ga
(s) are evalu-

ated as functions ofgh8NN .
For the quantities (Dq8)p we take (Du8)p50.8260.03,

(Dd8)p520.4460.03, (Ds8)p520.1160.03 @30#, de-
duced from data on polarized nucleon structure functi
@31#. To obtain (Du8)n , (Dd8)n , and (Ds8)n we shall use
charge symmetry and isospin invariance, respectively.
validity of isospin invariance for these quantities is cons
tent with the results of Ref.@27#. The experimental value
Du81Dd81Ds8.0.27 selects from the results of Ref.@27#
gh8NN.1 in case~a! andgh8NN.1.5 in case~b! @32#. These
imply (as/2p)(Dg)p.20.42, (as/2p)(Dg)n.20.04 in
case~a! and (as/2p)(Dg)p.20.27, (as/2p)(Dg)n.0.10
in case ~b! @33#. With these values and takingmu
55.1 MeV, md59.3 MeV @34#, we obtain the following:

Case~a!:

gp
(u).73.6, ~26!

gp
(d).286.8, ~27!

gn
(u).288.4, ~28!

gn
(d).78.8. ~29!

Case~b!:

gp
(u).101.2, ~30!

gp
(d).271.6, ~31!

gn
(u).262.6, ~32!

gn
(d).92.9. ~33!

For the proton matrix elements of the tensor current
shall take

hp
(u).0.84, ~34!

hp
(d).20.23, ~35!

obtained in a lattice QCD calculation@35#, and assume
charge symmetry, which yields

hn
(u).20.23, ~36!

hn
(d).0.84. ~37!

Using in Eqs.~7!–~11! the values of the constantsf a
(q) ,

ga
(q) , and ha

(q) given in Eqs.~19!–~22!, ~26!–~29! @corre-
sponding to case~a!#, and~34!–~37!, the experimental result
~2!–~6! imply the following bounds on the coupling con
stants of the CPVe-u ande-d interactions:

d~Tl!: u~kSu1kSd!21024~2.7kTu20.74kTd!u,4.531028,
~38!
11600
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d~Cs!: u~kSu1kSd!11.331023~2.7kTu20.74kTd!u

,731026, ~39!

d~Hg!: u~kTu23.7kTd!11.2~kPu20.9kPd!20.4~kSu1kSd!u

,4.531028, ~40!

d~Xe!: u~kTu121.5kTd!24.5~kPu20.8kPd!

11.2~kSu1kSd!u,5.531025, ~41!

n~TlF!: u~kTu10.07kTd!1931022~kPu21.4kPd!

10.14~kSu1kSd!u,831027. ~42!

The bounds for case~b! are obtained by the replacements

1.2~kPu20.9kPd!→0.84~kPu21.5kPd!, ~43!

24.5~kPu20.8kPd!→22.1~kPu22.3kPd!, ~44!

931022~kPu21.4kPd!→0.16~kPu20.5kPd!, ~45!

in Eqs.~40!–~42!.

III. CP-VIOLATING e-u AND e-d INTERACTIONS FROM
LEPTOQUARK EXCHANGE

Leptoquarks are bosons which couple to lepton-qu
pairs@16#. They appear in various extensions of the SM—f
example, in grand unified theories@36#, superstring-inspired
models@37#, supersymmetric models withR-parity violation
@38#, and composite models@39#. LQs which do not induce
proton decay could be light enough to cause observable
fects in some low-energy processes@40#.

Assuming that the LQ-fermion couplings are dimensio
less, the spin of the LQs can be only 0 or 1.

The lower bound on spin-1 LQ masses, independen
the LQ-fermion coupling constants, is 292 GeV forLQ
→eq branching ratiob[BR(LQ→eq)51 and 282 GeV
for b5 1

2 . These are obtained from experiments at the Te
tron, where LQs can be pair produced inpp̄ scattering by the
strong interaction. For spin-0 LQs the lower bounds are 2
GeV and 204 GeV forb51 andb5 1

2 , respectively@41#.
LQs coupled to the first fermion family can be produc

also at the HERA collider. Experiments at HERA provid
limits on the effective LQ-fermion coupling constantsgLQ8
@for the definition see Eq.~50! or ~51! below# for given LQ
masses. The upper limits on thegLQ8 s, which are given up to
mLQ.400 GeV, are a few times 1022 to a few times 1021

for LQ masses 200 GeV&mLQ&400 GeV@41#.
For LQs with masses much larger than the c.m. ene

available at the collider, limits ongLQ8 /mLQ have been ob-
tained from searches for contact interactions. The best of
upper limits, which are quoted only for chiral LQs~LQs that
couple either to left-handed or to right-handed quarks!, are of
the order of@1023GF#1/2 @41#.

The most general SU(2)L3U(1)3SU(3)c invariant,
4-3
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lepton-number-conserving~for Dirac neutrinos! and baryon-number-conserving Lagrangian for the couplings of spin-1 le
quarks to a standard model family contains nine LQ states characterized by definite SM quantum numbers and a
fermion number@42#. The couplings to the first family are given by

Lspin-15@h1L~ ūL8gmneL8 1d̄L8gmeL8 !1h1Rd̄R8gmeR8 #U1
m1h̃1RūR8gmeR8 Ũ1

m1h3L@~ ūL8gmneL8 2d̄L8gmeL8 !~U3!0
m

1A2ūL8gmeL8~U3!1
m 1A2d̄L8gmneL8 ~U3!2

m #2~g2Ld̄R
c8gmeL81g2Rd̄L

c8gmeR8 !~V2!1
m

1~g2Ld̄R
c8gmneL8 1g2RūL

c8gmeR8 !~V2!2
m 2g̃2LūR

c8gmeL8~Ṽ2!1
m 1g̃2LūR

c8gmneL8 ~Ṽ2!2
m 1H.c. ~46!

In Eq. ~46! the primes on the fermion fields indicate that they are the weak eigenstates rather than mass eigenseL
5 1

2 (12g5), eR5 1
2 (11g5), etc. The first subscript on the LQ fields denotes the dimension of the multiplet, and the s

represents the value of the third component of weak isospinTz(Tz56 1
2 , or 0, 61). The fields with superscriptc refer to the

charge-conjugate fields:uc5CūT, etc.
The analogous Lagrangian describing the couplings of spin-0 LQs, which also contains nine LQ states, is@43#

Lspin-05@g1L~ ūL
c8eL82d̄c8neL8 !1g1RūR

c8eR8 #S11g̃1Rd̄R
c8eR8 S̃12g3L@~ d̄L

c8neL8 1ūL
c8eL8 !~S3!01A2d̄L

c8eL8~S3!12A2ūL
c8neL8 ~S3!2#

2~h2LūR8eL81h2RūL8eR8 !~R2!11~h2LūR8neL8 2h2Rd̄L8eR8 !~R2!22h̃2Ld̄R8eL8~R̃2!11h̃2Ld̄R8neL8 ~R̃2!21H.c. ~47!
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CP violation in the LQ-fermion couplings can originat
from complex LQ-fermion coupling constants, fermion mi
ing, and LQ mixing@44#.

As the CPV e-q interaction contains only scalar
pseudoscalar-, and tensor-type couplings, it can receive
tributions only from nonchiral LQs~LQs that couple to both
left-handed and right-handed quarks!. Thee-q interaction is
obtained by applying a Fierz transformation to the L
exchange four-fermion interaction. Spin-1 LQ exchan
leads only to scalar- and pseudoscalar-type CPV interacti
while the CPVe-q interaction resulting from spin-0 LQ ex
change contains also a tensor term@45#.

A. Spin-1 leptoquarks

We shall consider first the case when the weak eigens
LQs in Eq.~46! coincide with the mass eigenstates. A spec
case of this scenario is when only a single LQ multiplet
present. Inspection of Eq.~46! shows that the nonchiral LQ
are theU1 , (V2)1 , and (V2)2 . Contributions to CPVe-q
interactions arise only fromU1 and (V2)1 .

U1. Thee-q interaction fromU1 exchange is given by

H5
h1Lh1R*

4M1
2 ~ ēR8gmdR8 d̄L8gmeL8 !1H.c., ~48!

whereM1 is the mass of theU1. Rewriting the Hamiltonian
~48! in terms of the electron and quark mass eigenstates
obtain

H5
h1L8 h1R8*

4M1
2 ~ ēRgmdRd̄LgmeL!1H.c., ~49!

where the effective LQ-fermion coupling constantsh1L8 and
h1R8 are given by
11600
n-

-
e
s,

te
l

e

h1L8 5h1L~VL
(e)!ee~VL

(d)!dd* , ~50!

h1R8 5h1R~VR
(e)!ee* ~VR

(d)!dd . ~51!

In Eqs. ~50! and ~51!, VL
(e) , VR

(e) , VL
(d) , and VR

(d) are the
mixing matrices of the left-handed and right-handed char
leptons and of the left-handed and right-handed cha
21

3 quarks, respectively. In the following, the primed LQ
fermion coupling constants will always denote the effect
coupling constants, which include the appropriate ferm
mixing matrix elements.

The interaction~49! has aCP-invariant component and
for complexh1L8 h1R8* , it contributes also to the CPV interac
tion ~12!. If the spin-1 LQs are elementary, they are gau
bosons and, since the gauge interactions areCP invariant, the
coupling constantsh1L andh1R are real. However, the prod
uct h1L8 h1R8* can still be complex, due to the complex phas
that are present in general in the elements of the mix
matrices. Note that such phases cannot be removed by r
fining the phases of the electron and quark fields, since
operator in Eq.~49! is invariant undere→eiFee and under
d→eiFdd. Applying a Fierz transformation to the Hami
tonian ~49!, we obtain, for the CPV componentH (2) of Eq.
~49!,

H (2)5
Im~h1L8 h1R8* !

M1
2 ~ ēig5ed̄d2ēed̄ig5d!. ~52!

Thus U1 generates a CPVe-q interaction of the form~12!
with
4-4
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kSd52kPd5S Im~h1L8 h1R8* !

M1
2 D A2

GF
,

kSu5kPu5kTu5kTd50. ~53!

Inspection shows that the best limit onkSd comes from
d(Tl). Equation~38! reduces in this case to

ukSdu,4.531028, ~54!

so that we obtain

uIm~h1L8 h1R8* !u,231028S M1

250 GeVD
2

. ~55!

We normalized the bound in Eq.~55! with respect to 250
GeV, which is close to the experimental lower limit on th
mass of LQs.

(V2)1 . In the same way, we obtain for the contribution
(V2)1 an e-q interaction characterized by

kSd52kPd5S Im~g2L8 g2R8* !

M2
2 D A2

GF
,

kSu5kPu5kTu5kTd50. ~56!

Thus, as for theU1, we have

uIm~g2L8 g2R8* !u,231028S M2

250 GeVD
2

. ~57!

If more than one LQ multiplet is present, LQs of the sam
electric charge~Q! will generally mix @46#. We find that the
mixing induces further contributions to CPVe-q interac-
tions. Inspections shows that such contributions can a
from the mixing of theQ5 2

3 pair U1 , (U3)0, theQ5 5
3 pair

Ũ1 , (U3)1 , and theQ5 1
3 pair (V2)2 , (Ṽ2)1 .

U1 , (U3)0. We shall write

U15Uacosb11Ubsinb1 ,

~U3!05~2Uasinb11Ubcosb1!eiw1, ~58!

where Ua and Ub are the mass eigenstates. Note that
phaseeiw1 cannot be removed by redefining the phases of
mass eigenstatesUa and Ub , and is therefore a furthe
source ofCP violation. Thee-q interaction due to mixing is
given by

Hmixing5
1

4 S 1

Ma
2

2
1

Mb
2D sinb1cosb1eiw1h3L8 h1R8* d̄gm

3~12g5!eē~11g5!d. ~59!

The total CPVe-q interaction from theU12(U3)0 system
has therefore
11600
e

se

e
e

kSd52kPd5F S 1

Ma
2

cos2b11
1

Mb
2

sin2b1D Im~h1L8 h1R8* !

1S 1

Ma
2

2
1

Mb
2D sinb1cosb1Im~eiw1h3L8 h1R8* !G A2

GF
,

kSu5kPu5kTu5kTd50, ~60!

where the first term is theU1 contribution modified by the
mixing and the second term comes from mixing. The bou
on the LQ-fermion effective coupling constants, obtain
from d(Tl), is

U Im~h1L8 h1R8* !1S 1

Ma
2

2
1

Mb
2D S 1

Ma
2

cos2b1

1
1

Mb
2

sin2b1D 21

sinb1cosb1Im~eiw1h3L8 h1R8* !U
,231028F S 1

250 GeVD
2

3S 1

Ma
2

cos2b11
1

Mb
2

sin2b1D 21G . ~61!

Ũ1 , (U3)1 . The CPVe-q interaction, which arises in
this case only through LQ mixing, has

kSu52kPu

5A2S 1

M̃a
2

2
1

M̃b
2D sinb̃1cosb̃1Im~ei w̃1h̃1R8 h3L8

* !
A2

GF
,

kSd5kPd5kTd5kTu50. ~62!

In Eq. ~62!, b̃1 and w̃1 are theŨ1-(U3)1 mixing angle and
CP-violating phase, respectively, defined in the same way
b1 and w1 in Eq. ~58!. The limit on kSu from d(Tl) is
ukSuu,4.531028. A slightly better limit comes fromd(Hg).
Using the relations in Eq.~62!, the limit from d(Hg) @Eq.
~40!# becomesukSuu,331028 for case~a! and ukSuu,3.5
31028 for case~b!. However, the limits fromd(Hg) cannot
be regarded as safe. The reason is that ind(Hg) the contri-
butions from the pseudoscalar- and scalar-type interact
are of the same order of magnitude and therefore, in view
the uncertainties in the values of the nucleon matrix e
ments, which forga

(q) could be large, the possibility of sig
nificant cancellations cannot be ruled out. We shall use th
fore the limit fromd(Tl), obtaining

uIm~ei w̃1h̃1R8 h3L8* !u,1.531028F S 1

250 GeVD
2 1

sinb̃1cosb̃1

3S 1

M̃a
2

2
1

M̃b
2D 21G . ~63!
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(V2)2 , (Ṽ2)1 . The CPVe-q interaction from theV2 and
Ṽ2 LQs consists of thee-d interaction from (V2)1 exchange,
and ane-u interaction generated by (V2)2-(Ṽ)1 mixing.
The total contribution is a CPVe-q interaction with

kSd52kPd5
Im~g2L8 g2R8* !

M2
2

A2

GF
,

kSu52kPu

52F S 1

M2a
2

2
1

M2b
2 D sinb2cosb2Im~eiw2g2R8 g̃2L8* !GA2

GF
,

kTu5kTd50. ~64!

The limit from d(Tl) in this case is

ukSu1kSdu,4.531028. ~65!

Thus we need a further limit to constrain bothkSu andkSd.
The second most stringent bound is

ukSu20.4kSdu,331028 @case~a!# ~66!

ukSu20.7kSdu,3.531028 @case~b!#,
~67!

obtained fromd(Hg) using the relations in Eq.~64!. Equa-
tion ~65!, combined with Eq.~66! ~which gives the weake
bound!, yields

ukSuu,3.531028, ~68!

ukSdu,5.531028, ~69!

so that we obtain

uIm~g2L8 g2R8* !u&1.531028S M2

250 GeVD
2

, ~70!

uIm~eiw2g2R8 g̃2L8* !u&2.531028F S 1

250 GeVD
2 1

sinb2cosb2

3S 1

M2a
2

2
1

M2b
2 D 21G . ~71!

However, it should be noted that the bounds~66! and ~67!,
and therefore the bounds~68!–~71! are unreliable, as note
earlier. We present them here only as illustrations of w
constraints one obtains if all inputs are taken at face va
Bounds fromd(Xe) andn(TlF), which are weaker, suffe
from the same problem as the ones fromd(Hg).

B. Spin-0 leptoquarks

In the absence of LQ mixing onlyS1 and (R2)1 contrib-
ute to CPVe-q interactions. The CPVe-q interaction from
(R2)1 has been considered in Ref.@9# and fromS1 in Refs.
@9# and @12#. We include them here for completeness and
11600
t
e.

o

update the discussion and the bounds on the effec
leptoquark-fermion coupling constants.

S1. The contribution fromS1 exchange is given by

H (2)5
1

4m1
2

Im~g1L8 g1R8* !S ēeūig5u1ēig5eūu

1
1

2
ēig5slmeūslmuD . ~72!

As mentioned earlier, a new feature of spin-0 LQs is t
presence of a tensor term in the CPVe-q interaction. Com-
paring Eq.~72! with the interaction~12!, we have

kSu5kPu52kTu5
1

4m1
2

Im~g1L8 g1R8* !,

kSd5kPd5kTd50. ~73!

The limit from d(Tl), which is the most stringent, become

ukSuu,4.531028, ~74!

where we used kSu22.731024kTu5kSu22.731024

3( 1
2 kSu).kSu. In terms of the LQ coupling constants th

bound~74! reads

uIm~g1L8 g1R8* !u,831028S m1

250 GeVD
2

. ~75!

(R2)1 . The (R2)1-exchange CPVe-q interaction is
given by the Hamiltonian~12! with

kSu5kPu522kTu52
1

4m2
2

Im~h2L8 h2R8* !. ~76!

The most stringent limit comes again fromd(Tl). We obtain

uIm~h2L8 h2R8* !u,831028S m2

250 GeVD
2

. ~77!

Inspection shows that contributions arising from LQ mi
ing come from theQ5 1

3 pair S1 , (S3)0, theQ5 4
3 pair S̃1 ,

(S3)1 , and theQ5 2
3 pair (R2)2 , (R̃2)1 .

S1 , (S3)0. The CPVe-q interaction from theS1-(S3)0
system consists of the direct term fromS1 and a furthere-u
interaction due toS1-(S3)0 mixing. The complete interaction
is characterized by

kSu5kPu52kTu

5
1

4 S 1

ma
2

cos2a11
1

ma
2

sin2a2D Im~g1L8 g1R8* !

2
1

4 S 1

ma
2

2
1

mb
2D sina1cosa1Im~eic1g3L8 g1R8* !

~78!
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where we have defined the mixing anglea1 and the CPV
phasec1 in the same way as for the spin-1 LQs:

S15Sacosa11Sbsina1 ,

~S3!05~2Sasina11Sbcosa1!eic1.
~79!

The bound on the LQ coupling constants fromd(Tl) is

U Im~g1L8 g1R8* !1S 1

ma
2

2
1

mb
2D S 1

ma
2

cos2a11
1

mb
2

sin2a1D 21

3sina1cosa1Im~eic1g3L8 g1R8* !U
,831028F S 1

250 GeVD
2S 1

ma
2

cos2a1

1
1

mb
2

sin2a1D 21G . ~80!

S̃1 , (S3)1 . The mixing contribution, which is in this cas
the only one, has

kSd5kPd52kTd

52
A2

4 S 1

m̃a
2

2
1

m̃b
2D sinã1cosã1Im~ei c̃1g3L8 g1R8* !,

kSu5kPu5kTu50. ~81!

The limit on kSd from d(Tl) is ukSd22.731024kTdu.ukSdu
,4.531028. Fromd(Hg) we findukSdu,1.531028, but for
spin-0 LQs one has to worry about a potential cancellation
d(Hg) @and in d(Xe), n(TlF)] even more than for spin-1
LQs, because of the tensor contribution, which is related
the scalar and pseudoscalar contributions. Using the l
from d(Tl), we obtain

uIm~ei c̃1g3L8 g1R8* !u

,631028F S 1

250 GeVD
2 1

sinã1cosã1
S 1

m̃a
2

2
1

m̃b
2D 21G .

~82!

(R2)2 , (R̃2)1 . The CPV e-q interaction from the
(R2)2-(R̃2)1 system is a sum of the direct contribution fro
(R2)1 and of ane-d interaction due to (R2)2-(R̃2)1 mixing.
The total interaction has

kSu5kPu522kTu

52
1

4 S 1

m2a
2

cos2a21
1

m2b
2

sin2a2D Im~h2L8 h2R8* !, ~83!
11600
n

o
it

kSd5kPd

522kTd5
1

4 S 1

m2a
2

2
1

m2b
2 D sina2cosa2Im~eic2h2L8 h2R8* !.

~84!

Combining the boundukSu1kSdu,4.531028 from d(Tl)
with the bound

ukSu11.2kSdu,1.531027 @case~a!#, ~85!

ukSu23.2kSdu,7.531027 @case~b!#,
~86!

from d(Hg), we find

ukSuu,1026 ~87!

and

ukSdu,1026, ~88!

so that

uIm~h2L8 h2R8* !u,231026S m2

250 GeVD
2

, ~89!

uIm~eic2h2L8 h2R8* !u,231026F S 1

250 GeVD
2 1

sina2cosa2

3S 1

m2a
2

2
1

m2b
2 D 21G . ~90!

As emphasized earlier, the bounds fromd(Hg), and there-
fore Eqs.~87!–~90!, cannot be regarded as safe.

C. Other contributions of the CPV LQ-fermion couplings

The same couplings which induce the CPVe-q interac-
tions contribute at the one-loop level to the electron ED
(de) @9,11# and to the color EDM of the quarksdq

c . Both
give additional contributions to atomic EDMs and to m
lecular CPV observables. These contributions are, howe
much smaller than the contributions from thee-q interac-
tions.

Let us consider the contribution ofde induced by theS1 to
d(Tl). The one-loop diagrams, involving the LQ and qua
in the loop, yield@47#

de~S1!.2
7

96m1
2

muIm~g1L8 g1R8* !S 11
4

7
ln

mu
2

m1
2D

.2
7

24A2p2
GFmukSuS 11

4

7
ln

mu
2

m1
2D

.2~2.5310223 e cm!kSuS 11
4

7
ln

mu
2

m1
2D ,

~91!
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where we used Eq.~73!. The contribution ofde to d(Tl) is
d(Tl) de

.2585de @7#, so thatd(Tl) with both thee-q andde

contributions included is@see Eq.~7!#

d~Tl!.F2.131021721.4310220S 11
4

7
ln

mu
2

m1
2D GkSu e cm.

~92!

Thus the contribution fromde is smaller by two orders o
magnitude than the one from thee-q interaction even for
m1.104 TeV.

The quark color EDMdu
c induced by theS1 through one-

loop diagrams is given by@47#

du
c.2hcdm

mekSuGF

24A2p2
.3.5310225kSu cm, ~93!

wherehcdm is a renormalization group factor, estimated to
of the order of unity@48#, which accounts for the QCD evo
lution of dq

c from the scale;mLQ to ;1 GeV, andkSu is
given in Eq.~73!.

The quark color EDMs contribute to atomic EDMs and
n through the Schiff momentsQS of the nuclei @7#. The
contribution ofQS to d(Tl) is given by @49#

d~Tl!QS
521.6310217S QS~Tl!

e fm3 D e cm. ~94!

The Schiff moment of205Tl was calculated in Ref.@50#,
obtaining

QS~Tl!5~1.2hpp21.4hpn!31028 e fm3, ~95!

wherehpp andhpn are parameters in a generalP,T-violating
nucleon-nucleon interaction. The parametershpp andhpn are
dominated by contributions from pion exchange@51#. Ex-
pressing them in terms of theP,T-violating pion-nucleon

coupling constantsḡpNN
(I )8 (I 5 isospin) @52#, we obtain

d~Tl!QS
.1.4310217~2.6ḡpNN

(0)8 20.2ḡpNN
(1)8 15.2ḡpNN

(2)8 !e cm.
~96!

The quark color EDMs do not contribute toḡpNN
(2)8 . Their

contribution toḡpNN
(0)8 and ḡpNN

(1)8 has been estimated in Re
@53#, obtaining

ḡpNN
(0)8 .1014k0~du

c1dd
c! cm21, ~97!

ḡpNN
(1)8 .1014k1~du

c2dd
c! cm21, ~98!

with k0 in the range (20.5) –1.5 andk1 in the range 1–6.
Using these values, together withdd

c50 and du
c from Eq.

~93!, we find

ud~Tl!QS
u.1.431023u~2.6k020.2k1!du

cu

&3310227kSu e cm, ~99!

which is negligible even relative tod(Tl) de
.

11600
Inspection shows that, barring fine-tuned cancellatio
amongkSq

, kPq
, andkTq

and also betweenkSu and kSd for

the contributions from theV2-Ṽ2 andR2-R̃2 LQs, the domi-
nance of the contributions from thee-q interactions holds for
all LQ contributions in all the atomic EDMs we considere
and in the molecular parametern(TlF).

The CPV LQ-fermion couplings contribute also to th
EDM of the neutron,dn . The neutron EDM was estimated i
terms of the quark color and electric dipole moments in R
@54#, with the result

dn.~160.5!@0.55e~dd
c10.5du

c!10.7~dd20.25du!#.

~100!

For the contribution of theS1 one hasdd
c50, du

c is given in
Eq. ~93!, and the quark EDMsdq aredd50 and

du.hedm

meGFkSu

3A2p2 S 11
3

4
ln

mu
2

m1
2D , ~101!

wherekSu is given in Eq.~73! andhedm.1.53 is the renor-
malization group evolution factor@55#. From Eqs. ~93!,
~100!, amd~101! we find

dn.0.5~160.55!310224kSuS 11
3

4
ln

mu
2

m1
2D e cm.

~102!

The experimental limitudnu,6.3310226 e cm ~90% C.L.!
@56# implies, for m1&104 TeV, ukSuu&1022, which is five
orders of magnitude weaker than the limit~74! from the CPV
e-N interaction. The limits fromdn for the other LQ contri-
butions are similarly weak.

Fermion mixing creates from first-family LQ coupling
also flavor-changing neutral-current interactions. In parti
lar, for couplings involvingdL8 anddR8 there can be contribu
tions to the CPV parameterse ande8/e in KL→2p decays
@57#. Inspections shows that, based on the calculations
Ref. @57#, the limits onkSu andkSd from these are not bette
than 1026 u(VL,R

(d) )dd /(VL,R
(d) )dsuk, wherek52 and 1 fore and

e8/e, respectively. These limits are in general complem
tary to the limits from the CPVe-q interactions because o
the new mixing matrix elements involved, which can ev
bring in differentCP-violating phases.

Quark mixing gives rise also toe-s ~ande-c, etc.! inter-
actions. The strength of these relative to the strength of
e-d interactions involves the factoru(VL,R

(d) )ds /(VL,R
(d) )ddu2,

which is expected to be small.

IV. CONCLUSIONS

The purpose of this investigation was to deduce the inf
mation on theCP-violating couplings of spin-1 and spin-
leptoquarks to the first fermion family from experiment
bounds on theCP-violating electron-nucleon interactions
We considered both contributions from single leptoquar
assumed to be in mass eigenstates, and contributions ar
as a result of mixing of leptoquarks of given standard mo
4-8
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quantum numbers. Since the pseudoscalar and~for spin-0
leptoquarks! tensor electron-quark coupling constants are
lated to the scalar ones, all contributions depend only on
independent coupling constants—for example,kSu andkSd.
When only one of these is present, which is the situation
most cases, the best upper limit on theCP-violating products
of the effective leptoquark-fermion coupling constants com
from the experimental bound on the electric dipole mom
of the 205Tl atom. These limits are in the range;1027 to
;1028 for mLQ5250 GeV and maximalLQ mixing @see
Eqs. ~55!, ~57!, ~61!, ~63!, ~75!, ~77!, ~80!, and ~82!#. The
V2-Ṽ2 andR2-R̃2 systems contribute to bothkSu andkSd. To
limit both, a second constraint is needed. The most string
for this is the experimental bound on the199Hg electric di-
pole momentd(Hg). However, the implied limits onkSu and
kSd @Eqs.~68!, ~69!, ~87!, ~88!, and therefore~70!, ~71!, ~89!,
and~90!# are not safe, since cancellations among the vari
contributions ind(Hg) cannot be ruled out. The same is tr
about the limits from the remaining atomic electric dipo

@1# For a review, see L. Wolfenstein, hep-ph/0210025.
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CP-violating e-u ande-d interactions give contributions als
to the electron electric dipole moment, quark color EDM
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