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We analyze the implications of CP-violating scalar leptoquark (LQ) interactions for experimental probes 
of parity- and time-reversal violating properties of polar molecules. These systems are predominantly 
sensitive to the electric dipole moment (EDM) of the electron and nuclear-spin-independent (NSID) 
electron–nucleon interaction. The LQ model can generate both a tree-level NSID interaction as well as 
the electron EDM at one-loop order. Including both interactions, we find that the NSID interaction can 
dominate the molecular response. For moderate values of couplings, the current experimental results give 
roughly two orders of magnitude stronger limits on the electron EDM than one would otherwise infer 
from a sole-source analysis.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Explaining the origin of the cosmic matter–antimatter asymme-
try requires violation of CP-invariance beyond that contained in the 
Standard Model (SM) of particle physics. Experimentally, among 
the most powerful probes of possible new CP-violating (CPV) in-
teractions are searches for the permanent electric dipole moments 
(EDMs) of elementary particles and composite systems (for recent 
reviews, see Refs. [1–4]). The interaction of an electric field with 
the EDM of a quantum system violates both parity (P) and time-
reversal (T) invariance, and, assuming CPT invariance, implies the 
presence of CPV. Thus far, EDM searches have resulted in null re-
sults, yielding stringent upper bounds on the EDMs of the electron 
[5–7], neutron [8] and mercury atom [9]. The most recent electron 
EDM bounds have been obtained from experiments using polar 
molecules: |de| < 9.4 × 10−29 e cm (90% C.L.) [5,6] (232Th16O) and 
|de| < 1.3 × 10−28 e cm (90% C.L.) [7] (180Hf19F+).

Since electron EDM searches have yet to be performed using 
unbound electrons, experiments have thus far relied on paramag-
netic systems. Polar molecules are particularly advantageous, as 
the unpaired electron experiences a significantly larger internal 
molecular electric field as compared to the applied external field. 
On the other hand, the signal associated with a non-vanishing de
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can also be induced by a CPV interaction between the unpaired 
electron and the quarks in the nucleus, resulting in a nuclear-spin-
independent (NSID) electron–nucleon interaction. The aforemen-
tioned de bounds assume this NSID contribution vanishes. From 
a theoretical perspective, however, this “sole source” assumption 
is not in general justified. The four-fermion CPV semileptonic in-
teractions inducing the NSID interaction arise in well-motivated 
scenarios for physics beyond the Standard Model (BSM) [10–12]. 
Moreover, as pointed out in Ref. [13], for a given level of experi-
mental sensitivity, the resulting constraints on the BSM mass scale 
� associated with the NSID contribution may be up to three or-
ders of magnitude higher than those associated with the electron 
EDM. This difference results from three features:

• The CPV SU(2)L ×U(1)Y -invariant electron–quark (eq) operator 
can be generated without any Yukawa interaction, whereas the 
electron EDM, being a dipole operator, often requires a Yukawa 
insertion to ensure gauge-invariance, typically leading to a fac-
tor of 10−6 suppression.1

• The CPV eq operator can arise from the tree-level exchange of 
a BSM meditator, whereas the EDM first appears at one-loop 
order.

1 Exceptions may occur in some models, wherein in the Higgs coupling to parti-
cles in the loop does not a priori carry a Yukawa coupling. One must then analyze 
other considerations, such as the avoidance of sizeable flavor changing neutral cur-
rents or charge-breaking vacua.
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• The NSID interaction samples the coherent sum of contribu-
tions from all nucleons, leading to an additional enhancement 
by a factor of the nuclear mass number.

These relatively model-independent considerations imply that the 
present polar molecule EDM bounds probe � of order 1000 TeV 
(1 TeV) associated with the NSID (de) contributions. Thus, one ex-
pects the NSID effect will dominate the constraints on any CPV 
BSM scenario that generates both the eq interaction and de .

In what follows, we consider a concrete realization of this 
expectation in the context of leptoquark (LQ) scenarios [14–17]. 
Leptoquarks have long been studied in particle physics and have 
recently received additional attention as possible explanations of 
B-physics anomalies [18–28]. The LQ-quark–lepton coupling can be 
large and complex. The corresponding implications for CP-violating 
processes involved in K -meson decays are discussed in [29]. LQ 
models that allow couplings to both left- and right-handed quarks 
can accommodate the chiral flip needed to generate dipole opera-
tors (in the presence of the associated Yukawa interaction), a fea-
ture that has been analyzed for de in Ref. [30]. Depending on the 
flavor structure of the LQ model, the CPV eq interactions may also 
be induced at tree level [10–12]. In this case, the NSID interaction 
becomes a dominant source of the P- and T-odd effect in para-
magnetic systems. We illustrate these possibilities by considering 
two cases: (a) a flavor diagonal LQ model, wherein both de and the 
tree-level CPV electron-up quark interaction arise; (b) a flavor non-
diagonal scenario involving first and third generation fermions.

The paper is organized as follows. First, we briefly review the 
polar molecule system sensitivity to low-energy CP-violating in-
teractions in Sec. 2. In Sec 3, the LQ-induced de and the CPV eq
interactions are derived. We analyze the corresponding implica-
tions for the interpretation of EDM experiments in Sec. 4. Here, 
we also comment on the sensitivities of the neutron and proton 
EDMs to the LQ-induced quark EDM and chromo-EDM operators. 
We conclude in Section 5.

2. CP violation in polar molecule system

The response of paramagnetic polar molecules to an applied 
external electric field is dominated by the electron EDM and the 
NSID electron–nucleon interactions. The electron EDM interaction 
is given by

LEDM = − i

2
deēσμνγ5eFμν, (1)

where Fμν is the electromagnetic field strength. The NSID electron–
nucleon interaction is described by

LNSID
eN = − G F√

2
ēiγ5e ψ̄N

(
C (0)

S + C (1)
S τ 3

)
ψN , (2)

with the Fermi constant G F , a nucleon spinor ψN , and the Pauli 
matrix τ 3. Defining the following combination

C S ≡ C (0)
S + Z − N

Z + N
C (1)

S (3)

with the proton Z and neutron N numbers, the frequency associ-
ated with the polar molecule response is [6]

ω = −Eeffde + W S C S . (4)

Note that C S is dominated by C (0)
S since Z ∼ N ∼ O (100) for the 

systems of experimental interest. The field Eeff is called an effec-
tive electric field, and W S is a quantity that characterizes strength 
of the NSID electron–nucleon interactions in the molecules. These 
two quantities cannot be measured, and are instead obtained from 
sophisticated molecular structure calculations in Refs. [31–37] for 
ThO and [38–41] for HfF+ . The current values of the frequency are 
reported in [6,7]:

ωThO = 2.6 ± 4.8stat ± 3.2syst mrad/s, (5)

ωHfF = 0.6 ± 5.4stat ± 1.2sys mrad/s. (6)

The electron EDM and the NSID interactions arise from new 
physics beyond the Standard Model (BSM).2 The NSID electron–
nucleon interaction itself arises from semileptonic four-fermion in-
teractions. Those most relevant to the paramagnetic systems are 
given by [2]

L4F = 1

�2

[
Cledq O ledq + C (1)

lequ O (1)

lequ + h.c.
]
, (7)

where

O ledq = L̄ jeRd̄R Q j, (8)

O (1)

lequ = L̄ jeRε jk Q̄ kuR , (9)

with the SU (2) indices i, j and k, and

L =
(

νL

eL

)
, Q =

(
uL

dL

)
. (10)

The coefficients in Eq. (2) are expressed in terms of the Wilson 
coefficients appearing in Eq. (7) as

C (0)
S = −g(0)

S

( v

�

)2
Im

(
C−

eq

)
, (11)

C (1)
S = g(1)

S

( v

�

)2
Im

(
C+

eq

)
, (12)

with C±
eq ≡ Cledq ± C (1)

lequ . The quantities g(0)
S and g(1)

S represent 
isoscalar and isovector form factors, which are defined by

1

2

〈
N|ūu + d̄d|N

〉
= g(0)

S ψ̄NψN , (13)

1

2

〈
N|ūu − d̄d|N

〉
= g(1)

S ψ̄Nτ 3ψN . (14)

The values of these form factors are obtained in [2]:

g(0)
S = 6.3 ± 0.8, g(1)

S = 0.45 ± 0.15. (15)

Following Refs. [4,13], we define an effective EDM d j for a given 
paramagnetic system as

d j ≡ de + α jC S , (16)

where j is either ThO or HfF+ . The quantity α j is proportional to 
a ratio of W S/Eeff,3 and the values of Eeff, W S and α j are listed 
in Table 1. The experimental results can be translated into the d j

as

dThO = (−2.2 ± 4.8) × 10−29 e cm, (17)

dHfF+ = (0.9 ± 7.9) × 10−29 e cm. (18)

In Fig. 1, we recast a global analysis presented in Ref. [4]. For an 
analysis combining atomic EDMs, including the diamagnetic 199Hg 

2 These two interactions are also generated by SM CPV interactions, but the cor-
responding magnitudes are much smaller than the experimentally accessible value 
[42–44,47].

3 α j corresponds to αC S /αde in Refs. [4,13].
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Table 1
The values of Eeff , W S and α j .

System Eeff [GV cm−1] W S [kHz] α j [e cm]
232Th16O (Z = 90) 78 [6] −282 [6] 1.5 × 10−20

180Hf19F+ (Z = 72) −23 [7] 50.3 [40] 9.0 × 10−21

Fig. 1. The allowed regions in de and C S plane by the experimental results in ThO 
and HfF+ . The green and pink bands correspond to dThO and dHfF+ , respectively. The 
blue line is the contour with 90% C.L.

Fig. 2. 1-loop diagram of the electron EDM and the 4-fermi semileptonic operator.

system, see [45]. The green band represents dThO with 1σ error, 
while the pink band is dHfF+ . The value of W S for HfF+ is 2π times 
smaller than that in [4],4 yielding the more tilted pink band. The 
blue line corresponds to 90% confidence-level contour, where we 
assume that theoretical uncertainties originating from α j amount 
to 10% as in [4]. The fit implies that

−5 × 10−8 � C S � 3.5 × 10−8, (19)

−4.5 × 10−28 e cm � de � 6.5 × 10−28 e cm. (20)

Inclusion of the 199Hg results provides orthogonal constraints on 
de and C S , leading to somewhat tighter bounds [45]. Given the 
anticipated future improvements in the sensitivities of the polar 
molecule experiments and their relatively simple interpretation, 
we concentrate here on ThO and HfF+ .

3. Leptoquark model

A LQ is a field that can simultaneously couple to a quark and 
lepton at tree level, and possible SM gauge-invariant models are 
discussed in [14,15,17]. Here, we focus on scalar LQ’s that have 
both left- and right-handed chiral couplings as needed to generate 
both the EDM and eq operators. The only scalar LQ satisfying this 
requirement is the X = (3, 2, 7/6), where the numbers represent 
the SU(3)C ×SU(2)L×U(1)Y representations. The couplings to the 
SM fermions are given by [30]

4 We thank Timothy Chupp for useful discussions on this point.
L � −λab
u ūa

R X T εLb − λab
e ēa

R X† Q b + h.c., (21)

with

X =
(

V
Y

)
, (22)

where a and b are flavor indices and ε is the antisymmetric tensor 
with ε12 = 1. Note that the presence of two distinct interactions in 
Eq. (21) also allows for the presence of a relative phase between 
the two terms, an additional requirement for generation of the CPV 
operators of interest here.

It should be noted that, if the LQ has a nonzero fermion num-
ber defined by F = 3B + L [17], it can possess diquark couplings 
which results in proton decay at tree level. As discussed in [30,46], 
however, the scalar LQ X does not induce this decay at tree level 
since F = 0. In terms of the proton decay, another scalar LQ with 
quantum numbers of (3, 2, 1/6) does not have the diquark cou-
plings, either. However, this LQ couples only to the lepton doublet 
and right-handed down-type quarks. Therefore, it cannot induce 
the chirality-flip required for the EDM and CPV eq interactions.

The left- and right-handed leptons in Eq. (21) couple to the 
right- and left-handed up-type quarks, respectively. The interac-
tions can induce the electron EDM at 1-loop order through the 
chirality flip of the up-type quarks as seen in left diagram of Fig. 2. 
The 1-loop diagram yields

de = − emua NC

32π2m2
V

Im
(
λa1

u λ1a
e

) [
Q u I2(Xa) + Q L Q J2(Xa)

]
(23)

where the LQ mass mV , NC = 3, Q u = 2/3, Q LQ = 5/3, Xa =
m2

ua
/m2

V . The loop functions I2(Xa) and J2(Xa) are given by

I2(Xa) = 1

(1 − Xa)3

(
−3 + 4Xa − X2

a − 2 log Xa

)
, (24)

J2(Xa) = 1

(1 − Xa)3

(
1 − X2

a + 2Xa log Xa

)
. (25)

These results are in agreement with those in [47,48].5 As seen 
in Eq. (23), the scale of de is governed by the mass (or Yukawa 
coupling) of the intermediate quark. In principle, allowing a fla-
vor non-diagonal coupling of the LQ to the electron and top quark 
would yield a contribution to de nearly 105 larger than obtained 
using the flavor diagonal coupling. However, as discussed below 
and in Ref. [46], this possibility is severely constrained by the cor-
responding CP-conserving contribution to the electron mass and 
naturalness considerations.

Similarly, the interactions in Eq. (21) lead to a non-vanishing 
up-quark EDM and chromo EDM that, in turn, contribute to neu-
tron and proton EDMs. The up-quark EDM is obtained by just 
replacing the up-quark parts in Eq. (23) with those of the elec-
tron and removing NC :

du = − eme

32π2m2
V

Im
(
λ11

u λ11
e

) [
Q e I2(Xe) + Q L Q J2(Xe)

]
, (26)

where Xe = m2
e /m2

V . In addition, the chromo EDM contains only 
the J2 loop function. The logarithmic part in the I2 function gov-
erns the magnitude of the up-quark EDM in the neutron and pro-
ton EDMs. However, their sizes are roughly an order of magnitude 
smaller than de as one would expect from the scaling with NC and 
virtual fermion Yukawa couplings: de/du ∼ mu NC /me ∼ 10.

The LQ interactions also produce the 4-fermion semileptonic 
operators in Eq. (9) at tree level, as shown in the right panel of 
Fig. 2. After a Fierz transformation, this amplitude yields

5 The I2(Xa) function differs from that in [46].
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1

�2
Im

[
C (1)

lequ

]
= 1

2m2
V

Im
(
λ11

u λ11
e

)
. (27)

Note that the operator in Eq. (8) is not present since the LQ 
does not couple to the down-type quarks. And, it follows that 
C±

eq = ±C (1)

lequ . In what follows, we parameterize Im
(
λa1

u λ1a
e

)
as ∣∣λa1

u λ1a
e

∣∣ sin θue .
In principle, vector LQ interactions can also generate the elec-

tron EDM and the semileptonic four-fermion interactions. However, 
the vector LQ model requires an adequate UV completion to ac-
count for the origin of the vector LQ mass and to ensure renor-
malizability. Therefore, we focus exclusively on the scalar LQ case.

4. Results

We first focus on a situation where the LQ only interacts 
with the first generation leptons and quarks. In this case, the 
up quark runs in the loop in Fig. 2, and both the electron EDM 
and the semileptonic four-fermion operators are proportional to 
Im

(
λ11

u λ11
e

)
. In order to assess dependences on the CP phase θue

and the LQ mass mV , we take 
∣∣λ11

u λ11
e

∣∣ = 0.1 as a representa-
tive value. Fig. 3 presents the allowed region at 90% C.L. as im-
plied by the ThO and HfF+ results (the blue region). We also 
show contours of constant de (black lines) as a function of mV

and θue . From left to right these contours represent |de | = 1.0 ×
10−29, 10−30, 10−31 e cm. The boundary of the blue region in 
the negative θue region corresponds to |de| � 1.0 × 10−30 e cm. 
In short, the constraints on mV and Im

(
λ11

u λ11
e

)
are dominated by 

those on the NSID interaction, and imply an upper bound on de

that is two orders of magnitude smaller than the limit obtained 
with the sole-source assumption. As a corollary for the LQ scenario 
therefore d j can be described by

d j ∼ α jC S

∼ O (1) ×
(∣∣λ11

u λ11
e

∣∣ sin θue

0.1

)(
1000 TeV

mV

)2

× 10−28.

It is clear from this expression that the magnitude of d j varies 
depending on the value |λ11

u λ11
e |. However, apart from special ex-

ceptions discussed below, the response of the paramagnetic system 
will be dominated by the NSID interaction.

The lower plot in Fig. 3 reflects the proton and neutron EDMs 
with orange and green dashed lines. Here, we employ formulae for 
them in [49]. Their magnitudes are |dp,n| = 1.0 ×10−30, 10−31 and 
10−32 e cm from left to right. As discussed in the previous sec-
tion, they become an order of magnitude smaller than the electron 
EDM. In addition, since dp/dn ∼ 0.8du/0.2du ∼ 4, dn is somewhat 
smaller than dp .

Next, we introduce the LQ interaction to the top quark. In this 
case, the top quark can also contribute to the 1-loop EDM via the 
left panel in Fig. 2. This contribution is proportional to 

∣∣λ31
u λ13

e

∣∣. 
There is no corresponding tree-level contribution to the NSID inter-
action, which involves only electrons and first generation quarks. 
As discussed in [30], the flavor non-diagonal interaction can also 
generate a contribution to the electron mass that is enhanced by a 
factor of mt :

�me �
∣∣∣λ31

u λ13
e

∣∣∣ 3mt

16π2
log

(
�2

m2
V

)
, (28)

where � is a cutoff scale and where we use the leading log ap-
proximation. The �-independence of me requires the presence of 
a corresponding counter term.
Fig. 3. (Upper) The allowed region with 90% C.L. in (mV , θue) plane with the 
fixed value of 

∣∣λ11
u λ11

e

∣∣ = 0.1. The black lines are |de | = 1.0 × 10−29, 10−30 and 
10−31 e cm from left to right. (Lower) The proton (orange dashed line) and neutron 
(green dashed line) EDMs with |dp,n| = 1.0 × 10−30, 10−31 and 10−32 e cm from 
left to right.

The presence of the mt -enhancement in Eq. (28) requires a 
fine-tuned cancellation between the finite parts of the one-loop 
and counter term contributions, unless 

∣∣λ31
u λ13

e

∣∣ is sufficiently 
small. To illustrate, we take the GUT scale as the cutoff scale, 
� = 1.0 × 1016 GeV, and mV = 103 TeV which yields �me �∣∣λ31

u λ13
e

∣∣ × 151 GeV.6 In order to avoid this large contribution, we 
require that the contribution is the same order of magnitude as the 
electron mass at most. This “naturalness” condition [50–52] im-
plies that 

∣∣λ31
u λ13

e

∣∣ = me/ 
[
3mt/16π2 log

(
�2/m2

V

)]
, which leads to ∣∣λ31

u λ13
e

∣∣ ∼ O (10−6) for the range of mV considered here. In what 
follows, we employ this condition to determine the magnitude of 
λ31

u λ13
e .7

Fig. 4 shows the allowed region and the size of the elec-
tron EDM as in Fig. 3 including both the top-quark and up-quark 
contributions. Here, we take that 

∣∣λ11
u λ11

e

∣∣ = 0.1 and θue = θte . 
Although the top-quark mass is expected to enhance the elec-

6 In the case of the up quark, its contribution to �me is roughly O (10−4) GeV 
with 

∣∣λ11
u λ11

e

∣∣ = 0.1.
7 Similarly, allowing a LQ coupling to the 2nd generation quark, the naturalness 

condition implies 
∣∣λ21

u λ12
e

∣∣ ∼ O (10−4).



56 K. Fuyuto et al. / Physics Letters B 788 (2019) 52–57
Fig. 4. The allowed region in (mV , θue) plane including the top-quark contribution 
with nonzero λ31

u λ13
e . It is taken that 

∣∣λ11
u λ11

e

∣∣ = 0.1 and θue = θte . The black con-
tours represent the electron EDM.

tron EDM, the naturalness requirement on the coupling compen-
sates for the enhancement. In the current setup, it turns out that 
mu

∣∣λ11
u λ11

e

∣∣/mt
∣∣λ31

u λ13
e

∣∣ ∼ 1, and the electron EDM roughly be-
comes just two times larger than the size in the previous case. 
Therefore, the dominant contribution to the polar molecule sys-
tems remains the NSID interaction. The additional contribution 
to de somewhat shifts the black contours to right, which results 
in |de| � 2.0 × 10−30 e cm. It is, of course, possible that the afore-
mentioned naturalness considerations are not realized, in which 
case the flavor non-diagonal contribution to de could be consider-
ably larger. Moreover, if only the flavor non-diagonal interactions 
are allowed, the NSID interaction is not present. Finally, we note 
that for 

∣∣λ11
u λ11

e

∣∣ � 1, the contribution to d j from de generated by 
top-quark loops can be larger than the effect of the NSID interac-
tion, even when one applies the naturalness requirements on the 
third generation couplings.8 Therefore, the well-known sole-source 
limit applies to this situation.

5. Conclusion

In recent years, bounds of the electron EDM have been ex-
traordinarily improved by utilizing polar molecules ThO and HfF+ . 
These molecular systems admit significantly larger internal elec-
tric fields than one can produce in the laboratory, a feature that 
significantly enhances the sensitivity to the electron EDM. The cor-
responding de limits typically assume that only the electron EDM 
contributes to the P- and T-violating effect – an assumption that 
is valid as long as the NSID electron–nucleon interaction is sup-
pressed.

Leptoquark models provide one exception to this scenario, as LQ 
interactions may simultaneously induce both the EDM and NSID 
interactions. Moreover, the latter arises at tree-level without a 
Yukawa insertion, whereas the EDM first appears at one-loop order 
and requires a Yukawa coupling as implied by gauge invariance. 
From the general considerations outlined in Ref. [13], we expect 
the LQ NSID contribution to dominate the ThO and HfF+ responses. 
From our explicit study, we find that for fixed values of the LQ cou-
plings, the corresponding lower bounds on the LQ mass implied by 
the NSID interaction are at least an order of magnitude stronger 

8 The electron EDM contribution can be comparable with the NSID interaction 
when 

∣∣λ11
u λ11

e

∣∣ ∼ O (10−3).
than those associated with the electron EDM. Consequently, the 
magnitude of de must be nearly two orders of magnitude smaller 
than implied by a sole-source analysis of the experimental results.

It is instructive to translate these conclusions into expectations 
for the neutron and proton EDMs. In the LQ scenario, the nucleon 
EDMs are suppressed relative to de by the ratio of the electron 
and light-quark masses as well as by 1/NC . From a numerical 
study, we find that the present paramagnetic molecular results im-
ply magnitudes for dn and dp roughly comparable to the expected 
Standard Model, CKM contributions [53–57]. Thus, the observation 
of a non-vanishing neutron or proton EDM in future experiments 
would point to a different source of CPV than associated with LQ 
interactions. Conversely, a non-vanishing signal in the next gen-
eration paramagnetic EDM searches would be consistent with a 
LQ-induced NSID interaction.

Acknowledgements

We are grateful to Timothy Chupp for useful discussions and 
Vincenzo Cirigliano for detailed analytic results on the leptoquark 
interactions. KF thanks Hao-Lin Li, Hiren Patel and Jiang-Hao Yu 
for several helpful conversations. This work was supported in part 
under U.S. Department of Energy contract DE-SC0011095.

References

[1] M. Pospelov, A. Ritz, Ann. Phys. 318 (2005) 119.
[2] J. Engel, M.J. Ramsey-Musolf, U. van Kolck, Prog. Part. Nucl. Phys. 71 (2013) 21.
[3] N. Yamanaka, B.K. Sahoo, N. Yoshinaga, T. Sato, K. Asahi, B.P. Das, Eur. Phys. J. 

A 53 (2017) 54.
[4] T. Chupp, P. Fierlinger, M. Ramsey-Musolf, J. Singh, arXiv:1710 .02504 [physics .

atom -ph].
[5] J. Baron, et al., ACME Collaboration, Science 343 (2014) 269.
[6] J. Baron, et al., ACME Collaboration, New J. Phys. 19 (2017) 073029.
[7] W.B. Cairncross, et al., Phys. Rev. Lett. 119 (15) (2017) 153001.
[8] J.M. Pendlebury, et al., Phys. Rev. D 92 (9) (2015) 092003.
[9] B. Graner, Y. Chen, E.G. Lindahl, B.R. Heckel, Phys. Rev. Lett. 116 (16) (2016) 

161601;
B. Graner, Y. Chen, E.G. Lindahl, B.R. Heckel, Phys. Rev. Lett. 119 (11) (2017) 
119901 (Erratum).

[10] S.M. Barr, Phys. Rev. D 45 (1992) 4148.
[11] X.G. He, B.H.J. McKellar, S. Pakvasa, Phys. Lett. B 283 (1992) 348.
[12] P. Herczeg, Phys. Rev. D 68 (2003) 116004;

P. Herczeg, Phys. Rev. D 69 (2004) 039901 (Erratum).
[13] T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 91 (3) (2015) 035502.
[14] W. Buchmuller, R. Ruckl, D. Wyler, Phys. Lett. B 191 (1987) 442;

W. Buchmuller, R. Ruckl, D. Wyler, Phys. Lett. B 448 (1999) 320 (Erratum).
[15] A.J. Davies, X.G. He, Phys. Rev. D 43 (1991) 225.
[16] S. Davidson, D.C. Bailey, B.A. Campbell, Z. Phys. C 61 (1994) 613.
[17] I. Dorsner, S. Fajfer, A. Greljo, J.F. Kamenik, N. Kosnik, Phys. Rep. 641 (2016) 1.
[18] S. Fajfer, J.F. Kamenik, I. Nisandzic, J. Zupan, Phys. Rev. Lett. 109 (2012) 161801.
[19] I. Dorsner, S. Fajfer, N. Kosnik, I. Nisandzic, J. High Energy Phys. 1311 (2013) 

084.
[20] Y. Sakaki, M. Tanaka, A. Tayduganov, R. Watanabe, Phys. Rev. D 88 (9) (2013) 

094012.
[21] G. Hiller, M. Schmaltz, Phys. Rev. D 90 (2014) 054014.
[22] G. Hiller, M. Schmaltz, J. High Energy Phys. 1502 (2015) 055.
[23] D. Becirevic, N. Kosnik, O. Sumensari, R. Zukanovich Funchal, J. High Energy 

Phys. 1611 (2016) 035.
[24] D. Becirevic, S. Fajfer, N. Kosnik, O. Sumensari, Phys. Rev. D 94 (11) (2016) 

115021.
[25] G. Hiller, D. Loose, K. Schonwald, J. High Energy Phys. 1612 (2016) 027.
[26] B. Bhattacharya, A. Datta, J.P. Guevin, D. London, R. Watanabe, J. High Energy 

Phys. 1701 (2017) 015.
[27] D. Becirevic, O. Sumensari, J. High Energy Phys. 1708 (2017) 104.
[28] A. Crivellin, D. Muller, T. Ota, J. High Energy Phys. 1709 (2017) 040.
[29] C. Bobeth, A.J. Buras, arXiv:1712 .01295 [hep -ph].
[30] J.M. Arnold, B. Fornal, M.B. Wise, Phys. Rev. D 88 (2013) 035009.
[31] E.R. Meyer, J.L. Bohn, Phys. Rev. A 78 (2008) 010502.
[32] V.A. Dzuba, V.V. Flambaum, C. Harabati, Phys. Rev. A 84 (2011) 052108.
[33] L.V. Skripnikov, A.N. Petrov, A.V. Titov, J. Chem. Phys. 139 (2013) 221103.
[34] T. Fleig, M.K. Nayak, J. Mol. Spectrosc. 300 (2014) 16.
[35] L.V. Skripnikov, A.V. Titov, J. Chem. Phys. 142 (2015) 024301.
[36] L.V. Skripnikov, J. Chem. Phys. 145 (2016) 214301.

http://refhub.elsevier.com/S0370-2693(18)30856-6/bib506F7370656C6F763A323030357072s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib456E67656C3A323031336C7361s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib59616D616E616B613A323031376D6566s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib59616D616E616B613A323031376D6566s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib43687570703A32303137726B70s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib43687570703A32303137726B70s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4261726F6E3A32303133656A61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4261726F6E3A32303137s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib436169726E63726F73733A32303137666970s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib41666163683A32303135736A61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4772616E65723A32303136736573s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4772616E65723A32303136736573s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4772616E65723A32303136736573s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4772616E65723A32303136736573s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib426172723A31393932636Ds1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib48653A313939326463s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib486572637A65673A323030336167s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib486572637A65673A323030336167s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib43687570703A32303134676B61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib427563686D756C6C65723A313938367A73s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib427563686D756C6C65723A313938367A73s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4461766965733A313939307363s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4461766964736F6E3A31393933716Bs1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib446F72736E65723A3230313677706Ds1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib46616A6665723A323031326A74s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib446F72736E65723A32303133746C61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib446F72736E65723A32303133746C61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib53616B616B693A32303133626661s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib53616B616B693A32303133626661s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib48696C6C65723A32303134796161s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib48696C6C65723A32303134756C61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265636972657669633A323031366F686Fs1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265636972657669633A323031366F686Fs1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265636972657669633A32303136797169s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265636972657669633A32303136797169s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib48696C6C65723A323031366B7279s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4268617474616368617279613A323031366D6363s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4268617474616368617279613A323031366D6363s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265636972657669633A323031376A7477s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib43726976656C6C696E3A323031377A6C62s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib426F626574683A32303137656378s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib41726E6F6C643A32303133637661s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4D657965723A323030386763s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib447A7562613A32303131s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib536B7269706E696B6F763A32303133s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib466C6569673A32303134756161s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib536B7269706E696B6F763A32303135s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib536B7269706E696B6F763A32303136s1


K. Fuyuto et al. / Physics Letters B 788 (2019) 52–57 57
[37] M. Denis, T. Fleig, J. Chem. Phys. 145 (2016) 214307.
[38] A.N. Petrov, N.S. Mosyagin, T.A. Isaev, A.V. Titov, Phys. Rev. A 76 (2007) 030501.
[39] T. Fleig, M.K. Nayak, Phys. Rev. A 88 (2013) 032514.
[40] L.V. Skripnikov, J. Chem. Phys. 147 (2017) 021101.
[41] T. Fleig, arXiv:1706 .02893 [atom -ph].
[42] M.E. Pospelov, I.B. Khriplovich, Sov. J. Nucl. Phys. 53 (1991) 638;

M.E. Pospelov, I.B. Khriplovich, Yad. Fiz. 53 (1991) 1030.
[43] D. Ng, J.N. Ng, Mod. Phys. Lett. A 11 (1996) 211.
[44] M. Pospelov, A. Ritz, Phys. Rev. D 89 (5) (2014) 056006, https://doi .org /10 .1103 /

PhysRevD .89 .056006.
[45] T. Fleig, M. Jung, arXiv:1802 .02171 [hep -ph].
[46] J.M. Arnold, B. Fornal, M.B. Wise, Phys. Rev. D 87 (2013) 075004.
[47] W. Bernreuther, M. Suzuki, Rev. Mod. Phys. 63 (1991) 313;

W. Bernreuther, M. Suzuki, Rev. Mod. Phys. 64 (1992) 633 (Erratum).
[48] S. Baek, K. Nishiwaki, Phys. Rev. D 93 (1) (2016) 015002.
[49] J. Hisano, D. Kobayashi, W. Kuramoto, T. Kuwahara, J. High Energy Phys. 1511 
(2015) 085.

[50] N.F. Bell, V. Cirigliano, M.J. Ramsey-Musolf, P. Vogel, M.B. Wise, Phys. Rev. Lett. 
95 (2005) 151802.

[51] R.J. Erwin, J. Kile, M.J. Ramsey-Musolf, P. Wang, Phys. Rev. D 75 (2007) 033005.
[52] S. Mantry, M.J. Ramsey-Musolf, M. Trott, Phys. Lett. B 660 (2008) 54.
[53] M.B. Gavela, A. Le Yaouanc, L. Oliver, O. Pene, J.C. Raynal, T.N. Pham, Phys. Lett. 

B 109 (1982) 215.
[54] I.B. Khriplovich, A.R. Zhitnitsky, Phys. Lett. B 109 (1982) 490.
[55] J.O. Eeg, I. Picek, Nucl. Phys. B 244 (1984) 77.
[56] B.H.J. McKellar, S.R. Choudhury, X.G. He, S. Pakvasa, Phys. Lett. B 197 (1987) 

556.
[57] C.Y. Seng, Phys. Rev. C 91 (2) (2015) 025502.

http://refhub.elsevier.com/S0370-2693(18)30856-6/bib44656E697332303136s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib506574726F763A32303037s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib466C6569673A32303133s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib536B7269706E696B6F763A32303137s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib466C6569673A32303137s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib506F7370656C6F763A313939317A74s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib506F7370656C6F763A313939317A74s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4E673A313939356373s1
https://doi.org/10.1103/PhysRevD.89.056006
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib466C6569673A32303138627366s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib41726E6F6C643A323031327364s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265726E726575746865723A313939306A78s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4265726E726575746865723A313939306A78s2
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4261656B3A323031356D6561s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib486973616E6F3A32303135726E61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib486973616E6F3A32303135726E61s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib42656C6C3A323030356B7As1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib42656C6C3A323030356B7As1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib457277696E3A323030367563s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4D616E7472793A32303037736As1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib476176656C613A31393831736Bs1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib476176656C613A31393831736Bs1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4B687269706C6F766963683A313938316361s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4565673A313938336D74s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4D634B656C6C61723A313938377466s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib4D634B656C6C61723A313938377466s1
http://refhub.elsevier.com/S0370-2693(18)30856-6/bib53656E673A323031346C6561s1
https://doi.org/10.1103/PhysRevD.89.056006

	Electric dipole moments from CP-violating scalar leptoquark interactions
	1 Introduction
	2 CP violation in polar molecule system
	3 Leptoquark model
	4 Results
	5 Conclusion
	Acknowledgements
	References


