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CP-violating electron-nucleon interactions from leptoquark exchange
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We investigate th€P-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 o@Rheéolating products of the
effective leptoquark-fermion coupling constants from experimental limit<CBrviolating electron-nucleon

interactions.
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[. INTRODUCTION tributions that arise from the mixing of LQs of definite SM

coupling constants. Spin-1 and spin-0 LQ exchange as pos-
CP violation [1] has been seen in the mixing of neutral sible sources of CP¥-q interactions were noted first in Ref.
kaons and recently also in th€— 27 amplitudeg2] and in ~ [11]. Further previous work on CP¥-q interactions from
the decays of neutr® mesong3]. The experimental infor- LQ exchange is contained in Ref®] and[12], where the
mation is consistent with the most economical possibility,contribution of spin-0 LQs was considered in the absence of
that the observed effects are due to the Kobayashi-Maskawe mixing. _ _ _
phasedy [4] in the standard modéSM) [5]. A major ques- In the next section we consider the nucleon matrix ele-
tion in the field of CP violation is whether there are sources MeNts of the scalar, pseudoscalar, and tensor quark currents
of CP violation other thandyy, , independently of their rel- and, using the result_s of atomic calculations, p_resent .the
evance, or lack of it, for the observ&P violation. A further bounds on the coupling constants of the CPV interaction
’ S . . from atomic EDMs and the molecular paramet€mIF). In
source ofCP violation in the SM is thed term in the QCD . X Lo
Lagrangian. New sources a@P violation are present in S_ec. [l we |dent_|fy the contnbutlops of L_Qs coupled to the
. . — . first fermion family to the CP\e-q interactions and deduce
many extensions of the SM. It is relevant to mention in this

: . - the limits on the CPV products of the effective LQ-fermion
connection thaby is not sufficient to generate the baryon ¢, hjing constants. We consider then some other contribu-
asymmetry of the Universg6]. The most suitable observ- iong of these coupling constants. In Sec. IV we summarize
ables to probe the existence of n@R-violating interactions 41 conclusions.

are those for which the contribution froéy,, is small.
In this paper we shall be concerned with electron-quark Il. BOUNDS ON CP-VIOLATING e-u AND e-d
(e-g) interactions that violate bot@P andP (referred to for INTERACTIONS
brevity as CPVe-q interactions in the following[7]. Strin-
gent limits on the strength of such interactions come from The most general form of the CP¥N interaction, in-
searches for electric dipole momerEDMs) of atoms, and ~ ¢luding nonderivative couplings only, is given by]
the parity-(P) and time-reversal¢T) violating nuclear spin-

flip parameter in moleculeqd 8]. The CPVe-q interactions H..— Ge Ke .6l veoa T

; = — el yseaa+kpeea ysa
contribute to these observables through CPV electron- eN ag,n \/5( sa=l Vs PatEdlYs
nucleon €-N) interactions, which they induce. The CPV . .

e-N interactions given rise to byy,, are very weak, with a +kr€i ySUMeao’“a), (D)

strength of~10" %G (Gg=Fermi constant since they ap- _
pear only in second order in the weak interact[@) For  Whereksa, Kpa, andky, are real constantsl?7]. The inter-
comparison, current experiments probe CBEMN interac-  action (1) violates also time-reversal invariance afalito-

tions at the level of- 10~ G (see Sec. )l The contribution matically) invariance under parity18]. It contributes there-
of the 6 term is also small, of strengtis 10~ %G [9]. The fore to observables that are both parity and time-reversal
CPV e-N interactions can be much stronger, however, inviolating (P, T violating), such as the EDMs. Stringent
some extensions of the SM. CRYq interactions have been Pounds on the interactiofl) are set by the experimental

studied in multi-Higgs-boson modelf9—11], leptoquark liMits
models[11,9,13, and in theR-parity-conserving13] and the d(T1)|<9.4x10"% ecm (90% C.L) )
R-parity-violating minimal supersymmetric standard model ' T
[14]. CPV e-q interactions for thes quark have been ana- |d(C9|<1.5x10°2 ecm (90% C.L) 3)
lyzed in Ref.[15]. '

The aim of this paper is to deduce the information on the |d(Hg)|<2.1x10° 28 ecm (95% C.L), (4)
CP-violating effective leptoquark-fermion coupling con-
stants(see Sec. Il provided by experimental bounds on |d(Xe)|<6x102" ecm (95% C.L), 5)
CPV electron-nucleon interactiof$6]. We investigate both
spin-1 and spin-0 leptoquarkkQs) and consider also con- [v(TIF)|<4Xx10™% Hz (90% C.L), (6)
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on the EDM of the?%°T| [19], ¥3Cs[20], %Hg [21], and The constants of the interactigh) are related to the-q
12%e [22] atoms and on th@, T-violating spin-flip param-  constants in Eq(12) as
eter v(TIF) of the TIF moleculd23]. ) @
Atomic physics calculations yielded the following results ksa=fa Ksut fa Ksd, (13
for the contribution of the interactiofil) to the above ob- w «
servableg7]: Kpa=0a Kput 9a Kpd, (14)
d(T1)=6.9x 10" (0.4ks,+ 0.6ks) — 10 3ky,]ecm, kra=hWky+hPkeq, (15)
(7
where the quantities(¥=f{(0), g{@=g{®(0), andh{®
d(Ce)=—7.1x 10" *4(0.4ks+ 0.6ksp) =h{®(0) are defined by
+1.3x10 %krplecm, 8 N —
o) ® (a(p")]agla(p))=f{P(a®)uaua, (16)
d(Hg)=—2.0x 10" T ky,+3x 10 3kp - —
" ' (a(p")|aiysala(p))=g4? () ugi ysua, (17)
+3X 107 2(0.4ksy+ 0.6ksy) Jecm, 9
a(p))|qe,qlap)y=hP(g?)u,o,,u 18
d(XE)2_4.1X 10_21[(0.24(1_’3_‘_0.76(1_”) < (p )lqo-,u)\q| (p)> a (q ) ao-,u)\ a ( )
3 (a=p,n; q=u,d).
2.4x1077(0.24Kpp + 0.76pr) An estimate of the quantitid‘%”) andffod) can be obtained
+10 %(0.4s+ 0.6ks)] ecm, (100  from theo term(deduced from pion-nucleon scattering data
and, assuming octet-type &) breaking, from baryon mass
v(TIF)=—90( (0.7%,+ 0.2%) splittings. These vyieldi25]
+1.5X103(0.7%pp+ 0.25py) f(V~3.5, (19
+2.6X 10‘2(0_4ksp+ 0.6kgp ]| Hz. (11 féd)zz.& (20)

The relat|v_e suppression of the tensor contributiord 1) .. The neutron matrix elements are related to the proton matrix
andd(Cs) is due to the enhancement of the scalar contribu-

tion by factors ofZ (= atomic numberandN (= number of elements by charge symmetry:

neutron$. In d(Tl) the tensor contribution is anomalously f%u):fgd), (21)
small[an order of magnitude smaller thandi(Cs)], due to

cancellations[7]. The pseudoscalar contribution is sup- fgd):fgu)_ (22)
pressed relative to the tensor contribution by about three or-

ders of magnitudg¢and is therefore neglected &(TIl) and The basis for estimates of the pseudoscalar matrix ele-

d(Cs)], since it arises as a correction to the nonrelativistiaments is the relatiofi26]
approximation for the nucleons. The contribution of the sca-
lar interaction appears in all cases through the same combi-
nation ofks, andks,. This is due to the approximate equal-
ity of the ratioZ/N for the nuclei involved. In***Hg, 12%Xe,
which are diamagnetic atoms, and also in TIF, the contribu{a=p,n;q=u,d,s), which follows from the divergence of
tion of the scalar interaction is suppressed by about two orthe axial-vector currentjy, ysq. In Eq. (23), M, is the
ders of magnitude relative to the tensor contribution, since ihucleon massAq’ is the form factor at zero momentum
can contribute only through the intervention of the hyperfinetransfer in the nucleon matrix element of the axial-vector
interaction[7]. current,

Our interest will be in the implications of the experimen- . .
tal limits (2)—(6) on the CPVe-q interactions, which induce (algyyysala)=(Aq’)aUa ¥y ¥sUa, (24)
the CPVe-N interaction. In the following we shall restrict
our attention toe-u ande-d interactions, as appropriate for and (Ag), is defined by
leptoquarks coupled to the first fermion family. The most - _
general nonderivative CP¥-u and e-d interaction has the (a|TrG,,G,,|a)=—2M,(AQ)Uqai ysUs, (25
same structure as treN interaction(1) [7]:

M @
("2 / _S
= e |8t 2 (A0, (23

where G,, is the gluon field intensity andéw

GF — — —— :%EMV)\PGM)'
Heq= ;d E("Sqe' ¥s€0ad+Kpqeediysq For (ag/27)(Ag), we shall use the results obtained in
=t Ref. [27]. In this reference ¢/27)(Ag), and g\’ +g'®
+ K€ Y50 €00 q) (12) +9'® were estimated using pseudoscalar meson pole domi-
Tq€l Y50 ,0€Q0"77Q), B
nance. The results depend on thewucleon andy’-nucleon
whereksg, Kpq, andkyq are real constant4]. coupling constantg,,yy andg,, yn. Sinceg,yy is not well
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known[28] andg,, yy is unknown[29], the author considers
two cases(a) settingg,ny=06.8, as found in an analysis of
the nucleon-nucleon potential, an@) assumingg, Ny
=g,nn- In both casesAg), andg”’ +g{@ +g{® are evalu-
ated as functions of /-

For the quantities £4q"), we take @u’),=0.82+0.03,
(Ad")p,=-0.44+0.03, (As'),=-0.11=0.03 [30], de-

duced from data on polarized nucleon structure functions

[31]. To obtain Au'),, (Ad"),, and As"), we shall use

PHYSICAL REVIEW D68, 116004 (2003

d(Cs): |(kgytKsg +1.3x10 3(2. 7k, — 0.7&K+9)]
<7x10°8, (39

d(Hg): |(Kyy—3.7krg) +1.2kp,—0.Kpg) — 0.4 kst Ksd)|
<4.5x10°8, (40

d(Xe): |(kpy+21.Krg) — 4.5 Kpy—0.8Kpg)

charge symmetry and isospin invariance, respectively. The +1.2AKgy+ Ksq)| <5.5% 1075, (41)
validity of isospin invariance for these quantities is consis-

tent with the results of Ref[27]. The experimental value
Au’+Ad’'+As’=0.27 selects from the results of Rg27]
g, nn=1 in case(@ andg,, yy=1.5 in casgb) [32]. These
imply (ag27)(AQ),=—0.42, (ag2m)(Ag),=—0.04 in
case(a) and (ag/2m)(AQ),=—0.27, (ay/27)(AQ),=0.10
in case (b) [33]. With these values and takingn,
=5.1 MeV, myg=9.3 MeV [34], we obtain the following:
Case(a):

v(TIF): |(Ky+0.0%Krg) + 9% 10 2(kpy— 1.4Kpg)
+0.14 kg, + kg |<8x 107", (42)

The bounds for caséb) are obtained by the replacements
1.2kp,—0.%py)—0.84 kp,— 1.5py), (43
—4.85Kkp,—0.8pg) — —2.1(Kpy— 2.XKpy), (44)
9% 10 ?(kp,— 1.4kpg)— 0.16 kp,— 0.5Kpy), (45)

in Egs.(40)—(42).

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

Leptoquarks are bosons which couple to lepton-quark
pairs[16]. They appear in various extensions of the SM—for
example, in grand unified theori¢36], superstring-inspired
models[37], supersymmetric models witR-parity violation
[38], and composite mode[89]. LQs which do not induce
proton decay could be light enough to cause observable ef-
fects in some low-energy procesgd$)].

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

For the proton matrix elements of the tensor current we The lower bound on spin-1 LQ masses, independent of

g"=73, (26)
gW~-86.8, (27)
g\W=-88.4, (29
g\¥=78.8. (29

Case(b):

gl=~101.2, (30)
gl=-71.6, (32

(W= _62.6, (32)
g@=92.9. (33

shall take

h{"=~0.84, (34)

h{®~-0.23, (35)

obtained in a lattice QCD calculatiof85], and assume
charge symmetry, which yields

hiW=—0.23, (36)
hi¥=0.84. (37)

Using in Egs.(7)—(11) the values of the constanféq),
g'@, and h{® given in Egs.(19—(22), (26)-(29) [corre-
sponding to cas&)], and(34)—(37), the experimental results
(2)—(6) imply the following bounds on the coupling con-
stants of the CP\é-u ande-d interactions:

d(Th: |(Kgy+ksg —10 4(2.7Ky,— 0.7414)| <4.5xX 108,
(39)

the LQ-fermion coupling constants, is 292 GeV fbQ
—e( branching ratioB=BR(LQ—eq) =1 and 282 GeV
for B=3. These are obtained from experiments at the Teva-
tron, where LQs can be pair produceddp scattering by the
strong interaction. For spin-0 LQs the lower bounds are 242
GeV and 204 GeV foB=1 andB8=1%, respectively41].

LQs coupled to the first fermion family can be produced
also at the HERA collider. Experiments at HERA provide
limits on the effective LQ-fermion coupling constarg§Q
[for the definition see Eq50) or (51) below] for given LQ
masses. The upper limits on tgéQs, which are given up to
m_q=400 GeV, are a few times 16 to a few times 10*
for LQ masses 200 Ge¥m  o=400 GeV[41].

For LQs with masses much larger than the c.m. energy
available at the collider, limits og, o/m o have been ob-
tained from searches for contact interactions. The best of the
upper limits, which are quoted only for chiral L@isQs that
couple either to left-handed or to right-handed quaraee of
the order of 107 3Gg]Y?[41].

The most general SU(2XU(1)XSU(3), invariant,
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lepton-number-conservindor Dirac neutrinog and baryon-number-conserving Lagrangian for the couplings of spin-1 lepto-
quarks to a standard model family contains nine LQ states characterized by definite SM quantum numbers and a definite
fermion numbef42]. The couplings to the first family are given by
Espin—lz[hlL(Ul’_VuVéL"‘E(_YMe(_)‘*'thal’wMen]U’f"'r‘lRUnmenU’f"'hsL[(Ul/_VuVéL_E(_YMeD(Us)GL
+V2u] vy, (Ug)i+v2d| y,ve (Ug)]— (92,05 ’Y,ueLJ'_gZREI(i, YR (V2)i
+ (QZLEIC?, YuveLt gZRUE/ YR (Va2)“ _EZLUIC?, Y,Le(_(vz)ﬁ +52LU|C?, YuVéL(vz)’f +H.c. (46)

In Eq. (46) the primes on the fermion fields indicate that they are the weak eigenstates rather than mass eiggnstates;
=3(1—ys), er=3(1+vs), etc. The first subscript on the LQ fields denotes the dimension of the multiplet, and the second
represents the value of the third component of weak isoBgifi,= + 3, or 0, =1). The fields with superscrigtrefer to the

charge-conjugate fields®= Cu', etc.
The analogous Lagrangian describing the couplings of spin-0 LQs, which also contains nine LQ sfafs, is

Lopino=[01L (U € —d® 1) +01rUS eR]1S1 + 01rdS €55 — 0o [(dF va, + UL €))(S3)o+ V2d¢ €] (S3) + — V2u vl (Ss) ]

— (haLuge] +horul €R) (Ro) 4 + (o URs — hord] €R) (Ry) - — Ry diel (Ry) 1 +hy divl (Ry) - +H.c. (47)

CP violation in the !_Q—fermic_m couplings can o_rigina_te hi, =hy (V&) e VD)X (50)
from complex LQ-fermion coupling constants, fermion mix-
ing, and LQ mixing[44].

As the CPV e-q interaction contains only scalar-,
pseudoscalar-, and tensor-type couplings, it can receive con-
tributions only from nonchiral LQ$LQs that couple to both
left-handed and right-handed quark$he e-q interaction is CRVEIRYC ()
obtained by applying a Fierz transformation to the LQ-IN Egs.(50) and (51), V{”, Vi’, V{7, and Vi’ are the
exchange four-fermion interaction. Spin-1 LQ exchangeMiXing matrices of the Ieft handed and right- handed charged
leads only to scalar- and pseudoscalar-type CPV mteractlonlﬁptons and of the left-handed and right-handed charge
while the CPVe-q interaction resulting from spin-0 LQ ex- —3 quarks, respectively. In the following, the primed LQ-
change contains also a tensor tg4b). ferm|on coupling constants will always denote the effective

coupling constants, which include the appropriate fermion
mixing matrix elements.

The interaction(49) has aCP-invariant component and,

r complexhj, hi%, it contributes also to the CPV interac-
I‘uon (12). If the spin-1 LQs are elementary, they are gauge
bosons and, since the gauge interaction<C®@variant, the
coupling constantlh;; andh;g are real. However, the prod-

uct hi, hi% can still be complex, due to the complex phases
that are present in general in the elements of the mixing
matrices. Note that such phases cannot be removed by rede-

hir=h1r(VEN 5 VED) dg.- (51)

A. Spin-1 leptoquarks

We shall consider first the case when the weak eigenstali%
LQs in Eqg.(46) coincide with the mass eigenstates. A specia
case of this scenario is when only a single LQ multiplet is
present. Inspection of E46) shows that the nonchiral LQs
are theU,, (V,) ., and (V,)_. Contributions to CP\e-q
interactions arise only frord; and (V,) . .

U,. Thee-q interaction fromU, exchange is given by

hi hiz — fining the phases of the electron and quark fields, since the
=——(erYy did] v,.e/) +H.c., (48 operator in Eq(49) is invariant undere—e'®ee and under
1 d—e'®dd. Applying a Fierz transformation to the Hamil-

. N o tonian (49), we obtain, for the CPV componeh~) of Eq.
whereM  is the mass of théJ;. Rewriting the Hamiltonian (49)

(48) in terms of the electron and quark mass eigenstates, we
obtain
Im(h; hig) —
_hihi HO) =—— """ (eiysedd—eediysd). (52
(em’ﬂ RdLyﬂeL)+H c., (49 i

l

where the effective LQ-fermion coupling constahts and  ThusU; generates a CP¥-q interaction of the form(12)
hir are given by with
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dez_dez T G—F, de:_de: M—§C05231+M—§S|n2ﬂl |m(h1|_hl§)
ke ke =k — 1 . 2
Ksu=Kpu=kry=Kra=0. (53 W_W> sinB,cosBiIm(e'“th; hik G£
b F
Inspection shows that the best limit dgq comes from :
d(TI). Equation(38) reduces in this case to ksy=Kpy=kry,=k74=0, (60)
|ksd <4.5x10°8, (54)  where the first term is th&, contribution modified by the
mixing and the second term comes from mixing. The bound
so that we obtain on the LQ-fermion effective coupling constants, obtained
from d(TI), is
im(hi i) <2510 =ML’ 5
mPRI2A0 50 ey 9 im(hi hy%)+ "~ codp
1L'IR T2 .2 ) 1
AN

We normalized the bound in E¢55) with respect to 250

GeV, which is close to the experimental lower limit on the 1 -1 _

mass of LQs. + —Zsinz/%l> sinB;cosB,Im(e'#thj hik)
(V,) . . In the same way, we obtain for the contribution of Mp

(V,), ane-q interaction characterized by

1 2
<2x10°8 (—\)
e[ m(oa 00| V2 250 Ge
Sd Pd Mg GF’ 1 1 . -1
X WCOSZEJ_"- Wsmzﬁl . (62)
Ksy=Kpy=kry=Kkrg=0. (56) @ b

U, (U3) .. The CPVe-q interaction, which arises in

Thus, as for thel;, we have this case only through LQ mixing, has

M 2
|Im(g§,_g§§ |<2X10_8<Wée\) . (57 Ksy= —Kpy
1 1\ - . N )
If more than one LQ multiplet is present, LQs of the same = \/5( VER W) sinB;cosBiim(e'*thighy, ) Go
electric chargeQ) will generally mix[46]. We find that the a b -
mixing induces further contributions to CP¥-q interac K= Kpy=krg=kry=0. 62)

tions. Inspections shows that such contributions can arise
from the mixing of theQ=3% pairU,, (Uj)o, theQ=3 pair

Ui, (U),, and theQ=3 pair (Vo) , (Vo).
Uy, (Ug)e. We shall write

In Eq. (62), B, ande, are theU;-(U3). mixing angle and
CP-violating phase, respectively, defined in the same way as
B1 and ¢4 in Eq. (58). The limit on kg, from d(TI) is
|ks) <4.5x 10" 8. A slightly better limit comes frontl(Hg).
Using the relations in Eq62), the limit from d(Hg) [Eq.
(40)] becomeslkg,|<3x10 8 for case(a) and |ks|<3.5

X 108 for case(b). However, the limits frond(Hg) cannot

be regarded as safe. The reason is that(idg) the contri-

where l{fpa and U, are the mass elger_ls_tates. Note that the[)utions from the pseudoscalar- and scalar-type interactions
phasee 1 cannot be removed by redefining the phases of th%re of the same order of magnitude and therefore, in view of

mass elgenst_atets!a and Uy, _and |s_therefore a_f_urth_er the uncertainties in the values of the nucleon matrix ele-
source ofCP violation. Thee-q interaction due to mixing is ments, which forgg‘” could be large, the possibility of sig-

U,=U,cosB,+UgsinBy,

(Uz)o=(—U,sinB;+U,cosBy)e'¢1, (58)

given by nificant cancellations cannot be ruled out. We shall use there-
11 1 fore the limit fromd(Tl), obtaining
Hmixing=~ | —5 — — | SinB;cosB,e ¢thy hi%d-
mixing™ 4 Mg Mﬁ) B1CospB; 3LMRrUYY, - L 2 1
[Im(e'?thigh3f)[<1.5%10 ———
— 250 GeV sinp;cospB,
X(1—ys)eel+ ys)d. (59
1 o1\t
The total CPVe-q interaction from thelU,;—(Uj3), system X\ =5—=3 (63
has therefore M3z Mg
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(V,)_, (V). . The CPVe-q interaction from the/, and ~ update the discussion and the bounds on the effective
V, LQs consists of the-d interaction from ¥/,) . exchange, leptoquark-fermion coupling constants.

. . ~ . S,;. The contribution fromS, exchange is given b
and ane-u interaction generated bywg) -(V), mixing. ! . g g y
The total contribution is a CP¥-q interaction with 1 L L
HHZFIm(giLgiE (eeui ysU+ ei yseuu

e — _Im(g3 95r) \/_5 my
Sd Pd M% GF ) 1_ B
+ el Y50 LeUTMU | (72
ksu=—Kpy
1 1 2 As mentioned earlier, a new feature of spin-0 LQs is the
_ _ sin 8,C0SB,IM(e 2. gL* ) |~ . presence of a te_nsor te_rm in the Ck\g interaction. Com-
M2, M%b) I 2C0SB2IM(€ *2g2rYaL Gr paring Eq.(72) with the interaction(12), we have
kry=krq=0. (64) 1 o
o Ksy= kPu:2kTu:F|m(gngl§ ,
The limit from d(TI) in this case is my
[kgyt+ksd <4.5x 1078, (65) Ksg=Kpg=Krg=0. (73)

Thus we need a further limit to constrain bath, andkgy.  The limit from d(Tl), which is the most stringent, becomes
The second most stringent bound is ke <4.5% 1078, (74)

kg,—0.4ksd<3x10°8 [case(a 66
sy sd [case(a)] (66) where we used kg,—2.7X10 *ky,=kg,—2.7X10 4

|ks—0.7ksd <3.5x10°8 [caseb)], X (3ks)=kg,. In terms of the LQ coupling constants the
(67) bound(74) reads

obtained fromd(Hg) using the relations in Eq64). Equa- ) . m, 2
tion (65), combined with Eq(66) (which gives the weaker [Im(g1,917)|<8X10" (m) : (75)
bound, yields

(Ry)) .. The (R,).-exchange CPVe-q interaction is

ks <3.5x10°%, (68) given by the Hamiltoniar§12) with

|ksd <5.5x 108, (69 1
so that we obtain ksu=Kpy=~2kry=— am2 Im(hz hag). (76)
IIm(gh, g4% )| = 1.5% 10—8( 25(2" 2Ge\) 2’ (70) The most stringent limit comes again fra(Tl). We obtain
Lo ||m<h§Lh§§>|<8x1o-8(250m—§3)2. (77

[Im(e'*2g3585{ ) [<2.5x 10" (250 Ge\) sinB3,c0s, )
Inspection shows that contributions arising from LQ mix-
1 1\t ing come from theQ=1% pair S;, (S3)o, theQ=14% pairS;,
“\vz vz (7D (Sy)., and theQ=3 pair (Rp) -, (Ry) -

S, (S3)o- The CPVe-q interaction from theS;-(S3)q

However, it should be noted that the bour(66) and (67), _system _consists of the dire_ct_term frddp and a fgrthele-g
and therefore the bound§8)—(71) are unreliable, as noted Ntéraction due tc5;-(S;)o mixing. The complete interaction
earlier. We present them here only as illustrations of whafS characterized by

constraints one obtains if all inputs are taken at face value.

Bounds fromd(Xe) and »(TIF), which are weaker, suffer Ksu=kpy=2Kry

from the same problem as the ones frd(g). 1/ 1 1 o
=2 Fcoszaﬁ Fsmzoz2 Im(g} 91%
B. Spin-0 leptoquarks a a
In the absence of LQ mixing onlg; and (R,) . contrib- 1/ 1 1) . s ok
ute to CPVe-q interactions. The CP\¢-q interaction from Y TR sina;cosa;lm(e'"1gz g5
(R,) .+ has been considered in Rg®] and fromS; in Refs. a b
[9] and[12]. We include them here for completeness and to (78
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where we have defined the mixing angle and the CPV kg =kpq
phaseys, in the same way as for the spin-1 LQs:

R T
S;=85,c08a1+ Sysinay, == 2de:Z(_2 - _2> sina,cosasim(e'’2hy hyg).
Mza  Map
(S3)0=(—S,sina;+ S,cosa;)e' 1. (84)
79
79 Combining the boundkg,+ksd<4.5x10°8 from d(TI)
The bound on the LQ coupling constants fraiT1) is with the bound
1\ 1 1 1 |ksyt+1.2&sd<1.5x10"7 [cased)], (85
[ ’ % I _ + — n2
MOuGR)*| e g)( FeoSart 5 “1) lksy—3.Ked <7.5x1077 [case(b)],
(86)
X sina;cosa;lm(e'’1g} g1k from d(Hg), we find
|kg <1076 (87
<8x10°8 ! \)2 ! g
250 GeV/ | mz *°% and
. . |kgd <1078, (89
Mp
~ - 5 my 2
Si, (S3)+ . The mixing contribution, which is in this case [Im(hj hor)[<2x 10 250 GeV '’ (89
the only one, has
Ksg=Kpa=2krq lIm(e'?2hj hj%)|<2x 1078 ! i !
2LT2R 250 GeV sina,cosa,
NFY R ~
- \== sina;cosa;Im(e'1g5 g1%), 1 1\ 7!
m; mg X\ 5 —— (90)
Mza My
ksu=Kpu=k7,=0. (81)

As emphasized earlier, the bounds fratfHg), and there-
The limit on kg from d(Tl) is |keg—2.7X 10~ kg4 =|ksd fore EQs.(87)—(90), cannot be regarded as safe.
<4.5x10°8. Fromd(Hg) we find|kg{<1.5x 108, but for o _ _
spin-0 LQs one has to worry about a potential cancellation in € Other contributions of the CPV LQ-fermion couplings
d(Hg) [and ind(Xe), »(TIF)] even more than for spin-1 ~ The same couplings which induce the CR\{ interac-
LQs, because of the tensor contribution, which is related taions contribute at the one-loop level to the electron EDM
the scalar and pseudoscalar contributions. Using the limitq.) [9,11] and to the color EDM of the quarks. Both

from d(Tl), we obtain give additional contributions to atomic EDMs and to mo-
- lecular CPV observables. These contributions are, however,
|Im(e“f’1g§,_gi’,§)| much smaller than the contributions from tkeq interac-
5 1 tions. . o '
6% 10°8 ( 1 \) 1 11 Let us consider the contribution df induced by thes, to
250 GeV sina,cosa; |\ m2  m? ' d(Tl). The one-loop diagrams, involving the LQ and quark
in the loop, yield[47]
(82
~ 7 ’ 1% 4 mlzi
(Ry)_, (Ry).. The CPV e-q interaction from the de(Sy)=— 96m? mylm(91,91r)| 1+ 7Inm_§

(Ry) _-(R,) , system is a sum of the direct contribution from
(Ry) + and_ of ane-_d interaction due toR,) _-(R,) . mixing. 7 4 mﬁ
The total interaction has =————Ggmykg | 1+ s5In—

242 72 7 m?
ksu=kpu=—2kty

1( 1 1 =—(2.5x10 2 ecm)k
=~ 2| S-coday+ —sia, | Im(hy k), (83 s

1+ fIn15
7 m2/’
4\ m3 m !
2a 2b (92
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where we used Ed.73). The contribution ofd, to d(TI) is
d(Tl) g, = —585d, [7], so thatd(TI) with both thee-q andd,

contributions included ifsee Eq.(7)]
m;
— | [Ksu €cm.
m

4
d(Th=| 2.1x 10" Y- 1.4% 10—20( 1+5 In
1
(92

Thus the contribution frond, is smaller by two orders of
magnitude than the one from theeq interaction even for
m,=10" TeV.

The quark color EDMI; induced by theS; through one-
loop diagrams is given bj47]

mekSuGF

dC=—p S SUOF
u Mcdm 24\/5772

=3.5x10 %kg, cm, (93

wheren.qm IS a renormalization group factor, estimated to be

of the order of unity{48], which accounts for the QCD evo-
lution of dg from the scale~m o to ~1 GeV, andkg, is
given in Eq.(73).

PHYSICAL REVIEW D58, 116004 (2003

Inspection shows that, barring fine-tuned cancellations
amongksq, kpq, and kTq and also betweekg, and kg for

the contributions from th&/,-V, andR,-R, LQs, the domi-
nance of the contributions from tleeq interactions holds for
all LQ contributions in all the atomic EDMs we considered
and in the molecular paramete(TIF).

The CPV LQ-fermion couplings contribute also to the
EDM of the neutrongd,,. The neutron EDM was estimated in
terms of the quark color and electric dipole moments in Ref.
[54], with the result

dn=(1=0.5)[0.55(dS+0.5d%) +0.7(dg— 0.25d,,)].

(100

0, dj is given in
0 and

For the contribution of th&, one hagddg=
Eq. (93), and the quark EDMd, aredy=

1 3I mﬁ)
+—-In— |,
47 m2

meGFkSu

T 7'/edmm

wherekg, is given in Eq.(73) and 7eqn=1.53 is the renor-

(101

The quark color EDMs contribute to atomic EDMs and to malization group evolution factof55]. From Egs.(93),

v through the Schiff momentQgs of the nuclei[7]. The
contribution of Qg to d(TI) is given by[49]

Qs(T|)

d(Tl)g = —1.6X 10 ¥ ——— o

94

The Schiff moment of?°°TI was calculated in Ref[50],
obtaining

Qs(Th=(1.2795p— 1.49,,) X 10" efm3, (95

wheren,, and7,, are parameters in a geneRj|IT-violating
nucleon-nucleon interaction. The parametggs and »,,, are
dominated by contributions from pion exchang#l]. Ex-
pressing them in terms of the,T-violating pion-nucleon

coupling cons;tant_(;,)\‘N (I=isospin)[52], we obtain

d(Th) o =1.4x10"(2.69'Ry— 0.29\ R+ 5.20F e cm.
(96)

The quark color EDMs do not contribute

contribution tog'Qy and g®y
[53], obtaining

{2 . Their

9TRN=10"ko(df+dg) em ™, (97)

g =104k, (dS—d) cm L, (98)

with kg in the range 0.5)—1.5 andk; in the range 1-6.
Using these values, together witf=0 andd;, from Eq.
(93), we find

|d(T1)q=1.4X1073|(2.6r0—0.2¢1)dy|
=3x%10 %kg, eCm, (99

which is negligible even relative td(TI) dy:

has been estimated in Ref.

(100, amd(101) we find

2
My
2 5| ecm.

3
d,=0.51+0.55 X 1024k5u( 1+ —In
m;

(102

The experimental limifd,|<6.3x10"2®ecm (90% C.L)

[56] implies, form;<10* TeV, |ks /=102, which is five
orders of magnitude weaker than the lif¥d) from the CPV
e-N interaction. The limits frond, for the other LQ contri-
butions are similarly weak.

Fermion mixing creates from first-family LQ couplings
also flavor-changing neutral-current interactions. In particu-
lar, for couplings involvingd, anddg there can be contribu-
tions to the CPV parameteesand e’/ e in K| — 27 decays
[57]. Inspections shows that, based on the calculations in
Ref.[57], the limits onkg, andksy from these are not better
than 10°° [(V{%8) 4a/ (V{°R) ¢/, wherek=2 and 1 fore and
€'l e, respectively. These limits are in general complemen-
tary to the limits from the CP\é-q interactions because of
the new mixing matrix elements involved, which can even
bring in differentCP-violating phases.

Quark mixing gives rise also te-s (ande-c, etc) inter-
actions. The strength of these relative to the strength of the
e-d interactions involves the factdi(V{})gs/(V{?R) ad?,
which is expected to be small.

IV. CONCLUSIONS

The purpose of this investigation was to deduce the infor-
mation on theCP-violating couplings of spin-1 and spin-0
leptoquarks to the first fermion family from experimental
bounds on theCP-violating electron-nucleon interactions.
We considered both contributions from single leptoquarks,
assumed to be in mass eigenstates, and contributions arising
as a result of mixing of leptoquarks of given standard model
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guantum numbers. Since the pseudoscalar @od spin-0

PHYSICAL REVIEW D68, 116004 (2003

moments and from the nuclear spin-flip parameter of the TIF

leptoquarks tensor electron-quark coupling constants are reimolecule. _ _ _ . .
lated to the scalar ones, all contributions depend only on two The leptogquark-fermion couplings which give rise to the

independent coupling constants—for examlg, andkgq.

CP-violating e-u ande-d interactions give contributions also

When only one of these is present, which is the situation irfo the electron electric dipole moment, quark color EDMs,

most cases, the best upper limit on tBe-violating products

and the electric dipole moment of the neutron. Barring some

of the effective leptoquark-fermion coupling constants comedine-tuned cancellatior)s, the best limits on tb@-violating
from the experimental bound on the electric dipole momenproducts of the effective leptoquark-fermion coupling con-

of the 2%5T| atom. These limits are in the range1l0 ' to
~10"8 for m_o=250 GeV and maximalLQ mixing [see
Egs. (55), (57), (61), (63), (75), (77), (80), and (82)]. The

V,-V, andR,-R, systems contribute to bott, andksg. To

limit both, a second constraint is needed. The most stringerjiP

for this is the experimental bound on tH&Hg electric di-
pole moment(Hg). However, the implied limits okg, and
ksq[EQs.(68), (69), (87), (88), and thereforé70), (71), (89),

stants come from the experimental limits on the electron-
nucleon interactions.

We note yet that limits from atomic electric dipole mo-
ments and moleculaCP-violating observables are expected
improve in the future considerabf$%8].
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