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We analyze contributions to the electric dipole moment (EDM) and Schiff moment of deuteron induced
by the CP-violating three-pseudoscalar meson couplings using phenomenological Lagrangian approach
involving nucleons and pseudoscalar mesons P ¼ π; K; η; η0. Deuteron is considered as a proton-neutron
bound state and its properties are defined by one- and two-body forces. One-body forces correspond to a
picture there; proton and neutron are quasifree constituents of deuteron and their contribution to the
deuteron EDM (dEDM) is simply the sum of proton and neutron EDMs. Two-body forces in deuteron are
induced by one-meson exchange between nucleons. They produce a contribution to the dEDM, which is
estimated using corresponding potential approach. From numerical analysis of nucleon and deuteron
EDMs, we derive stringent limits on CP-violating hadronic couplings and θ̄ parameter. We showed that
proposed measurements of proton and deuteron EDMs at level of ∼10−29 by the Store Ring EDM and JEDI
Collaborations will provide more stringent upper limits on the CP-violating parameters.
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I. INTRODUCTION

Study of nature of CP violation is one of the most
important tasks in particle physics. Here the main puzzle
consists in disagreement of predictions of Standard Model
(SM) and existing data on CP-violating effects like, e.g.,
electric dipole moments (EDMs) of electron, nucleons, and
more composite system like deuteron and nuclei. SM gives
more stringent upper limits than experiments. It calls for
search for a new physics (new particles or mechanisms)
contributing to CP-violating effects. In particular, data
bounds on the hadron and lepton EDMs are very useful for
derivation of more stringent limits on parameters of new
particles [1,2]. In QCD, the source of the CP violation is
encoded in the so-called QCD vacuum angle θ̄, which
according to current limits on EDMs is very small quantity
(θ̄ ∼ 10−10) and can be explained by the Peccei-Quinn
mechanism [3]. As it was shown in QCD sum rules [4,5],

this angle is related to the effective CP-violating hadronic
couplings, which, e.g., define the EDMs of baryons. E.g.,
the expressions for the CP-violating ηðη0Þππ couplings
derived in Refs. [4,5] read

fHππ ¼ −gH
θ̄M2

πR
FπMHð1þ RÞ2 ; H ¼ η; η0; ð1Þ

where gη ¼
ffiffiffiffiffiffiffiffi
1=3

p
, gη0 ¼

ffiffiffiffiffiffiffiffi
2=3

p
, R ¼ mu=md is the ratio of

the u and d current quark masses, Fπ ¼ 92.4 MeV
is the pion decay constant, Mπ ¼ 139.57 MeV, Mη ¼
547.862 MeV, and Mη0 ¼ 957.78 MeV are the masses of
the charged pion, η, and η0 mesons, respectively.
In series of papers [6–8], we developed phenomeno-

logical Lagrangian approach involving nucleons, pseudo-
scalar mesons P ¼ π; η; η0, and photon for analysis of
nucleon EDM and deriving upper limits for the CP-
violating couplings between hadrons and θ̄ angle. In
particular, using existing upper limit on neutron EDM
(nEDM) [9],

jdnj < 2.9 × 10−26 e · cm; ð2Þ

which corresponds to the following boundary for
the QCD angle jθ̄j < 10−10, we derived more stringent
upper limits for the CP-violating ηππ and η0ππ couplings
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fηππ < 4.4 × 10−11 and fη0ππ < 3.8 × 10−11 than the ones
deduced from experiment by the LHCb Collaboration [10]:
fηππ < 6.7 × 10−4 and fη0ππ < 2.2 × 10−4. Using limits for
these coupling, one can estimate other hadronic EDMs
where these couplings contribute. The proposed experi-
ments for measurement of EDMs of charge particles
(proton, deuteron, and possibly helium-3) with a sensitivity
of 10−29 e · cm by several collaborations (the Storage Ring
EDM at BNL [11], the JEDI at Jülich [12,13]) call for more
accurate theoretical analysis of EDMs.
In this paper, we extend our analysis to the deuteron,

which is considered as proton-neutron bound state. In
addition to the deuteron EDM (dEDM), we estimate the
slope of the EDM form factor, which is known as the Schiff
moment. We will take into account the contributions of
one- and two-body forces to the dEDM. One-body forces
correspond to a picture where proton and neutron are
quasifree constituents of deuteron and their contribution to
the dEDM is simply the sum of proton and neutron EDMs.
Two-body forces in deuteron are induced by one-meson (π,
η, and η0) exchange between nucleons. They produce a
contribution to the dEDM, which is estimated using
potential approach proposed in Ref. [14]. From numerical
analysis of nucleon and deuteron EDMs, we derive
stringent limits on the CP-violating hadronic couplings
and θ̄ parameter. We show that proposed measurements of
proton and deuteron EDMs at level of ∼10−29 by the
Storage Ring EDM and JEDI Collaborations will provide
more stringent upper limits on theCP-violation parameters.
The paper is organized as follows. In Sec. II, we briefly

discuss our formalism and results for EDM and Schiff
moments of nucleons. In Sec. III, we extend our formalism
to the dEDM. In Sec. IV, we present our numerical results
for the dEDM and discuss it in connection with planned
experiments. In the Appendix, we present the results for the
K-mesons contributions to the pseudoscalar meson and
baryon CP-violating couplings relevant for the jΔTj ¼ 0, 1
isospin transition.

II. FORMALISM

In this section, we briefly review our formalism, which is
based on phenomenological Lagrangians formulated in
terms of nucleons N ¼ ðp; nÞ, pseudoscalar mesons [pions
π ¼ ðπ�; π0Þ and etas H ¼ ðη; η0Þ], and photon Aμ (see
details in Ref. [7]). The full Lagrangian needed for the
analysis of nucleon EDMs is conventionally divided on free
L0 and interaction Lint parts [7]. In particular, the inter-
action part Lint is given a sum of CP-even and CP-odd
strong interactions terms LS and LCP

S and electromagnetic
terms describing coupling of charged pions and nucleons
with photon. In case of nucleon, we take into account
minimal and nonminimal couplings (induced by anomalous
magnetic moment kN) with electromagnetic field.

In our approach, we use both versions of couplings of
pseudoscalar mesons with baryons—pseudoscalar (PS) and
pseudovector (PV). One can prove that both versions PS and
PVare fully equivalent to each other when all required term
in the underlying Lagrangian are taken into account [15,16].
In particular, in Ref. [15], the equivalence was proved in the
framework of chiral quark models dealing with bare axial
charge of the quark equal to 1. Using example of pion-
nucleon scattering, it was shown that Lagrangian of the
PS theory requires the inclusion of the seagull term
Lseagull ¼ Mq=ð2F2Þψ̄ π⃗2ψ , which together with the s-
and u-channel pole diagrams generates identically the same
matrix element with PV coupling representing by the sum of
two pole s- and u-channel diagram and derivative
Weinberg-Tomozawa (WT) term. It is clear that working
on hadronic level, where the nucleon charge gA deviates
from 1, one should include in the covariant derivative of the
kinetic baryon term which is quadratic chiral fields and
proportional to the factor ðg2A − 1Þ. The latter term generates
theWT term proportional to the factor ðg2A − 1Þ and sums up
with theWT term proportional to the factor ð−g2AÞ generated
by the sum of the PS-version pole diagrams after their
transformation to the PV coupling. As result, the PS version
generates the WT term with correct factor (−1).
Depending on particular process, it is convenient to use

PS or PV version. In particular, in the calculation of the
nucleon EDMs, we used the PS version of our approach to
suppress the number of evaluated diagrams because the use
of PV version requires taking into account of extra graph
due gauging of derivative acting on charged pseudoscalar
field. In the present paper, in calculation of the CP-
violating meson-nucleon coupling, it is more easy to use
the PV version of our approach. In particular, in the PV
version, the WT term does not contribute to the CP-
violating meson-nucleon coupling and we need to evaluate
only the loop diagrams generated by the PV meson-baryon
coupling. In the PS version, we need to calculate the loop
diagrams generated by the PS coupling and seagull diagram
(see the discussion below).
Another comment concerns a consistency of our

Lagrangian to the chiral perturbation theory Lagrangian.
Our main idea is to calculate the CP-violating meson-
nucleon couplings in terms of strong CP-even meson-
nucleon couplings and CP-odd mesonic couplings. It
means that we identify the leading term (independent on
meson mass) in our one-loop expression to the finite part of
the three-level SU(3) chiral perturbation theory (ChPT)
result [17]. Note that in ChPT such term is absorbed via
redefinition of hadronic couplings to exclude double
counting and violation of power counting. Now, we are
on the position to display the interaction part of our model
Lagrangian. In sector of ðπ; η; η0Þ mesons and nucleon, the
strong interaction Lagrangian in PV version reads (for
simplicity, we drop the WT term because it does not
contribute to the CP-violating meson-nucleon couplings)
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LPV
str ¼ LπNN þ LHNN þ LCP

Hππ; ð3Þ

where

LπNN ¼ −
gπNN

2MN
N̄∂μπ⃗ τ⃗ γ

μγ5N;

LHNN ¼ −
gHNN

2MN
N̄∂μHγμγ5N;

LCP
Hππ ¼ fHππMHHπ⃗2; ð4Þ

where gπNN ¼ ðgA=FπÞmN , gHNN , and fHππ are corre-
sponding coupling constants, γμ, γ5 are the Dirac matrices,
σμν ¼ i

2
½γμ; γν�. Here gA ¼ 1.275 is the axial nucleon

charge. For the constants gηNN and gη0NN , we use the
values deduced from recent analysis of photoproduction on
nucleons in Ref. [18]: gηNN ¼ gη0NN ¼ 0.9.
Nucleon EDM is extracted from the electromagnetic

vertex function, which is expanded in terms of four
relativistic form factors FEðQ2Þ (electric), FMðQ2Þ (mag-
netic), FDðQ2Þ (electric dipole), and FAðQ2Þ (anapole) as
[19,20]

Minv ¼ ūNðp2ÞΓμðp1; p2ÞuNðp1Þ; ð5Þ

Γμðp1; p2Þ ¼ γμFEðQ2Þ

þ iσμν

2mN
qνFMðQ2Þ þ σμν

2mN
qνγ5FDðQ2Þ

þ 1

m2
N
ðγμq2 − 2mNqμÞγ5FAðQ2Þ; ð6Þ

where p1 and p2 are momenta of initial and final nucleon
states,Q2 ¼ ðp2 − p1Þ2 is the transfer momentum squared.
The nucleon EDM is defined as dEN ¼ −FDð0Þ=ð2mNÞ.
In preceding papers [6–8], we analyzed the nEDM,

which is evaluated by taking into account the two-loop
diagrams. E.g., in Figs. 1 and 2, we display the diagrams
induced by minimal couplings of charged hadrons with
photon (see details in Ref. [7]). The contributions to the
nEDM induced by nonminimal coupling of proton and
neutron to the electromagnetic field have been analyzed in
Ref. [8]. The relevant interaction Lagrangian of charged
pions and nucleons with photon reads

Lem ¼ LγNN þ Lγππ;

LγNN ¼ eAμN

�
γμQN þ iσμνqν

2MN
kN

�
N; ð7Þ

Lγππ ¼ eAμðπ−i∂μπþ − πþi∂μπ−Þ þ e2AμAμπþπ−; ð8Þ

where QN is the nucleon charge.
We showed that nonminimal contributions are of the

same order of magnitude as the ones induced by minimal γ-
proton coupling, but separate nonminimal contributions

induced by anomalous magnetic moments of proton and
neutron compensate each other due to their opposite sign.
The total numerical contribution of the nonminimal cou-
plings of the nucleon is relatively suppressed (by 1 order of
magnitude) compared to the total contribution of the
minimal coupling. Our final numerical results for the
nEDM including minimal and nonminimal electromagnetic
couplings of nucleons are [8]

dEn ≃ ð6.62fηππ þ 7.64fη0ππÞ × 10−16 e · cm; ð9Þ

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Diagrams describing the nEDM induced by the minimal
electric coupling of photon with charged baryon. Interaction
between mesons and baryons is described in the framework of PS
approach. The solid square denotes the CP-violating ηπþπ− and
ηπ0π0 vertices.

(a) (b) (c)

(d) (e) (f)

FIG. 2. Diagrams describing the nEDM induced by the minimal
electric coupling of photon with charged pions. Interaction
between mesons and baryons is described in the framework of
PS approach. The solid square denotes the CP-violating ηπþπ−
vertex.
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in terms of the CP-violating ηππ and η0ππ couplings and in
terms of the QCD θ̄ angle,

jdEn j ≃ 0.64 × 10−16θ̄ e · cm; ð10Þ

using the ratio of u- and d-quarks R ¼ 0.556 from ChPT at
1 GeV scale [21] and

jdEn j ≃ 0.67 × 10−16θ̄ e · cm ð11Þ

for R ¼ 0.468 taken from lattice QCD at scale of 2 GeV
[9]. Then using data on the nEDM, we deduced [8] the
following upper limits on the QCD angle: jθ̄j < 4.4 ×
10−10 (ChPT) and jθ̄j < 4.7 × 10−10 (lattice QCD).
In this paper, we first do an extension of our formalism to

the proton EDM (pEDM), which is straightforward. Our
numerical results for the pEDM in terms of the CP-
violating ηππ and η0ππ couplings are

dEp ≃ ð1.66fηππ þ 1.77fη0ππÞ × 10−16 e · cm: ð12Þ

Using relations of the ηππ and η0ππ couplings with θ̄, we
express pEDM in terms of θ̄ as

jdEpj ≃ 0.15 × 10−16θ̄ e · cm ð13Þ

for R ¼ 0.556 from ChPT and same

jdEpj ≃ 0.16 × 10−16θ̄ e · cm ð14Þ

for R ¼ 0.468 from lattice QCD. The magnitude of pEDM
is less than 1 for nEDM because in case of pEDM the
contributions from diagrams in Figs. 1 and 2 have different
sign in comparison with their contribution to the nEDM.
Due to the leading diagrams to pEDM and nEDM are
induced by the coupling of photon with charged pions with
opposite charge, i.e., with π− and πþ, respectively, the
nucleon EDMs should have different signs.
After substitution of upper limits for the θ̄ derived in the

neutron case, we get the following upper limits for the
pEDM: jdEpj ≃ 0.72 × 10−26 e · cm (ChPT) and jdEpj ≃
0.68 × 10−26 e · cm (lattice QCD). These limits are more
stringent than existing limit jdEpj < 2.5 × 10−25 obtained in
indirect way from analysis of the Hg atoms [22–24] and
have the same order of magnitude as nEDM.
We go further and estimate the Schiff moments (SFMs)

of nucleons. The nucleon SFM is defined as the slope of its
EDM form factor [25],

S0N ¼ −
dENðQ2Þ
dQ2

����
Q2¼0

: ð15Þ

Our numerical results for the nucleon SFMs are

jS0nj < ð4.1fηππ þ 4.4fη0ππÞ × 10−3 e · fm3; ð16Þ

jS0pj < ð3.7fηππ þ 3.9fη0ππÞ × 10−3 e · fm3 ð17Þ

in terms of the CP-violating ηππ and η0ππ couplings and in
terms of the QCD vacuum angle

jS0nj < 3.9 × 10−4θ̄ e · fm3; ð18Þ

jS0pj < 3.6 × 10−4θ̄ e · fm3 ð19Þ

for the ChPT set and

jS0nj < 3.7 × 10−4θ̄ e · fm3; ð20Þ

jS0pj < 3.4 × 10−4θ̄ e · fm3 ð21Þ

for the lattice QCD set. Main contribution to the nucleon
SFMs comes from the diagram describing the coupling of
photon with charged pions (see Fig. 2), while the con-
tribution of the graphs in Fig. 1 is suppressed. It is different
from the nucleon EDMs, which are generated by both sets
of diagrams in Figs. 1 and 2 with equal contribution on
magnitude.
Note that our result for the neutron SFM is in good

agreement with prediction of ChPT at the leading order in
the chiral expansion [26]

jS0nj ¼
egπNNgCPπNN

48π2M2
πmN

< 4.4 × 10−4θ̄ e · fm3 ð22Þ

and perturbative chiral quark model [19]

jS0nj < 3.0 × 10−4θ̄ e · fm3: ð23Þ

III. DEUTERON EDM

The CP-violating HNN, H ¼ η; η0 couplings have been
calculated in ChPT in Ref. [6]. It is defined by pion-loop
diagram and its value at the leading order in chiral
expansion reads

gCPHNN ¼ −
3g2AfHππ

16π2F2
π
MHmN

¼ −
3g2πNNf̃Hππ

16π2
; ð24Þ

which corresponds to the tree-level contribution in
the SU(3) baryon ChPT [17] expressed in terms of the
LECs bD and bF. Here, for convenience, the CP-violating
constant fHππ was redefined to f̃Hππ using relation
fHππ ¼ ðmN=mHÞf̃Hππ .
Here, by analogy, we also calculate the CP-violating

πNN and ηNN, η0NN couplings, which are generated by
similar loop diagram in Fig. 3(a),
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gCPπNN ¼ gCPπNNðMηÞ þ gCPπNNðMη0 Þ; ð25Þ

gCPηNN ¼ gCPηNNðMπÞ; gCPη0NN ¼ gCPη0NNðMπÞ; ð26Þ

gCPπNNðMHÞ ¼ −
gπNNgHNNf̃Hππ

4π2

×

�
1þ AðM2

HÞ − AðM2
πÞ

2m2
NðM2

H −M2
πÞ
�
; ð27Þ

gCPHNNðMÞ ¼ −3
g2πNNf̃Hππ

16π2

�
1þ BðM2

πÞ
m2

N

�
; ð28Þ

where

AðM2Þ ¼ M4 log
m2

N

M2
−M3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

N −M2

q
CðMÞ;

BðM2Þ ¼ M2 log
m2

N

M2
− 2M

3m2
N −M2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4m2
N −M2

p CðMÞ;

CðMÞ ¼ arctan
2m2

N −M2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

NM
2 −M4

p
þ arctan

Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

N −M2
p : ð29Þ

Remember that we do calculation in PV version of meson-
baryon coupling. The use of PS coupling requires (as we
stressed before) inclusion of additional diagram in Fig. 4(a)
generated by the seagull nonderivative coupling of two
pseudoscalar mesons with nucleons. As soon as such graph
is included, the PS version for calculation of the

CP-violating meson-nucleon couplings is fully equivalent
to the PV version.
Our results for the CP-violating meson-nucleon cou-

pling contains two main terms in square brackets: the first
term is proportional to one, which is equivalent to the tree-
level contribution and the second term contain chiral
logarithms and arctangents, which represents the meson
cloud contribution. We express both tree-level and meson
cloud contributions in terms of strong meson-nucleon and
CP-violating three-meson coupling in order to have oppor-
tunity to derive constraints on the fHππ couplings or rare
H → ππ decay rates from data on baryon and nuclei EDMs.
Both tree-level results in the SU(3) ChPT and in our
approach scales as mq in chiral expansion. In our tree-
level expression, the linear mq dependence is hidden in the
CP-violating three-pseudoscalar meson couplings.
As it is seen, that the CP-violating ηNN coupling

dominates over the πNN one. It is why it makes sense
to take into account the η exchange in the evaluation of the
dEDM. Note that our CP-violating couplings have micro-
scopic (loop) origin. Therefore, it is interesting to compare
our loop results for the CP-violating meson-nucleon
couplings with the results for these couplings derived
using chiral techniques. In particular, the CP-violating
πNN coupling at the leading order in chiral expansion was
obtained in Ref. [4] in terms of current quark masses and
mΞ −mΣ baryon mass difference,

gCPπNN ¼ −θ̄
ðmΞ −mΣÞR

Fπð1þ RÞð2Rs − 1 − RÞ ; ð30Þ

(a) (b)

(c) (d) (e)

FIG. 3. CP-violating πNN and ηNN couplings. (a) Diagram
induced by isospin-symmetric (jΔTj ¼ 0) vertices; (b) and
(c) diagrams induced by isospin-violating (jΔTj ¼ 1) vertices
induced by the internal π0 − η mixing; (d) diagram induced by
isospin-violating (jΔTj ¼ 1) pion-nucleon vertex and by the
external π0 − η mixing. The cross symbol × denotes the
π0 − η mixing; (e) diagram induced by CP-violating isospin-
breaking coupling of three pseudoscalar mesons from Lagrangian
(A5). The black box symbol denotes the CP-violating isospin-
symmetric P3 vertex. The white box symbol denotes the CP-
violating isospin-breaking P3 vertex.

(a) (b)

(c) (d) (e)

FIG. 4. CP-violating couplings due to seagull term (nonde-
rivative two-meson-two-baryon coupling). (a) Diagram induced
by isospin-symmetric (jΔTj ¼ 0) vertex of ηNN and diagrams
induced by isospin-violating (jΔTj ¼ 1) πNN CP-violated cou-
plings. (b),(c) Diagrams vertices induced by the internal π0 − η
mixing. (d) Diagram induced by isospin-violating (jΔTj ¼ 1)
pion-nucleon vertex and by the external π0 − η mixing. The cross
symbol × denotes the π0 − η mixing. (e) Diagram induced by
CP-violating isospin-breaking coupling of three pseudoscalar
mesons from Lagrangian (A5). The black box symbol denotes the
CP-violating isospin-symmetric P3 vertex. The white box
symbol denotes the CP-violating isospin-breaking P3 vertex.
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where Rs ¼ ms=md, mΞ ¼ 1321.71 MeV, and mΣ are the
masses of the Ξð1321Þ− and Σð1189Þþ and hyperons. This
result later was confirmed in the SU(3) ChPT [17]. Both
gCPπNN and gCPηNN couplings can be presented in terms of
matrix elements of quark operators projected over nucleon
states (nucleon condensates) [4],

gCPπNN ¼ −θ̄
mdR

Fπð1þ RÞ hNjq̄τ3qjNi ¼ −0.021θ̄; ð31Þ

gCPηNN ¼ −
θ̄ffiffiffi
3

p mdR
Fπð1þ RÞ hNjq̄qjNi ¼ −0.132θ̄; ð32Þ

gCPη0NN ¼ −θ̄
ffiffiffi
2

3

r
mdR

Fπð1þ RÞ hNjq̄qjNi ¼ −0.28θ̄ ð33Þ

for R from lattice data at scale 2 GeV [9]. Matrix elements
hNjq̄τ3qjNi and hNjq̄qjNi can be related to the nucleon
axial charge gA (FLAG lattice average [27]; see also
prediction of chiral quark model (PCQM) [28]) and
pion-nucleon sigma-term σπN [29,30],

hNjq̄τ3qjNi ¼ 1.022� 0.080� 0.060 ðFLAGÞ; ð34Þ

hNjq̄τ3qjNi ¼ 3

5
gA ðPCQMÞ; ð35Þ

hNjq̄qjNi ¼ σπN
m̄

¼ 8.286; ð36Þ

where m̄ ¼ ðmu þmdÞ=2 ¼ 7 MeV [21]. For σπN, we use
the latest update 58 MeV derived in Ref. [31].
Our numerical results for the CP-violating constants in

terms of the θ̄ parameter are given in Table I. For
completeness, we display full result (up to one loop) and
separately tree-level and meson cloud contributions.
One can see, that our prediction for the full gCPπNN

coupling is close to the prediction 0.027θ̄ of Ref. [4]
and in agreement with central value of Ref. [32]:
ð−0.018� 0.007Þθ̄. On the other hand, the CP-violating
constants gCPηNN and gCPη0NN dominate over gCPπNN by 1 order
of magnitude. They are so-called isospin jΔTj ¼ 0 CP-
violating couplings [14,32].
In this section, we discuss calculation of the dEDM dED,

which is defined as the coupling of the external electric

field E⃗ with deuteron spin S⃗∶ H ¼ −dEDðS⃗ · E⃗Þ. The con-
tributions to the dEDM comes from one-body forces
(additive sum of the pEDM and nEDM) and from two-
body forces due one-meson exchanges between nucleons.
The two-body contribution to the dEDM is induced by the
CP-violating meson-nucleon coupling. Therefore, the
dEDM is defined as

dED ¼ dEp þ dEn þ dπNN
D ; ð37Þ

where dπNN
D is the two-body contribution due to pion meson

exchange generated by π0 − η and π0 − η0 mixing.
The two-body contributions can be estimated using

potential approach [33] proposed and developed in
Ref. [14]. In case of the pion exchange, it was shown that
the dominant contribution comes due to the isospin triplet
coupling [14],

dπNN
D ¼ −

egπNNg
CPð1Þ
πNN

12πMπ
ρπ; ð38Þ

where

ρP ¼ 1þ ξP
ð1þ 2ξPÞ2

; ξP ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
mNϵD

p
MP

: ð39Þ

Here P ¼ π; η; η0 and ϵD ¼ 2.23 MeV is the deuteron

binding energy, gCPð1ÞπNN is the CP-violating πNN isospin-
breaking coupling constant [14,32,34] including the η − π
and η0 − π mixing,

gCPð1ÞπNN ¼ gCPðπηÞπNN þ gCPðπη
0Þ

πNN ; ð40Þ

gCPðπηÞπNN ¼ ϵgCPη ðMηÞ; gCPðπη
0Þ

πNN ¼ ϵ0gCPη0 ðM0
ηÞ; ð41Þ

where

gCPH ðMHÞ ¼ gCP;IntH ðMHÞ þ gCP;ExtH ðMHÞ; ð42Þ

gCP;IntH ðMHÞ¼gCPπNN−
4

3
gCPHNNðMHÞ;

gCP;ExtH ðMHÞ¼
�
ρHMπ

ρπMH
−1

��
gCPHNN−gCPπNN

gHNN

gπNN

�
; ð43Þ

where SUfð3Þ flavor breaking coefficients ϵ and ϵ0 [35–37]
are defined as

ϵ ¼ ϵ0χ cosφ; ð44Þ

ϵ0 ¼ −2ϵ0ð1=χÞ sinφ; ð45Þ
with parameter ϵ0 encoding the isospin breaking effects,

TABLE I. Contributions of ΔT ¼ 0 CP-violated couplings of
meson and baryon interaction. All values have a factor θ̄.

Couplings Tree level Meson cloud full

gCPπNN −0.02 −0.001 −0.021
gCPηNN −0.09 −0.003 −0.93
gCPη0NN

−0.127 þ0.002 −0.125
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ϵ0 ¼
ffiffiffi
3

p ð1 − RÞ
2ð2Rs − 1 − RÞ ; ð46Þ

and χ ¼ 1þ ð4M2
K − 3M2

η −M2
πÞ=ðM2

η0 −M2
ηÞ ≃ 1.23.

Here φ ≃ −21.60 is mixing angle between η and η0 mesons
which is fixed from relation sin 2φ ¼ −ð4 ffiffiffi

2
p

=3ÞðM2
K −

M2
πÞ=ðM2

η0 −M2
ηÞ [35–37]. Resulting values are ϵ ¼ 0.017

and ϵ0 ¼ 0.004.
The first term in Eq. (42) is induced by the π0 − ηmixing

in the triangle loop diagrams in Figs. 3(c) and 3(d). The
second term in Eq. (42) is induced by π0 − η mixing in the
external meson leg [see Fig. 3(b)]. Therefore, one can
denote two mechanisms of isospin violation due to the
π0 − ηmixing as internal mechanism [depicted in Figs. 3(c)
and 3(d)] and as external mechanism [depicted in
Fig. 3(b)]. One should note that the internal mechanism
is strongly suppressed in comparison with external mecha-
nism by a factor 10−2. We get the following numerical

results for the CP-violating gCPð1ÞπNN coupling:

gCPðπηÞπNN ¼ 0.0016θ̄ ð47Þ

due to π − η mixing and

gCPðπη
0Þ

πNN ¼ 0.0005θ̄ ð48Þ

due to π − η0 mixing without K-mesons contribution. As in
case of jΔTj ¼ 0 couplings in Fig. 4, we show additional
“seagull” type diagrams needed in case of the use of PS
version of the meson-baryon coupling. The total result with
taking into account K-mesons contribution (see details in
the Appendix) for the isospin breaking jΔTj ¼ 1 CP-

violating pion-nucleon coupling is gCPð1ÞπNN ¼ 0.0025θ̄,
which is in good agreement with prediction of
Refs. [32,38]: ḡ1 ¼ ð0.003� 0.002Þθ̄.
The ratio of the full CP-violating πNN coupling con-

stants corresponding to the jΔTj ¼ 1 and jΔTj ¼ 0 is

RπNN ¼ gCPð1ÞπNN

gCPπNN
¼ ḡ1

ḡ0
¼ −0.12: ð49Þ

The latter expression also gives the prediction for the ratio
of the couplings ḡ1 and ḡ0. One can see that our result for
the RπNN is close to the lower boundary of the prediction of
Ref. [32]: RπNN ∼ −0.2� 0.1.
Finally, resulting contribution from one-meson

exchange is

jdπNN
D j ¼ 0.28 × 10−18θ̄ e cm; ð50Þ

which is in good agreement with data (see Ref. [32]).

IV. DISCUSSION

The dEDM is contributed by the EDMs of constituent
nucleons and correction due to one-meson exchange in the
isospin channel jΔTj ¼ 1. The latter is induced due to
isospin breaking effects (η − π and η0 − π mixing) and,
therefore, it is relatively suppressed. Our final prediction
for the dEDM in terms of the θ̄ angle reads

jdDj ¼ 0.482 × 10−16θ̄ e cm: ð51Þ
Next, using the upper limit for the θ̄ [8], we get

jdDj < 2.2 × 10−26 e cm: ð52Þ

Here we take into account that proton and neutron EDMs
have different signs.
In prospects of future experiments, an observation that

the dEDM is proportional to the nucleon EDM and the
other contributions are suppressed has big importance. A
comparison between our theoretical prediction and sensi-
tivity of future experimental measurements of the dEDM at
the level of accuracy ∼10−29 from the EDM Collaboration
[11] gives more stringent limit on the CP-violating
parameter θ̄,

jθ̄j < 2 × 10−13: ð53Þ

The same order of magnitude for θ̄ has been obtained in
framework of supersymmetric approach minimal super
symmetry model [34]. These limits on the dEDM and θ̄
allow to derive new bounds on nucleon EDMs at level
10−29 and more stringent limits on the decay rates of the
CP-violation processes η → ππ and η0 → ππ. In connection
with planned EDM experiments, one can derive the limits
for the branching ratios of these rare processes decays at
level ∼10−21 and ∼10−23 for η and η0 mesons, respectively.
Direct observation of these decays at such level of accuracy
is impossible. There is the same situation in case of future
experiment on measurement of the proton EDM by the
JEDI Collaboration [12,13]. We would like to stress that
direct measurement of the decay rates of the CP-violation
processes η → ππ and η0 → ππ at level higher than limi-
tations from data on EDMs could potentially signal about
manifestation of new physics.
In conclusion, we derived limits on the proton EDM and

nucleon SFMs from existing experimental data on neutron
EDM. We calculated the dEDM with taking into account
one- and two-body forces in deuteron. All these quantities
were calculated using phenomenological Lagrangian
approach involving the PS coupling between baryons
and pseudoscalar mesons and the CP-violating couplings
3P couplings of pseudoscalar mesons. Note that these
couplings are proportional to the QCD CP-violating
parameter θ̄ and, therefore, encode a source of the strong
CP violation in our formalism. Complementary we also
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derived the dependence of the dEDM on θ̄. In future, we
plan to continue our study of the EDMs of baryons and
nuclei induced by strong CP-violating effects, e.g., by
taking into account of the CP-violation three-pseudoscalar
meson vertices involving all nonet states (π, K, η, and η0)
and all isospin transitions jΔTj ¼ 0, 1, 2.
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APPENDIX: SU(3) BARYON-MESON
LAGRANGIAN AND CP-VIOLATING CONSTANS

The baryon-meson interaction Lagrangian involving
nucleon, Λ, and Σ states in the framework of SUð3Þ
scheme reads [17,39]

LBBM ¼ −
gπNN

2MN
N̄∂μπ⃗ τ⃗ γ

μγ5N

−
gΛNK

MN þMΛ
ðN̄γμγ5Λ∂μK þ H:c:Þ

−
gΣNK

MN þMΣ
ðN̄γμγ5Σ⃗ τ⃗ ∂μK þ H:c:Þ; ðA1Þ

where the relations between meson-baryon couplings are

gΛNK ¼ −
gπNNffiffiffi

3
p mΛ þmN

2mN
ð1þ αÞ; ðA2Þ

gΣNK ¼ gπNN
mΣ þmN

2mN
ð1 − 2αÞ; ðA3Þ

and α ¼ F=ðF þDÞ. We use the averaged values for
F ¼ 0.47 and D ¼ 0.8 [6,17,40] fixed from data.
Effective Lagrangian for three meson couplings inducing

the CP-violating processes with taking into account of
isospin breaking effects reads [4,17]

LCP ¼ −θ̄
M2

π

6Fπ

mumd

ðmu þmdÞ2
TrðP3Þ; ðA4Þ

where P ¼ Paλa is the matrix of pseudoscalar fields. In
terms of physical states, this Lagrangian takes the form

LCP¼−
M2

π

6Fπm̄
m�θ̄

ffiffiffi
3

p
½ηπ⃗2þ

ffiffiffi
3

p
K†π⃗ τ⃗K−ηK†K

þϕðπ0π⃗2−π0K†K−
ffiffiffi
3

p
ηK†τ3KÞ�þOðϕ2Þ; ðA5Þ

where ϕ is the SUð3Þ breaking parameter

ϕ ¼
ffiffiffi
3

p
m̄ ϵ̃

2ðms − m̄Þ ; m̄ ¼ mu þmd

2
;

m� ¼ mumdms

msðmu þmdÞ þmumd
; ϵ̃ ¼ md −mu

md þmu
: ðA6Þ

This Lagrangian generates the CP-violating couplings
involving π, K, η mesons and corresponds to the change
of the isospin jΔTj ¼ 0 and jΔTj ¼ 1. Below we present
the contribution of K mesons to the gCPπNN , g

CP
ηNN , and gCPη0NN

couplings,

gCP;KπNN ¼ gCP;ΛπNN þ gCP;ΣπNN ; ðA7Þ

gCP;Kηðη0ÞNN ¼ −3ðgCP;ΛπNN þ gCP;ΣπNN Þ
fKKηðη0Þ
fKKπ

;

gCP;BπNN ¼ −
g2BNKfKKπð2mN −mBÞ

16π2m2
N

× ½1þ AðmBÞ − CðmBÞ�; ðA8Þ

where

AðmBÞ¼
m2

B−M2
K

m2
N

log

�
m2

B

M2
K

�
;

CðmBÞ¼
ðM2

K−m2
BÞ2−m2

NðM2
Kþm2

BÞ
m2

Nζ
;

× ½arctanððm2
B−M2

K−m2
NÞζ−1Þ

−arctanððm2
B−M2

Kþm2
NÞζ−1Þ�;

ζ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2

Kðm2
Bþm2

NÞ−ðm2
B−m2

NÞ2−M4
K

q
; ðA9Þ

where B ¼ Λ;Σ denotes hyperons and fP1P2P3
is the CP-

violating three-pseudoscalar meson transition couplings
obtained from Eq. (A5).
The K-meson contribution to the jΔTj ¼ 1 CP-violating

coupling shown in Fig. 3(e) is

gCP;KπNN ¼ ϕ

�
2

3

fπ0πþπ−
fηππ

gCPHNNðMπÞ þ 3gCP;KπNN

�
: ðA10Þ

This contribution has the same magnitude as the value
generated by the internal mechanism from diagrams in
Figs. 3(c) and 3(d) due to fηππ CP-violating coupling; the
gCPHNNðMπÞ function was denoted before in Eq. (28). Main
contribution to jΔTj ¼ 1 CP-violated coupling of pion and
nucleons due to K-mesons propagating in the loop also
comes from the external mechanism [see Fig. 3(b)] which is
given by the same structure integral,
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gCPð1ÞπNN ¼ gCP;KðπηÞπNN þ gCP;Kðπη
0Þ

πNN ;

gCP;KðπηÞπNN ¼ ϵgCPη ðMηÞ; gCP;Kðπη
0Þ

πNN ¼ ϵ0gCPη0 ðMη0 Þ;

gCP;ExtH ðMHÞ ¼
�
ρHMπ

ρπMH
− 1

��
gCP;KHNN − gCP;KπNN

gHNN

gπNN

�
; ðA11Þ

where H ¼ η; η0. It contributes by amount of 15% to the CP-violating πNN coupling in case of the jΔTj ¼ 1 isospin
transition.
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