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With a small θ in Eq. (38) in Kim and Carosi (2010), we presented the CP violating coupling in the πNN vertex in Eq. (8). But
a factor, arising from the matrix element between nucleon states hN0j and jNi, was missed in Eq. (8). Equation (8) should read

gπNN ≃ −
θ

3
gπNN: ð1Þ

The axial-vector isospin current is Ji5μ ¼ q̄γμγ5Tiq, where q is the quark doublet ðu dÞT and Ti (i ¼ 1, 2, 3) is the generator in
the isospin space. The divergence of the axial-vector current between q0 and q is

∂μJðq
0qÞ5

μ ¼ ðmq þm0
qÞq̄0iγ5q: ð2Þ

In the partially conserved axial-vector current, the divergence of axial-vector current Ji5μ in the broken phase of the chiral
symmetry is related to the creation of the Goldstone field πi,

1

fπ
hπiðqÞj∂μJj5μ j0i ≃ q2δij; ð3Þ

where q2 ¼ m2
π is usually used. Considering the Goldstone pole propagator, thus the pion-nucleon coupling is given by

(Georgi, 1984),

1

fπ
hπiðqÞ; N0j∂μJi5μ jNi ≃ q2

1

q2
gπNN ¼ gπNN: ð4Þ

Now using the right-hand side of Eq. (2), the relation

hnjmq þm0
q

fπ
q̄0iγ5qjni ¼

MngA
fπ

ð5Þ

is required for the validity of the Goldberger-Treiman (GT) relation (Goldberger and Treiman, 1958a, 1958b),

MN ¼ fπgπNN

gA
: ð6Þ

If π0 develops a vacuum expectation value, it breaks the CP invariance. In that case, Eq. (5) is multiplied by a phase eiθπ0 . In
Eq. (38) of Kim and Carosi (2010),

mu
Λ2
uv6

K5

and

md
Λ2

dv
6

K5
≃ 2Zmd

Λ2
dv

6

K5

arise from hmuūiγ5ui and hmdd̄iγ5di, respectively. For Λ2
u ¼ Λ2

d that is equivalent to hq̄iγ5qi≡ hūiγ5ui ¼ hd̄iγ5di, θη0 ¼ 0, and
cu2 ¼ cd2 ¼ 0, i.e., in the Kim-Shifman-Vainshtein-Zakharov model, the last two lines of Eq. (38) give, for small θπ and θ,
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−muūiγ5u cosð−θπ − θÞ −mdd̄iγ5d cosðθπ − θÞ
≃muūiγ5u sin θπ sin θ −mdd̄iγ5d sin θπ sin θ

≃ ðmu þmdÞq̄iγ5q
Z − 2Z
1þ Z

π0

fπ
θ

≃ −
Z

1þ Z
θðmu þmdÞq̄iγ5q

π0

fπ
; ð7Þ

where we neglected θ independent terms and Oðθ2Þ terms. Without the kinetic term, it describes the θ term. Using Eq. (5), we
obtain

hnj2ðmuūiγ5uþmdd̄iγ5dÞjni ¼ MNgA: ð8Þ

Therefore, from Eqs. (7) and (8), we have the following θ dependent term for a small θ:

hn; π0jmuūiγ5u cosð−θπ − θÞ þmdd̄iγ5d cosðθπ − θÞjni ¼ −
MNgA
6fπ

θ ¼ −
gπNN

6
θ: ð9Þ

In view of two possibilities of inserting the CP violating vertex in Fig. 4(b), we note that a factor gπNN is missed in Eq. (8) of
Kim and Carosi (2010). Using the 2018 bound on the upper limit on the neutron electric dipole moment, then we have the
following bound on θ̄:

jθ̄j≲ 2.8 × 10−13: ð10Þ

Note further that, unlike in Crewther et al. (1979), this estimation on the bound on jθ̄j is applicable even in the case without the
s quark.
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