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ABSTRACT: We calculate for the first time the electric dipole moment (EDM) of the
deuteron, 3H, and 3He nuclei generated by the one-meson exchange CP-odd nuclear force
in the standard model. The effective |AS| = 1 four-quark operators are matched to the
|AS| = 1 standard model processes involving the CP phase of the Cabibbo-Kobayashi-
Maskawa matrix at the electroweak scale and run down to the hadronic scale u = 1 GeV
according to the renormalization group evolution in the next-to-leading logarithmic or-
der. At the hadronic scale, the hadron matrix elements are modeled in the factorization
approach. We then obtain the one-meson (pion, eta meson, and kaon) exchange CP-odd
nuclear force, which is the combination of the |AS| = 1 meson-baryon vertices which issue
from the penguin operator and the hyperon-nucleon transition. From this CP-odd nuclear
force, the nuclear EDM is calculated with the realistic Argonne v18 interaction and the
CP-odd nuclear force using the Gaussian expansion method. It is found that the EDMs
of light nuclear systems are of order O(1073!)e cm. We also estimate the standard model
contribution to other hadronic CP violating observables such as the EDMs of °Li, “Be
nuclei, and the atomic EDMs of ?*Xe, "Hg, 2!'Rn, and ??’Ra generated through the
nuclear Schiff moment. We then analyze the source of theoretical uncertainties and show
some possible ways to overcome them.
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1 Introduction

One of the most promising experimental approaches to discover the CP violation beyond
the standard model (SM) is the measurement of the electric dipole moment (EDM) [1-11].
The CP violation beyond SM has long been required to explain the matter excess over the
antimatter of the Universe [12-14].

To unveil the CP violation of the new physics through the EDM, the SM contribution
must be known. The SM effect, generated by the CP phase of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [15], is generally very small for the EDM, and this fact makes one
of the attractive feature of the EDM as an experimental probe. The EDM of elementary
particles in the SM is suppressed due to the GIM mechanism [16]. The quark EDM appears
only from the 3-loop level [17-20] with the estimated value for the light quark d, ~ 10~3%
cm, and the charged lepton EDM from the 4-loop level [21, 22] with d. ~ 10~*!e cm for
the electron. These values are well below the current experimental sensitivity [23-30].



For hadronic systems, the situation is more involved. We have to note that the hadronic
EDM receives contribution from the single quark EDM and also from the CP violating
many-body interactions. For the neutron EDM, the effect of the quark EDM are found
to be subleading, and the long range pion loop contribution [31-33] as well as the higher
dimensional many-quark operator process [34] are thought to be dominant.

As a more complicated system, we have the nucleus. Recently, new technology to
measure the nuclear EDM using the storage ring is being developed [10, 35-40]. The most
attractive feature of the nuclear EDM measurement using storage rings is its prospective
sensitivity which may reach O(1072)e cm. This approach is much more sensitive on the
hadronic CP violation than the extensively studied atomic EDM [23, 27-30], where the
hadronic CP-odd effect is screened by the atomic electrons [4, 41]. Moreover, it has been
shown in a recent paper that the nuclear many-body effect enhances the EDM for light
nuclei [42]. The nuclear EDM is thus one of the main target of the next generation search
for the CP violation of new physics beyond SM. Many theoretical investigations of the EDM
of light nuclei were done in this context [42-60]. The determination of the SM background
is therefore of crucial importance.

The SM contribution to the nuclear EDM was discussed many times in the past. The
first attempt was done in ref. [61] (see also refs. [62, 63]), where the penguin diagram [64,
65] was considered in the simple factorization approach, and it was found that the pion
pole significantly enhances the nuclear EDM. But subsequently, it was pointed in ref. [66]
that this enhancement cancels due to additional contributions from the chiral condensate,
respecting the chiral symmetry. The most recent analysis has investigated the CP-odd
nuclear force in the chiral approach, by introducing the CP violation of the CKM matrix as
a phase of the weak spurion of the chiral SU(3) group [67]. There the CP-odd nuclear force
was given as a contact nucleon-nucleon interaction. The simple dimensional estimation of
the nuclear EDM yields d4 ~ O(Z‘—;G%JA%CD) ~ 107%2¢ cm, where J = (3.067035) x 107°
is the Jarlskog invariant [68, 69].

Since then, the nuclear EDM was long thought to be small, and its value has never
been seriously questioned. In the mean time, there was a significant development on how to
treat the flavor changing CP violation of the CKM matrix in the context of its search in the
K and B meson decays, especially in the perturbative treatment of the renormalization
group evolution [70-84]. There it was argued that the effect of the penguin diagram is
sufficiently enhanced in the next-to-leading logarithmic order at low energy scale [73].

As another significant progress, we have the ab initio calculations of the EDM of
light nuclei [42, 44, 47, 49, 51, 53, 54]. The authors have previously shown that the few-
body calculations using the Gaussian expansion method [85, 86] work well in the ab initio
evaluation of the nuclear EDM [42]. The Gaussian expansion method is a framework
which can solve the Schrédinger equation of few-body systems, and has been successful
in describing many systems of many fields [87-103]. Due to the flavor change in the CP
violation of the CKM matrix, the nuclear EDM in the SM is generated by the CP-odd
nuclear force with strange hadrons in the intermediate state. The nuclear EDM with kaon
exchange CP-odd nuclear force has never been evaluated previously. This problem can be
resolved using the Gaussian expansion method.



From the above arguments, the evaluation of the nuclear EDM in the SM seems quite
timely. In this work, we therefore predict the nuclear EDM of the deuteron, 3H, and 3He
within the SM. We also estimate the EDM of other nuclear systems. Let us recapitu-
late the important improvements which will be evaluated in our calculation. First, the
renormalization group evolution of the |[AS| = 1 four-quark operators will be calculated.
This short range strong interaction effect is very important to consider because the Wilson
coefficients of the penguin operators are enhanced by more than an order of magnitude
when we move from the electroweak scale to the hadronic scale. Next, we establish the
formulae of the P, CP-odd nuclear couplings when the strangeness is shifted in the interme-
diate states. The derivation of the CP-odd nuclear force with several pseudoscalar mesons
in the factorization approach is given for the first time. Within the factorization model,
our calculation suggests an enhancement for the kaon exchange CP-odd nuclear coupling,
due to the large value of the isoscalar nucleon scalar density (pion-nucleon sigma term).
Finally, the importance of this K meson exchange CP violation motivates us to evaluate
for the first time the EDM of light nuclei in the presence of this CP-odd nuclear force
in the Gaussian expansion method. This contribution has never been evaluated beyond
the contact interaction approximation. As the pion exchange effect is large at the nuclear
level, those two meson exchange processes may be of the same order of magnitude, and
the accurate evaluation of the relative size is therefore crucial. It is also important to note
that those procedures can also be applied to the analysis of models beyond SM with flavor
violation, although we do not do it in this work.

This paper is organized as follows. We first match the effective |AS| = 1 four-quark
interactions to the elementary level perturbative processes at the electroweak scale, and
run them down to the hadronic scale using the renormalization group equation. We then
calculate the hadron level effective |AS| = 1 interaction in the factorization approach,
and derive the pion, eta meson, and kaon exchange CP-odd nuclear forces within chiral
symmetry-inspired model. From the obtained CP-odd nuclear force, we calculate the EDM
of the deuteron, *H, and *He using the Gaussian expansion method. For that, we consider
the K meson exchange CP-odd nuclear force for the first time. We also estimate the EDM
of SLi, “Be nuclei, and the nuclear Schiff moment contribution to the EDM of several
atoms within the pion exchange CP-odd nuclear force. After presenting the result of our
calculation, we analyze the sources of theoretical uncertainties, and the way to overcome
them in the future. We finally summarize the discussion.

2 Calculation of the nuclear EDM

2.1 The renormalization of the |AS| = 1 four-quark interactions

In this section, we derive the effective |[AS| = 1 four-quark interactions renormalized at
the hadronic scale starting from the elementary particle level physics. The derivation
follows ref. [73] in which the renormalization of the |AS| = 1 four-quark interaction in the
next-to-leading logarithmic approximation was discussed.

2.1.1 Matching of the elementary level process at © = mw

We first match the |AS| = 1 SM processes involving the CP phase of the CKM matrix with
the effective |AS| = 1 four-quark operators at the scale of the W boson mass p = my =



Figure 1. QCD corrections to the |[AS| =1 W boson exchange diagram. The solid lines indicate
the quarks. Other diagrams with the up-down or left-right reflections also contribute.

w

Figure 2. The gluonic penguin diagram. The solid lines denote the quarks.

80.385 + 0.015 GeV [68]. The SM contributions to the |AS| = 1 four-quark processes are
given in figures 1 and 2. In this perturbative evaluation, the strong coupling ay must be
fixed at the scale p = my = 80.385 GeV. We have used as(mz) = 0.1185 as input [68], and
found as(my) = 0.01208 after two-loop level renormalization [104]. The top quark mass
in the MS scheme m; = 160 GeV is fixed for theories below the scale ;1 = m;. It should be
noted that the top quark mass must be renormalized in the MS scheme, to be consistent
with the scheme of the renormalization group evolution adopted in this work [105].
The |AS| =1 effective hamiltonian we want to match is

G * u * c
Hest (b = mw) = \/g{cl(ﬂ = mw)[VysVudQT + Vi Vea Q]

+Co(p = mw)[VyisVua@s + VegVea Q5]
6

1=3

where V. are the CKM matrix elements and Gr = 1.16637 x 107°GeV 2 is the Fermi
constant [68]. The AS = —1 four-quark operator basis is given by [73, 77, 79]

Qf = 5a7"(1 —5)q8 - @gYu(1 — 75)da, (2.2)

Q3 = 57"(1 = 75)qa - 47 (1 — 75)ds, (2.3)
Ny

Qs = 57" (1 = v5)da - > Gs7u(1 = 75)4s, (2.4)

q
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Figure 3. QCD corrections to the |AS| = 1 effective four-quark interaction. The solid lines and
the curly lines denote the quarks and the gluons, respectively. The white double blobs give the
effective |[AS| = 1 four-quark vertices. Other diagrams with the up-down or left-right reflections
also contribute.

Ny

Q1 = 5" (1 =75)ds - Y G 7u(1 = 5)das (2.5)
q
Ny

Qs = 37" (1 —v5)da - Z apYu(1+75)as, (2.6)
q
Ny
Qs = 5a7"(1 =75)ds - Y G57u(1 +75)a, (2.7)
q
where a and [ are the color indices of the fundamental representation. At the scale
p = my, the number of active flavors is Ny = 5. In this work, we do not consider the
electroweak penguin contributions which require additional operators [74-76].

To match the amplitude of the diagrams of figures 1 and 2 with the amplitude generated
by the effective hamiltonian (2.1) consistently in the order of «;, we also have to consider
the QCD corrections to the latter. The QCD corrections are given in figure 3. We see that
the operators @3, Q4, @5, and Q)¢ are generated by the penguin diagram (see figure 2) with
the top quark.

After matching, we obtain the following Wilson coefficients to the next-to-leading order
|AS| =1 four-quark interaction:

11 as(mw)

Cr(p = myy) R — 5.29 x 1072
O = mw) 1 — Westmw) 9.82 x 107!
Cs(p = mw) —cslmw) Frg) 6.19 x 104
Cu= = = 2dm = 2.8
(=mw) = | (= ) alimw) f () _1sox108 [0 38
Cs(p = mw) _asggrvv)E(xt) 6.19 x 1074
Ce(p = mw) ijm) —1.86 x 1073
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(2.9)
2

with z; = WT—J Note that the Wilson coefficients depend on the renormalization scheme.
w

Here we have adopted the naive dimensional regularization scheme. We see that the co-

efficient of the operator )2 is the largest, due to the tree level contribution. The Wilson

coefficients of eq. (2.8) give the initial condition for the renormalization group evolution.

2.1.2 Renormalization of four-quark interactions down to the hadronic scale

We now run the |AS| = 1 four-quark interactions down to the hadronic scale p = 1 GeV
according to the renormalization group evolution in the next-to-leading logarithmic or-
der [73, 77]. The evolution of the Wilson coefficients in the change of the renormalization
point can be written as

d T
=3 (g , 2.1
dlnMC(u) ¥ (as)Cp) (2.10)
where the anomalous dimension matrix 4 is defined by
d
5 — 71 A 2.11
ol VG (2.11)

with Z the renormalization factor (matrix) relating the bare and renormalized Wilson
coefficients, as C(©) = ZC(p). By integrating (2.10) and applying the initial condition at
the scale p/ = myy, given by eq. (2.8), we obtain

C(p) = U(p, ¢ = mw)C(p' = mw), (2.12)

where

g(u) T(,
7 (9
U:Uﬂu/:mW :Texp/ dg/ ’
( ) I g(mw) ﬂ(g,)

with the QCD coupling ¢ = +/4mas. The anomalous dimension matrix and the beta
function are expanded in terms of the strong coupling as

(2.13)

Sla) — A0 9 ~1)_ 9
(9) =77 16 on2E T (2.14)
g9 g9’
Blg) = —boyp 2 _51(167#)2 + (2.15)

where we take only the first two terms in the next-to-leading logarithmic order. The
coeflicients of the beta function gy = 11 — %Nf and B; = 102 — 3—??Nf are well known for
N, = 3. The anomalous dimension matrices 4(®) and 4V, also depending on N f, are given
in appendix A.

The calculation of the evolution of the effective hamiltonian (2.1) needs care, since the
matching changes its form after crossing each quark mass threshold. The evolution of the
Wilson coefficient array down to the hadronic scale my > u > m. is given by

C(my > p > me) = Ug(p, my) R Us(miy, may ) C (1 = my). (2.16)



Here U N, is the running matrix with the active number of flavor Ny, calculated at the
next-to-leading order [73]. When we cross the scale yu = my = 4.18 GeV [68], the bottom
quark becomes inactive and Ny changes from 5 to 4. There we have to match the effective
theory with Ny = 5 to that Ny = 4, where the penguin operators @3, Q4, @5, and Qg
are changed. The matchmg is systematically achieved by multlplymg the quark threshold
matching matrix R. The explicit expressions of the matrices U N, and R are given in
appendix A. For the scale above the charm quark mass y > m., the evolution of the four-
quark operators QY and Qf is described by a common Wilson coefficient (the same remark
applies for QY% and Q$). Let us show the Wilson coefficients for ;1 = 2GeV, which is a

renormalization point often used:

—0.313
1.15
1.98 x 1072
—4.56 x 1072
1.24 x 1072
—6.27 x 1072

C(u=2GeV) = (2.17)

At the scale lower than p = m. = 1.275GeV [68], the effective |[AS| = 1 four-quark
hamiltonian looses operators involving the charm quark field and becomes [72, 106-111]

/Heff(/‘) \/* Vs udz Zz "‘Tyz )]Qi(/‘)+h-c" (2'18)
where 7 = —“%‘z%‘fi Below p = me, we have Q1 = QY and Q2 = Q4. The Wilson

coefficients Z; are given by

-l

(2.19)

Z(,u < mc) == 3(,“’5 mc) Ols(mC)

where F(m,) = —%Cg(mc) in the naive dimensional regularization [76]. The array of the
above equation is the result of the matching at the scale of charm quark mass. The first
two Wilson coefficients issue from the standard renormalization group evolution, since the
operators )} and @4 are inherited below the scale ;t = m.. The operators Qf and Q)$ are
integrated out for u < m,. Therefore penguin operators are generated due to the lower
diagrams of figure 3, and the Wilson coefficients Z; (i = 3 ~ 6) become nonzero. Here we
have used the CKM unitarity

VesVea = =ViiVua — VigVia- (2.20)
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Figure 4. The behavior of the Wilson coefficients Z2; and Z, for the scale below the charm quark
mass. The red vertical line denotes the hadronic renormalization scale (1 = 1 GeV) we have chosen.

The Wilson coefficients ¢; at @ = m, receive contribution from the Wilson coefficients
evolved from the initial penguin operators at p = myy [last line of eq. (2.1)], and from the
integration of the charm quark at u = m., due to the last term of the CKM unitarity (2.20).
Their expression at the scale u < m, is explicitly given by

gi(p) = vi(p) — Zi(p), (2.21)
where
V(1) = Us(pt, me) RUs(me, my) RUs (my, mw )C(p = mw). (2.22)

We can remark that the Wilson coefficients ¢; and g2 are vanishing.
After running numerically the initial Wilson coefficients y; and Z; down to p =1 GeV,

we obtain
—0.457 0
1.23 0
9.86 x 1073 2.76 x 1072
71 =1GeV) = v(u=1GeV) = 2.23
2(n V=1 _o60x10-2 |’ y(n V)=1 _516x 102 (2.23)
1.07 x 1072 9.65 x 1073
—1.81 x 1072 —8.40 x 1072

The behavior of the most important coefficients Z1, 2o, 95, and g are shown in figures 4
and 5.

We must not forget to multiply the operator correction matrix to these arrays to cancel
the renormalization scheme dependence. The correction matrix is given in appendix A.
After the correction, we get

—0.107 0
1.02 0
1.76 x 1075 1.48 x 1072
z(p=1GeV) = 139%10-2 | y(p=1GeV) = _48] x 10-2 (2.24)
6.37 x 1073 3.25 x 1073
—3.45x 1073 —5.68 x 1072
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Figure 5. The behavior of the Wilson coefficients g5 and g for the scale below the charm quark
mass. The red vertical line denotes the hadronic renormalization scale (1 = 1 GeV) we have chosen.

Note that the modification due to the correction matrix is not small at the hadronic scale.
In this work, it is important to know the values of both arrays of Wilson coefficients z;
and y;, because we finally have to take their product to form the Jarlskog invariant [69],
the leading constant of the CP violation of the CKM matrix. The values of 29 and yg will
be of particular interest in our analysis, since they give the leading contribution to the
relevant hadron level effective interaction. We see that through the renormalization from
the weak scale p = myy down to the hadronic scale p = 1 GeV, gg is enhanced by about
40 times. The enhancement of the Wilson coefficient of Qg is due to the next-to-leading
logarithmic contribution [73]. This fact signalizes that the analysis of the renormalization
group evolution is indispensable in the evaluation of the SM CP violation at low energy.

2.2 P, CP-odd nuclear force

Now that we have the |AS| = 1 effective four-quark interaction at the hadronic scale
(n = 1GeV), we have to construct the hadron level effective theory and and derive the
CP-odd nuclear force. It is implicitly assumed that the hadron level effective theory below
the hadronic scale does not run much. As seen previously, the leading CP violation of the
CKM matrix manifests itself through the Jarlskog invariant. We therefore have to combine
the |JAS| = 1 hadron level effective interactions which issue from the two terms of eq. (2.18)
to obtain CP-violating processes.

In considering the CP-odd nuclear force, we neglect the contribution from vector meson
exchange, since mesons heavier than the p meson have small effect on the nuclear EDM [44,
49]. Moreover, we neglect the appearance of excitations of hyperons, for which the energy
required to obtain them is much higher than that of the octet hyperons. Under those
conditions, the only allowed leading order processes to generate the CP-odd nuclear force
are the one-pion, one-eta meson, and one-kaon exchange N — N interactions, shown in
figures 6 and 7, respectively. There is also an additional diagram with a transition from 7
(or ) to K meson, but this contribution is known to be small [67]. The CP-odd nuclear
force is thus a combination of |[AS| = 1 effective meson-baryon interactions and |AS| =1
hyperon-nucleon transitions. Those hadron level effective interactions are calculated in the
factorization approach.
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Figure 6. The CP-odd nuclear force generated by the one-pion (or 1 meson) exchange |AS| =1
processes. The grey blobs denote the hadron level weak vertices.
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Figure 7. The CP-odd nuclear force generated by the one-kaon exchange |AS| = 1 processes. The
grey blobs denote the hadron level weak vertices.

2.2.1 |AS| = 1 meson-baryon vertex in the factorization approximation

We calculate the hadron matrix elements of the |AS| = 1 meson-baryon vertex. They are
obtained using the factorization approach, with the vacuum saturation approximation and
the partially conserved axial vector current (PCAC) assertions.

In the factorization approach, the |AS| = 1 four-quark operators Q1, Q2, @3 and Q4
generate vector meson-baryon vertices or light pseudoscalar meson vertices with a factor
of light quark mass. Their effect is therefore small. Sizable |AS| = 1 meson-baryon
interactions have to be generated by the right-handed penguin operators ()5 and Qg so as
to obtain a pseudoscalar quark bilinear which will become the interpolating field of a light
pseudoscalar meson. After Fierz transformation, 5 and Qg become

2

@ =3 z:d 5(1475)qq(1 —v5)d + 4 z:d > 51+ 75)taq @(1 = v5)tad, (2:25)
q=u,a,8 q=u,d,s a

Qs = 2 Z 5(1+s5)q 67(1 - ’)/5)d, (2.26)
q=u,d,s

where t, is the generator of the color SU(3). group. The second term of @5 does not
contribute to the meson-baryon vertex, since the color octet asymptotic states cannot exist
due to the color confinement.

To obtain meson-baryon vertices in the factorization approach, one of the two quark
bilinears of eqgs. (2.25) and (2.26) must be considered as an interpolating operator of the
pseudoscalar meson. Therefore, at least one of the quark bilinears must have a pseudoscalar
bilinear ¢y5¢’. The contribution from the four-quark operators with two pseudoscalar quark
bilinears to the meson-baryon vertex is canceled by additional effect involving the chiral

~10 -



condensate, owing to the chiral symmetry [66]. The |[AS| = 1 meson-baryon vertices are
thus generated by the four-quark operators involving only one pseudoscalar bilinear, like

nian (2.18), we have

57v5q - gd and sq - gysd. By writing explicitly the relevant terms of the effective hamilto-
Gr
k. = {v;svud

. }

% {g%u -d — 5u - Uysd + 5v5d - dd — 5d - dysd + 555 - 5d — s - 575d}

2
Y5 + 2y6

S ACIE

2
- 2
325 + 224

+(h.c.). (2.27)

The terms with the CKM matrix elements V,'.V,,4 will not be important, since the largest
contribution of V. V,,4 are brought by the Q2 operator through the hyperon-nucleon inter-
action. In this subsubsection, we neglect terms with V5, V4.

The factorization of the |[AS| = 1 four-quark operators works as [9, 112-119]

(mB|5vsq - qd|B") =~ (m|5vs54|0)(B|qd|B’)

1
+(0lgd|0) | (mB|sysq|B') + —

2
m

~ (m|sv5q/0)(Blqd|B'), (2.28)

(mB|Lqcp|B'm')(m’|5v54|0)

/

with the pseudoscalar mesons m, m’ and baryons B, B’. Terms of the second line cancel
in the flavor SU(3) for light quarks [118]. The factorization method with the vacuum
saturation approximation was first used in the calculation of the strangeness changing
K°— K9 mixing [120, 121]. The theoretical uncertainty due to the use of vacuum saturation
hypothesis should be O(100%) [112, 113].

The hadron level effective |AS| = 1 meson-baryon interaction we want to calculate is

EiLBB’ = Gr-pn KT+ Gro,, KOBp + Gron, KOnn
+§7r+zop7r7i)0p + QWoZﬂowOfﬁp + Groxo, 0800 + §7T+Ap7ff./_\p ¥ Gron,m°An
+ G5+ 157D + GysonnE0n + GpannAn
+(h.c.). (2.29)

It is to be noted that the above interaction is parity violating. The coupling constants are
expressed in terms of matrix elements to which the vacuum saturation approximation was

applied:
Gk-pn = Gy(K ™ pl&ysu - udn) = Gy, (K~ |5y5u|0)(p|ud|n), (2.30)
Iropy = Gy(K°p|5ysd - dd|p) ~ G, (K°|575d|0)(p|dd]|p), (2.31)
Gom = Gy{ROnI5y5d - ddln) ~ G,{RO|515d0)(n|dd]n), (2:32)
Grtsop = —Gy(n " 505u - ysdlp) = — Gy (m " |aysd|0) (°|5ulp), (2.33)
Gr0sitp = —Gy<71'02+|§d - drysd|p) =~ — y<7r0|c?'y5d\0><2+]§d|p>, (2.34)



Groson, = —Gy(m°S0|5d - dysd|n) = —Gy(n°|dv5d|0) (X°|5d|n),

Grnrnp = —Gy(m T Alsu - vysd|p) = —Gy(n " |aysd|0) (Alsulp),

Groan = —Gy(r"A|5d - dysdn) ~ —G, (7°|dysd|0)(A|5d|n),

Gostp = Gy(nXT[5d - (5755 — dysd)|p) = Gy (n|5yss — dysd|0) (ST |5d]p),
yson = Gy(nX°[5d - (5755 — dysd)|n) ~ Gy(n|5vss — dysd|0)(X°|5d|n),
Gnan = Gy(nA[sd - (5755 — dysd)|n) = Gy (n|5vss — dvysd|0) (Alsd|n),

where G, = W’;%d% [%y5(u =1GeV) + 2ys(p = 1 GeV)] [see eq. (2.24)]. From the above
formulae of the CP-odd couplings, we can have a rough idea that the terms of the four-
quark interaction hamiltonian (2.27) with 5ysd contribute to the CP-odd kaon-exchange
nuclear force, and those with 5d to the CP-odd pion-exchange (or n-exchange) nuclear
force. In this sense, it is very important to note that the sign of the terms with sysd and
those with sd are opposite in eq. (2.27), since this fact controls the relative sign between
the contributions from the CP-odd pion (or 1) and kaon exchange nuclear forces.

The pseudoscalar matrix element (m|7v5¢q|0) appearing after applying the vac-
uum saturation approximation can be transformed to the chiral condensate using the
PCAC reduction

w%mmwzéwwmﬁmm (2.41)

where Q¢ = [dx (J§)o(z) is the axial charge. The PCAC reductions of the required
pseudoscalar matrix elements are collected in appendix B.

The baryon scalar densities (B|gl"q¢”|N) cannot be transformed further, and are input
parameters in this discussion. For the kaon creating/annihilating process, the nucleon
matrix elements (p|dd|p), (n|dd|n), and (p|tud|n) are needed. Those are calculable from the
data of the pion-nucleon sigma term and the proton-neutron mass difference. From the
phenomenology, the pion-nucleon sigma term is given by [122-129]

My + Mg

2

The results of lattice QCD calculations are also in agreement with this value [130-142].

(N|uu + dd|N) = 45 MeV. (2.42)

OxN =

The up and down quark masses at the hadronic scale y = 1GeV are m, = 2.9MeV
and myg = 6.0 MeV, respectively. Those masses were obtained through the two-loop level
renormalization group evolution [104, 143], with the initial conditions m, = 2.3MeV and
mq = 4.8 MeV at the scale p = 2GeV (Particle Data Group) [68]. The isoscalar nucleon
scalar density is then given by

(N|au + dd|N) = 10, (2.43)

at u = 1 GeV. Note that this value is quite large compared with other baryon scalar matrix
elements, which are introduced below.

To obtain (p|dd|p), (n|dd|n), and (p|ad|n), the information of the isovector nucleon ma-
trix element is needed. The isovector nucleon scalar matrix element is given by [9, 144-147]

i m© _ O
(plad|n) = (plau — dd|p) = "2—""7 (2.44)

Mg — My
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where my~’ and m,’ are the proton and neutron masses without electromagnetic con-
tribution. The first equality follows from isospin symmetry. The electromagnetic con-
tribution has been calculated in ref. [148], yielding 6M, , = 1.04 + 0.11MeV. The
proton-neutron mass difference without electromagnetic effect is thus m%o) — mz(,o) =
1.2933322 4+ 0.0000004 + 1.04 £0.11 = 2.33 £ 0.11 MeV, where the first term is the physical
proton-neutron mass splitting [68, 149]. At the hadronic scale u = 1GeV, the isovector

nucleon scalar matrix elements are then
(plud|n) = (p|luu — dd|p) = 0.74, (2.45)

where we have again used the renormalized up and down quark masses at p = 1GeV.
Here the isospin symmetry was assumed. The strange content of the nucleon (N|ss|N) are
known to be smaller than the light quark contribution from lattice QCD calculations [133—
135, 137-139, 141, 150-156] and from phenomenology [157, 158], so we neglect it.

For the pion and eta creating/annihilating processes, the values of the hyperon scalar
transition matrix elements (A|5u|p), (A|3d|n), (X°|5ulp), (X°|5d|n), and (XT|5d|p) are re-
quired. The matrix elements involving A, renormalized at the scale u = 1 GeV, are given by

(Alsulp) = T +\7/"6i1_ 2ME ;’mNn:mA = —1.80, (2.46)
(Al5djn) = X +\7/%7En_ 2ME ;w = —1.80, (2.47)
and those involving X’s by
(20)5ulp) = % = —1.50, (2.48)
(20)5d|n) = % = 1.50, (2.49)
(SF|adlp) = “N T2 919, (2.50)

where we have used the isospin symmetry. The strange quark mass at the hadronic scale
u = 1GeV is ms; = 120MeV. As for the up and down quark masses, we have again
used the two-loop level renormalization group evolution [104, 143], with the initial value
ms = 95MeV at u = 2GeV [68]. The baryon masses are mp = 1115MeV and my =
1193 MeV [68].

The couplings constants of the P-odd meson-baryon interactions
£l = GmpemBB + (hc.), (2.51)

are summarized as follows:

1

IK-pn = iGy\fo}((OI(Iq + 85(0) (plud|n), (2.52)

_ . 1 _ =
IRopp = ZGy\foK(O\qq + 55(0) (pldd|p), (2.53)
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T z’Gy\/;ﬁ((Olfiq + 55(0) (ndd|n), (2.54)
Grtzop = —iayfm\qqroxz%smw, (2.55)
sty = Gy (0lagl0) (= sdlp) (2.56)
Grosmn, = G 5-(017al0) (=°]5do) (2.57)
Grtnp = —iGyf<0\qq!0><AISUIp>, (2.58)
dronn = Gy (0laal0) (s, (2.59)
Gy = —iGy\/%fn(O\qur 255/0) (33" [sd]p), (2.60)
Gpson, = —iGy\/;fT](O\(Yq + 255]0)(2°|5d|n), (2.61)
Gon = —z’Gyﬁffnm\m 25510) (A|5d]n). (2.62)

where fr =93MeV, fx = 1.198f:, and f, = f,, = 1.2fx [68]. Here the chiral condensates
issue from the PCAC reduction of the pseudoscalar matrix elements (m|qv5¢|0). The chiral
condensate is also a renormalization dependent quantity. Its explicit expression is given by
the Gell-Mann Oakes-Renner relation
mz 7

=—(265MeV)® (n=1 : 2.
T (265MeV)”®  (u GeV) (2.63)

(0[gq|0) = —

We see that the quark masses in the denominator bring the scale dependence. The strange
chiral condensate (0|5s|0) has a value comparable to the light quark condensate (0]gq|0).
Recently, the lattice QCD calculation has obtained [159]

(0]35]0) = (1.08 4 0.16) x (0|qq|0), (2.64)

which is larger than the previous estimates based on QCD sum rules, predicting ratios
smaller than one [160, 161]. In this work, we assume (0|gq|0) ~ (0|5s|0) which is well
enough within the accuracy required in this work.

2.2.2 Hyperon-nucleon transition

We now turn to the derivation of the hyperon-nucleon transition in the factorization ap-
proach. The hyperon-nucleon transition was studied in the context of the nonleptonic
hyperon decay [65, 92, 162-174]. The general form of the hyperon-nucleon transition la-
grangian relevant in this work is given by

ﬁYN = ap2+]32+ + angoﬁZO + apAﬁA + (hC) (265)

As we have mentioned in the beginning of the section, we neglect the excited baryon
contributions in the intermediate states. The hyperon-nucleon transition is therefore par-
ity conserving.
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Figure 8. Schematic picture of the hyperon-nucleon transition from the AS = 1 four-quark
interactions (grey blob) in the factorization approach. The quark loop of the right figure (b) denotes
the quark chiral condensate.

In the factorization approach, the |AS| = 1 four-quark interactions have two distinct
contributions to the hyperon-nucleon transition (see figure 8). The first one is the contri-
bution from the quark-quark interaction [figure 8 (a)]. This cannot be calculated using the
chiral techniques. In this work, we use the result of ref. [92], where the matrix elements
of the hyperon-nucleon transition are calculated in the nonrelativistic constituent quark
model. There the nonrelativistically reduced operator év B = Qy = —Q, was consid-
ered,! and the penguin operators were neglected. The explicit expressions of the transition
couplings in terms of the quark-quark interaction are

apsi (¢ — q) = VusViy f<zl—z2)<p|QéVR|2+>, (2.66)

s JdT

anA(q = q) = VsV \[(21—2:2)@\@53\/\% (2.68)

with the hyperon-nucleon transition matrix elements [92]

Ap 320 (q - Q) =V, (Zl - Z2)<n‘QéVR‘ZO>7 (267)

(p|QYEIST) = 2.76 x 1072GeV?, (2.69)

(n|QYF|R0) = —1.95 x 1072GeV?, (2.70)

(n|QYE|A) = —9.65 x 1073GeV?. (2.71)

For the second line, we have used the isospin symmetry (n|QY%|%0) = —%<p|Q§VR|E+).

The Wilson coefficients z; and 2z are renormalized at = 1GeV [see eq. (2.24)].

The second contribution of the |AS| = 1 four-quark interactions to the hyperon-
nucleon transition in the factorization approach is the one-body process [figure 8 (b)].
This contribution is proportional to the chiral condensate, and are only generated by the
right-handed penguin operators Q)5 and (Jg. The explicit expression is given as

aps+(1q) = —VusVig \[ [ 25 + 226] (p|3d|21)(0|dd + 55]0), (2.72)

2
apso(lg) = =V, [25 + 226] (n|5d|£°)(0|dd + 55|0), (2.73)

8ud\/’

n ref. [92], the definition of the operators O; = Q2 and O = Q1 was adopted.
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As the Wilson coefficients of the right-handed penguin operators (@5, and Qg) are much

2 _
anp(lq) = —Vis [325 + 22’6] (n|5d|2°)(0]dd + 550). (2.74)

smaller than that of Q2 [see eq. (2.24)], the one-body process is subleading.

We must also note that the hyperon-nucleon transition receives contribution from the
Wilson coefficients y; (i = 3,4,5,6) (coefficients of V;:V,4). In this case, the hyperon-
nucleon transition matrix elements for the penguin operators Qs3, @4, Qs5, and Qg are
needed, but those are so far unknown. This effect is however subleading, since they do not
involve the largest Wilson coefficient 2z in the P-odd |AS| = 1 meson-baryon vertex. In
this work, we therefore neglect it.

2.2.3 CP-odd nuclear force with pion-, 17- and kaon-exchange

Now that we have the expressions for the meson-baryon interaction and the hyperon-
nucleon transition, we can combine them to form the CP-odd nuclear force. By combining
the |[AS| = 1 meson-baryon interactions with pion fields of eq. (2.29) and the hyperon-
nucleon transition lagrangian of eq. (2.65), we obtain the following CP-odd pion-nucleon
interaction in the charge base

LiNnN = gﬂ'oppﬂ-oﬁp + gwonnﬂ-oﬁn + gw*npﬂ-_ﬁp + §:+np7r+ﬁn, (275)

with the couplings

B 2 Re(§ﬂ02+papg+)
GrOpp = — MmN — My
fr(my —my) ’
— _ _2Re<g7r0AnanA) _ 2Re(g7r020nan20)
9r0nn = MmN — A MmN — My
_ 2JGy:(0lgq|0) | (Alsd|n)(n|QFA) | (E°]5d|n)(n|Q5" %)
— + . (2.77)
fr my — ma my —ms
Re(_ ) _ _Re(gw+ApanA) . Re(ijr*ZOpanEO)
It np my — ma my —ms,
_ V2JGy:(01Gq|0) | (Alsulp)(n|QY|A) n (20[5ulp) (n|Qy "*|2°) (2.78)
Ir my — ma my —ms ’

where G, = %%(21 —22) (%yg, —i—2y6) with 21, 29, ys5, and yg renormalized at p = 1 GeV, and
J is the CP violating Jarlskog invariant J = Im[V,,sVigV5, V] = (3.0670355) x 107° [68, 69].
For the charged pion-nucleon interaction g +,,,, we have only considered the real part which
contributes to the CP-violation. The CP-odd pion-nucleon interaction is often expressed

in the isospin base, as [5]

LiNnn = Z [g,(,%NNT“Nw“ + g,(f]\)]NNNwO + gff]%N (NT*N7* — 3NTZN7TO) ] , (2.79)
N=pn
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where the implicit sum over the isospin index a was taken. It is therefore practical to convert
the CP-odd nuclear force from the charge base to the isospin base. This is achieved just
by changing the basis as

_(0) _
gﬂ'lJVN 9rOpp
gfrjzfjv = A;l IrOnn ) (280)
gsz;N Re(gﬁfnp)
where we have to take the inverse of the matrix A, given by
1 1-2
A= -1 1 2 |. (2.81)
V2 0V2
We show here the explicit value of the CP-odd pion-nucleon couplings in the SM:
Gy = —11x 10717, (2.82)
g = —1.3x107"7, (2.83)
g% =33 x 1072 (2.84)

We now give the one-pion exchange CP-odd nuclear force. It has been studied and
used in many previous works [42-44, 49, 51, 54]. The CP-odd one-pion exchange nuclear
force in the coordinate representation is [44, 115, 175, 176]

1 _ 1
Hp, = 2mN{G§P> m om0 VYe(r) + G0 (70 + 77 04) - VYr(r)
+GO) 375 — 71 my) o - Vyﬂ(r)}, (2.85)
where we denote the Yukawa function by YV.(r) = %, with the pion mass m, =
138 MeV. The spin and isospin notations are o_ = 01 — 03, 04 = 01 + 02, T = T| — To,

and 74 = 71 + 2. The coupling constants of the CP-odd nuclear force with their explicit
values are given by

GO = —g wng %y =16 x10716, (2.86)
GO = —gvngl)y =1.8x 10716, (2.87)
G = gung Dy =47 x 1072, (2.88)

Note the sign change for the isoscalar and isovector couplings due to the difference of
conventions [5, 43] [see the minus sign in front of the pion-nucleon coupling in eq. (C.6)
of appendix C]. We have adopted gryny = 14.11 £ 0.20 for the value of the standard
pion-nucleon coupling [177].

The derivation of the eta-exchange CP-odd nuclear force is done in the same way as
that for the pion-exchange process. The following CP-odd eta-nucleon interaction in the
charge base is generated

LyNN = GuppnPp + Gpnnnin, (2.89)
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with the couplings

_2 Re(@nE*prE*)
myNy —my
_ 2JGy(0]gq + 255(0) (X |5d|p) (p| Q) [ET) (2.90)
V3fo(my — my) ’
_QRe(gnAnanA) . 2Re(§n20nan20)
mN — MmA myNy —my
 2JGy2(0lgq + 25s|0) | (Alsd|n) (n|QYF|A) . (X0]5d|n) (n|Q5X°)
V3, my —ma my — msx

It is also practical to convert the CP-odd eta-nucleon interaction from the charge base

npp =

gnnn -

] . (2.91)

to the isospin base. The isospin representation is given by
_(0) 1 _(1)
a—— [97(7 0 N Nn + g;]%NNTZNn} . (2.92)
N=p,n

This is achieved just by changing the basis as

_(0) _

g - g

TINN ) = At It ) (2.93)
gnNN 9nonn

where we have to take the inverse of the matrix A, given by

11
A, = (1 _1> . (2.94)

The explicit values of the CP-odd eta-nucleon couplings in the SM are

Gy = 1.8x 10717, (2.95)
Gowy = 1.6 x 10717, (2.96)

In previous works, the CP-odd one-n exchange nuclear force was often defined as [42—-
44, 49, 51, 54|

1 — o 1/
H}y, = QmN{Gg% V() + 5 G (R oy — 7o) wnm}’ (2.97)

where we have used the same notation as eq. (2.85). The mass parameter of the Yukawa
function Y, (r) has to be replaced by the n mass m,, = 550 MeV.
The coupling constants of the CP-odd nuclear force with their explicit values are

given by
G = —gunngiNy = —41 x 1077, (2.98)
G = —gynngiy = —3.6 x 10717, (2.99)
Here we use the phenomenological eta-nucleon coupling constant g,nny = 2.24 [178],

which is not far from the on-shell approximation of the chiral interaction

~ 18 —



gyNN = \%—1};(3}7 — D) ~ 3.0 (see appendix C for derivation). Here we also note the sign
change due to difference of conventions [5, 43].

We now derive the K meson exchange contribution to the P, CP-odd nuclear force (see
figure 7). To calculate it, we need the values of the coupling constants of the P, CP-even
meson-baryon interactions. In this work, we take the on-shell approximation of the leading
terms of the chiral lagrangian:

B,ysB'O*M ~ —i(mp + mp)Bys B'M. (2.100)

The meson-baryon vertices relevant in the calculation of the K meson exchange process
are then given by

LmBB = gKAN [ﬁi%AK * iy AK 0}

_ _ 1 /. _ _
FoKsN [Eﬂ%pKO + s (z%%pK— - Eomg,nKO)] +(he), (2.101)
where ggan = n;]:’/—g}z[‘ (D + 3F) =~ 13.6 and ggxny = m\NfT—?:E(F — D) = —6.0, with

D = 0.81 and F' = 0.44 (see appendix C). Here we have neglected the isospin splitting.
We now construct the CP-odd K meson exchange nuclear force by considering the
amplitude of the CP-odd N — N scattering:

. { . _ . _ _. _ . _
iMNn-N = pra——y [ﬁppm%p PP+ EpnPiysp - M+ Enptiysn - Pp + EnpNiysn - NN
— K
F(Ecniysp - P+ h.c.)] , (2.102)

where ¢ is the momentum exchanged between two nucleons. Note that the hermitian
conjugate is only taken for the term with £4,. The CP-odd N — N couplings are given by

2Re(aps+ gropy) gEEN

Epp = MmN — My
__2JGyzgrsn{0lqq + 55(0) (pldd|p) (p| Q5" |ET) (2.103)
V2fk(my —ms) ’ '
2Re(ays+ Ggonn) 9KN
Son = my —ms
_ 2JGygrsn(0|4g + 55]0) (n|dd|n) (p| Q47| T) (2.104)
V2fk(my —ms) ’ '
V2Re(a,50 Gopp) 9xsN  2Re(ana Giop,) 9KAN
Enp = — + (2.105)
my — ms my — mp
_ 2JGy(0lgq + 550) (pldd|p) [_ngN(n|Q§VR|ZO> . gran (n|QYTA)
ﬂfK \/Q(mzv—mg) my — ma
o = _ V2Re(ans0 Ggonn) gxsN n 2Re(anA Ggonn) gKAN (2.106)
my —my my — Mma
_ 2JGy:(0lgq + 5|0) (n|dd|n) [_9K2N<n|Q§VR!EO> n gran (n]QYA)
V2K V2(my —msy) my — ma
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Re(anEO gK—pn) JKYN Re(anA gK—pn) 9KAN

Re(&en) = Va(my — ms) e (2.107)
_ JGy:{0lgg + 55]0)(plud|n) | gren (n]QF 5% n gran (n|QFA)
V2fK V2(my —ms) My — mA .

In the isospin base, the general CP-odd one-kaon exchange nuclear force can be writ-
ten as

1 (0 _
Hyy = QmN{Gﬁg)a- Yk (r) + G im0 VYk(r)

Gﬁi’) (=mio_+71204) VYk(r)

N |

1=
+3GR (TF 0 + 77 04) - V() +
LG (e —m )0 VYK () } (2.108)

where the notation is similar as that used in eq. (2.85). The kaon mass is myx = 495 MeV.

Again, the CP-odd kaon exchange couplings can be converted from the charge base to
the isospin base and vice versa. If we define the transformation from the charge base to
the isospin base as

G bon
G -
G%) = A & | (2.109)
Gg,) gnn
Gg) gch

the matrix Ax will be given by

1 1 1 1 2
1-1 1-1-2

Ag = 1-1-1 1-2]. (2.110)
1 1-1-1 2
0 2 0 0-2

We can then convert the CP-odd couplings of egs. (2.103), (2.104), (2.105), (2.107),
and (2.107) in the isospin base. The explicit values of the coupling constants are

G = 5.4%x10716, (2.111)
GO = 9.9x107"8, (2.112)
GY = —13x1071, (2.113)
G = —40x 1077, (2.114)
GP = —41x1072 (2.115)
We see that the couplings G'([g/) and G’(é) are larger than the others. This is because they
receive contribution from the isoscalar nucleon scalar density [see eq. (2.43)], which is larger
than other scalar baryon matrix elements. The isotensor coupling G i is suppressed since

the hyperon-nucleon transition and the |AS| = 1 meson-baryon interaction we have used
are both |A| = 1.
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2.3 Electric dipole moments of the deuteron, 3H and 3He nuclei from the
CP-odd nuclear force

Now that we have the CP-odd nuclear force, we can now evaluate the nuclear EDM. The
nuclear EDM due to the nuclear polarization is defined as

A

da =" S(AlL+7) R | A), (2.116)
=1

where | A) is the polarized nuclear wave function, and 77 is the isospin Pauli matrix. R,
is the z-component of the coordinate of the nucleon in the center of mass frame of the
nucleus. The nuclear wave function must be a mixing of opposite parity states to yield a
nonzero nuclear EDM.

Of course we should be aware that the nuclear EDM also receives contributions from
the nucleon EDM. This is given by

dELXNedm) _ Z

=1

(A | (dp + dn)oiz + (dp — dn)7; 0z ’A ) (2.117)

N

where o;, is the spin operator, d, and d,, the EDM of the proton and neutron, respectively.
The nucleon EDM contribution from the SM [33, 34] may be comparable to that generated
by the CP-odd nuclear force (2.116), but here we are interested in the latter, since the
effect of the single nucleon EDM is not enhanced by the nuclear effect, as the nucleus is
not a relativistic system [3, 4, 42, 179-181]. Rather, the nuclear spin matrix element cannot
become larger than one for most of the stable nuclei, due to the strong pairing correlation.
It has also recently been pointed that Schiff’s screening, although being incomplete, may
occur in nuclear systems [182]. The relative size between the nucleon EDM contribution
and the polarization due to the CP-odd nuclear force will be discussed in the analysis.

As we have seen, the |AS| = 1 hadron level interactions of the SM generate pion-,
eta- and kaon-exchange CP-odd nuclear forces. Owing to their small couplings, the meson-
exchange effect to the nuclear EDM is just given by the linear terms

URED LIRS SEUCIED it ST
Ji k

i

where the linear coefficients a” (i =0,1,2), agj) (7 =0,1) and ay;) (k=10,0,1,1,2)
depend only on the nuclear structure. The linear coefficients for the pion and eta exchange
CP-odd nuclear forces are known from previous studies, and are shown in table 1.

The kaon-exchange CP-odd nuclear force has however not been studied in the ab initio
approach so far. Here we propose to calculate the nuclear EDM of the deuteron, *H and
3He nuclei in the presence of the kaon exchange CP-odd nuclear force (2.108). As the
ab initio method, we use the Gaussian expansion method [85]. The Gaussian expansion
method was successfully applied to the calculations of the EDM of the deuteron, the 3H,
and 3He nuclei in a previous work [42], and we expect that it also works well in this case.
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agr0) a7(r1) agrQ) a7(70’) a%l’)

’H — 1.45 - - 0.157
3He | 0.59 1.08 1.68 | —5.77x 1072 0.106
SH | —0.59 1.08 —1.70 | 5.80x 1072  0.106
6Li — 2.8 - - 0.16
9Be — 1.7 - - —

Table 1. The EDM coefficients of the pion and eta exchange CP-odd nuclear forces [42]. The
linear coefficients of the CP-odd N — N coupling ax (X = m,7) are expressed in unit of 10~2e fm.
The sign — denotes that the result vanishes in our setup.

The principle of the Gaussian expansion method is to solve the nonrelativistic
Schrédinger equation

(H—E)Vyrr. =0, (2.119)

by diagonalizing the hamiltonian H expressed in the gaussian basis. The hamiltonian in
this work is given by
H=> To+> Vansa + Hpp (2.120)

a a,b

with the kinetic energy operator T', the Argonne v18 nuclear force [183] Vayig4p, and
the CP-odd kaon exchange nuclear force H ;51 . [5€e eq. (2.108)], where explicit indices
indicating the labels of the constituent nucleons a and b were written. In this calculation,
we do not include the effect of three-body forces [184-187].

For the deuteron, only one coordinate is needed. We express the wave function of the

relative coordinate as a superposition of the gaussian base
Gt (r) = Nyl e~ /7Y, (7) | (2.121)

with N,,; the normalization constant, and the gaussian range parameters in the geometric
progression

! (n=1— Numax) - (2.122)

rn = ra””

After diagonalizing the hamiltonian (2.120) expressed in the gaussian basis, we take the

ground state wave function and take the expectation value of the dipole operator as

eq. (2.116) to obtain the deuteron EDM. In our setup, the binding energies of the deuteron

2.22 MeV was correctly reproduced. By factorizing the CP-odd nuclear coupling @&?’s, we
obtain the coefficients displayed in table 2.

For the three-nucleon systems, we need two coordinates to express the wave function.

Here we adopt three kinds of Jacobian coordinates shown in figure 9 [85, 88]. The total
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Figure 9. The Jacobi coordinate for the 3-nucleon systems.

wave function of the 3-nucleon systems is given as

U yu,rr. (PH,? He) Z Z ZZZCn?NL $8,T

c=1 nl,NL T ¥ S

A [n9@) ()]

I=

1
2

=3,

X {[¢f§)(rc) P R ® [9(Se) ® x’(c)(g)]z} ) ] (2.123)

Here the operator A denotes the antisymmetrization of the whole system, and the ar-
guments inside the large bracket are entangled so as to fulfill the antisymmetry in the
interchange of each nucleon. The spin function is given by x and the isospin function by 7.

The radial components of the wave function in the Gaussian expansion method for the
two Jacobi coordinates are taken as [85, 86, 88]

¢nlm(r) = Tl ei(r/rn)Qlem(/f) )
vy (R) = R 6_(R/RN)2YLM(ﬁ) , (2.124)

where the gaussian range parameters obey the following geometric progression:

rn = ria” ! (n=1—Nmax) »

Ry = RjANT! (N=1— Npax)- (2.125)

The results of our work have well converged for the angular momentum space [, L, A < 2.
In our setup of the realistic nuclear force, we have found 6.93 MeV and 7.63 MeV for the
binding energies of the 3He and 3He nuclei, respectively. Again by factorizing the CP-odd
nuclear coupling Gg?’s, we obtain the coefficients in table 2

By comparing table 1 and table 2, we see that the coefficients of the kaon exchange CP-
odd nuclear force are smaller than those of the pion exchange. This result is quite natural
since the kaon is heavier than the pion. See also the similarity between the kaon exchange
coeflicients Gg) and @g) and the eta exchange coefficients @7(70/), G%ll)of table 1, which
is convincing since the kaon and the 1 meson have close masses. Before the coefficients of
table 2 were available, the kaon exchange CP-odd potential was approximated as a contact
interaction [67], with the factor —r instead of the Yukawa function. If we also assume the

contact interaction for the pion ex&ange potential, the ratio between the linear coefficients
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g P P

2H — — 0.202 0.202 —
3He | —7.42x 1072 8.72x 1072 0.173 0.135 0.249

3H 745 x 1072  —881x 1072 0.175 0.135 —0.254

Table 2. The EDM coefficients for K meson exchange process. The linear coefficients ayx are
expressed in unit of 10~2e fm. The sign — denotes that the result vanishes in our setup.

o
oD

2
of the pion and kaon exchange CP-odd nuclear couplings is = Tn—g ~12(i=0,1,2). On

(@)

the other hand, the result of our ab initio evaluation shows a typical ratio “%; ~ 7 (compare
Ak

values of tables 1 and 2). We see that the kaon exchange contribution evaluated in the

Gaussian expansion method is larger than that given by the simple contact interaction
estimate. This shows that the kaon exchange process has enough long range contribution
so that it cannot be described by the short range contact interaction approximation. This
difference is not negligible if both pion and kaon exchange contributions are considered
simultaneously, and shows the importance of the ab initio evaluation.

We should add a comment on the coefficients of °Li and “Be EDMs which have not
been evaluated for the kaon exchange nuclear force. In ref. [42], the EDMs of those nuclei
were evaluated in the cluster model which uses the folding of the CP-odd nuclear force
with the nuclear density of the « cluster. There it was pointed that the result for the
CP-odd N — N interaction with the exchange of mesons heavier than the pion may be an
overestimation, due to the averaging of the short range contribution by the folding. This
is the reason why we have not calculated the kaon exchange coefficients for °Li and “Be.

3 Results and analysis

From our calculation, we obtain the following nuclear EDM results

dP) = 2.2 x 107 ¢ cm, (3.1)
AP = 2.2 x 1073 e.cm, (3.2)
dP) = 1.0 x 10 ¢ cm, (3.3)

which are the sum of the pion exchange contribution

Ty = 2.6 x 107 3!ecm, (3.4)
The = 2.9 x 107 ecm,
Ty = 1.0 x 103! ecm, (3.6)
the eta exchange contribution
diy = —5.7x 10" e cm, (3.7)
dQHe = —1.5x107*3ecm,
diy = —6.2 x 10" e cm,
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and the K meson exchange contribution

iy = —3.5 x 107*ecm, (3.10)
Ay, = —6.8 x 107*2ecm, (3.11)
iy = 1.0 x 1073%e cm. (3.12)

We see that the pion exchange contribution is the leading one. The kaon exchange effect is
also sizable, and acts destructively for the deuteron and *He EDMs. The 1 meson exchange
contribution was found to be subleading. Let us try to understand the order of magnitude
of our result. As we have seen in the introduction, the naive estimate of the EDM of light
nuclei using dimensional analysis gives d4 ~ O(Z‘—;G%JA%CD) ~ 107%2¢ c¢m, which is one
order of magnitude below our values. The enhancement has occurred in the renormalization
group evolution of the Wilson coefficient of the penguin operator Js. The renormalization
group evolution of the |AS| = 1 operator from the electroweak scale to the hadronic scale
enhances the Wilson coefficient of Q¢ by a factor of 40 [compare egs. (2.8) and (2.23)],
which is much larger than the growth of the strong coupling constant %%EZ\)/ ~ 5. Our
result shows that including the effect of renormalization group evolution is indispensable
in the analysis of hadronic EDM.

Let us now compare the effects of exchanged mesons. In this work, we have found
that the pion exchange contribution is dominant. The eta meson exchange contribution is
smaller than the pion exchange by about one order of magnitude, although they have CP-
odd nuclear couplings of similar size [compare egs. (2.98) and (2.99) with (2.86), (2.87),
and (2.88)]. This can be explained by the small linear coefficients relating the CP-odd
nuclear couplings to the nuclear EDM (see table 1). The kaon exchange contribution,
however, although not being leading, is competitive. The kaon exchange CP-odd nuclear
force has smaller linear coefficients than the pion exchange process, by roughly a factor of
7. Its competitivity can be explained by the large couplings G’gg/) (2.111) and G‘g) (2.113),
which receive contribution from the isoscalar nucleon scalar density (N|au + dd|N) ~ 10
[see eq. (2.43)]. The other couplings, including those for pion and eta exchanges, issue from
other scalar densities which are between one and two. Although this sensitive dependence
on the scalar density is due to the factorization model, our result shows that the kaon
exchange CP-odd nuclear force must be carefully analyzed in each hadronic system.

We also show the value of the EDM of heavier light nuclei by only assuming the pion

exchange contribution. The EDM of the 5Li and ?Be nuclei can be estimated as

7 = 5.0 x 1073 ecm, (3.13)
e = 3.1 x 107 ecm. (3.14)

We have used the result of ref. [42] (see table 1), where the EDM of those nuclei was evalu-
ated in the cluster model [188-190]. There it was pointed that the °Li has a large sensitivity
on the isovector CP-odd nuclear force, due to its cluster structure. This enhancement also
enlarges the SM contribution, as we can see from the result. As we have mentioned in
the previous section, the EDM due to the kaon exchange CP-odd nuclear force cannot be
discussed, because the folding used in ref. [42] will destroy the information of the short
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range interaction. The study of the kaon exchange contribution to 5Li and ?Be is left for
the ab initio analysis. The EDM of light nuclei generated in the SM shows values around
1073'e cm. These are beyond the prospective experimental sensitivity [O(1072?)e cm] of
the planned measurement using storage rings [39, 40], but not far from it. As the many-
body effect may enhance the nuclear EDM for heavier nuclei, it is important to carefully
inspect the SM contribution in nuclear systems.

The enhancement of the CP violation due to the many-body effect may also be rele-
vant in nuclear reactions as well as nuclear decays [191]. It has been suggested in ref. [192]
that the scattering of polarized neutron through polarized nuclear target may enhance
the effect of CP-odd nuclear force by a factor of 10, and the experimental realization
of its measurement has extensively been studied [193-200]. Recently, the measurement
of T-violating neutron scattering using the spallation neutron source is being prepared
at Oak Ridge National Laboratory Laboratory and at J-PARC. Quantitative theoreti-
cal studies of the CP violating neutron scattering off nuclear target have also begun,
starting from the simplest neutron-deuteron system [201-203]. Here the SM contribu-
tion will also be an important systematics which have to be controlled. When the nu-
clear level formulae of CP violating observables for heavy nuclear targets will be available,
the SM effect will be given by combining them with the CP-odd nuclear couplings of
egs. (2.86), (2.87), (2.88), (2.98), (2.99), (2.111), (2.112), (2.113), (2.114), and (2.115).

As another quantities of interest, we have the SM contribution to the EDM of ??Xe,
199Hg, 2'Rn, and ??°Ra atoms generated through the nuclear Schiff moment. The EDM
of a nucleus inside neutral atoms is completely screened if it is nonrelativistic and point-
like [41]. The nuclear finite volume effect can however polarize the atomic system through
the nuclear Schiff moment, defined as [4]

Z
e

30 (A|[BR) = 5(ri)Rp= | A)
p=1

=" a0al, (3.15)

Sa

where (r% ) is the mean squared charge radius of the nucleus A. Here the linear coefficients

ag(i) (i = 0,1,2) depend only on the nuclear structure, and their values are shown in table 3
for 12°Xe, and in table 4 for 19Hg, 2''Rn, and ?*’Ra atoms. The atomic EDM receives the

following contribution from the nuclear Schiff moment
d5 = K584, (3.16)

where the K% is a coefficient derived from the atomic physics (see table 5). We neglect the
intrinsic nucleon EDM contribution for the same reason as that for the EDM of light nuclei.

Again by only assuming the pion exchange contribution, the atomic EDMs in the SM
are given by

dy, = 2.2 x 1073% cm, (3.17)
iy = —4.2 x 107 %ecm, (3.18)
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S(0 S 5(2
129Xe axg ) aXEe ) axi )

Dmitriev [204] 0.008 0.006 0.009
Shell model [205] 5.07 x 107%  3.99 x 10~* 1.89 x 1073
Shell model [207] 2.74 x 1073 7.9 x 10~* 2.00 x 1073

Table 3. Linear coefficients of the dependence of the Schiff moment of '2°Xe on CP-odd nuclear
couplings calculated in the mean field approach [204] and in the shell model [205-207]. The constants
are in unit of e fm3. Note that the sign convention of ref. [204] is different from that of refs. [205-207].
In this work we use the latest result of ref. [207]

dg, = 2.0 x 10~*ecm, (3.19)
dy, = —7.4 x 10732e cm. (3.20)

The atomic EDM generated by the nuclear Schiff moment is small in the SM, well below
the current experimental sensitivity [23, 27, 30]. We should note that the atomic EDM
receives other contributions from the SM such as the EDM of the electron or the atomic
polarization due to the P, CP-odd electron-nucleon interaction. However, as their source
of CP violation is not hadronic, we do not consider them in this work.

Now we have to investigate the theoretical uncertainties of this work. In our calculation
the main sources of uncertainties are:

e The electroweak contribution to the renormalization of the |AS| = 1 four-quark
interactions.

e The renormalization of the |AS| = 1 four-quark interactions near the hadronic scale.
e The CP-odd mBB’ hadron matrix elements (mB|H.¢|B’).

e The momentum dependence of the CP-odd mBB’ vertex.

e Weak hyperon-nucleon transition.

e Uncertainty due to the nuclear force.

e Systematics due to other nucleon level contributions (single nucleon EDM, CP-odd
meson exchange current, etc).

e The nuclear structure involving hyperons in the intermediate state.

The first important theoretical uncertainty is that due to the renormalization. In
this work, we have not considered the renormalization group evolution of the electroweak
sector of the |AS| = 1 four-quark interaction [77, 81], but its effect is smaller than that
of the strong interaction by more than one order. The most important uncertainties in
the renormalization group evolution are the uncertainty in the choice of the hadronic scale
and the nonperturbative effect. To visualize the dependence on the choice of the hadronic
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199Hg [209] agg agé agé

SkM* (HFB) [211] 0.041 —0.027 0.069
SLy4 (HFB) [212] 0.013 —0.006 0.024
SLy4 (HF) [212]  0.013 —0.006 0.022

SV (HF) [213] 0.009 —0.0001 0.016

SIII (HF) [213] 0.012  0.005 0.016

Average 0.018 —0.007 0.029
v oo oy o

SKM* [211] 0.042 —0.028 0.078
SLy4 [212] 0.042 —0.018 0.071

SIIT [213] 0.034 —0.0004 0.064

Average 0.039 —0.0015 0.071

25Ra 210] o) aY) o)

SKM* [211] — 4.7 215 —11.0
SLy4 [212] —3.0 169 —88
SII[213) —1.0 7.0 —3.9

SkO’ [214] —15 6.0 —4.0

Table 4. Linear coefficients a®(®) of the dependence of the nuclear Schiff moment on CP-odd nuclear
couplings in unit of e fm? for the 19°Hg, 2!1Rn [208, 209], and ??°Ra [208, 210] atoms. The labels HB
and HFB denote that the calculations were made in the Hartree-Fock and Hartree-Fock-Bogoliubov
approximations, respectively. The last line of each table denotes the values we use in this work.

K2 (cm/fm?3)

a

129X e [215-217] 3.8x 10718
19Hg [215, 218-220] —2.6 x 10717

[
211Rn [215, 221] 3.3 x 10717
225Ra [215, 217, 219, 222] —8.8 x 10717

Table 5. The linear coefficients for 12?Xe, ""Hg, 2''Rn, and ?2°Ra atoms relating the nuclear
Schiff moment and the EDM of atoms, in unit of cm/fm?.
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scale, we have calculated the EDM of light nuclei for 4 = 2GeV and g = 0.6 GeV. For
1= 2GeV, we have obtained

dP) = 2.6 x 10 e cm, (3.21)

dP) = 2.6 x 107 cm, (3.22)

dP) = 1.2 x 10 e cm, (3.23)
and for p = 0.6 GeV

dP) = 1.2 x 107 e cm, (3.24)

AP = 1.4 x 107 e cm, (3.25)

dP) = 3.8 x 102e.cm. (3.26)

We see that the change of the scale from p = 1GeV to 2 GeV does not alter the order of
the EDMs, whereas the result is smaller by about a factor of two than egs. (3.1), (3.2),
and (3.3) for u = 0.6 GeV. Of course the final observables must not in principle depend on
the choice of this scale. In our work, we are however calculating hadron matrix elements
in the factorization model where the low energy factorization scale dependence cannot be
controled. Moreover, near this energy scale, the nonperturbative effect to the renormal-
ization should become important. The behavior of the Wilson coefficients at low energy
scale can be accessed with lattice QCD, where nonperturbative renormalization is possi-
ble. This calculation should be associated with the calculation of the |AS| = 1 hadron
matrix elements.

The second important class of theoretical uncertainty is that due to the evaluation of
the hadron matrix elements and hadron level effective interactions. In this work, the calcu-
lation of the |AS| = 1 effective interaction at the hadron level was done in the factorization
model, for which the systematic error is unknown, certainly exceeding 100%. To calculate
them quantitatively, the evaluation using lattice QCD is absolutely required. There are
currently no lattice QCD results available, but the calculations of the CP violating K — 7w
process which involves the same |AS| = 1 four-quark interactions at the elementary level
are currently extensively done [223-228]. We can therefore expect similar techniques to be
applied in the effective hadron level processes required for the study of the nuclear EDM in
the SM. The first target is the P-odd hadron matrix elements <mB|HfH|B’ ), which proba-
bly yields the most important amount of theoretical uncertainty in this work. These matrix
elements require the evaluation of 4-point functions in lattice QCD, as for the K — 7w
process. The second target is the hyperon-nucleon interaction. In our work, its evaluation
has been done using the quark model. Although the fit of the parameters successfully
reproduce the hyperon decay [92], here again the lattice QCD simulation may provide a
more accurate matrix element [229].

We should also note that to control the systematics, we have to include the effect of
excited strange baryons in the intermediate state. The lowest excited state (with the same
total angular momentum) of A is A(1405), and that for ¥ is ¥(1660). A(1405) is an opposite
parity excited state (1/27), so the hyperon-nucleon transition must violate parity to obtain
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it. This procedure will however require the |AS| = 1 CP-odd meson-baryon vertex to be
parity conserving, and consequently be a vector meson exchange process, in the one-meson
exchange factorization model. The vector meson exchange CP-odd nuclear force contributes
two orders of magnitude less than the pion exchange one, so it is subdominant. 3(1660) has
the same parity as the nucleon (1/2%), so it contributes in the same way as the octet baryons
relevant in our work. Although requiring an excitation of my 1660y — mn =~ 700 MeV, the
simple kinematical suppression compared with the octet hyperon due to the mass shift is
larger than 1/3, so its effect may potentially be important.

In this work, the CP-odd nuclear force was treated as a combination of the |AS| =1
meson-nucleon interactions, the CP-even |AS| = 0 chiral meson-baryon interactions, and
the hyperon-nucleon transition. This CP-odd nuclear force is reducible to the |[AS| =1
NN — YN (Y is a hyperon) interaction and the hyperon-nucleon transition. The
NN — Y N interactions were discussed in the context of the decay of hypernuclei [230-233].
If NN — Y N interactions are simulated in lattice QCD, all informations of intermediate
states such as the momentum dependence of the |[AS| = 1 and |AS| = 0 meson-baryon
interactions, off-shell effects, and contributions beyond one-meson exchange can be consid-
ered all at once. Recently, it has become possible to extract the nuclear potentials from
first principle in lattice QCD [234, 235]. If this technique is applicable to the NN — Y N
potentials, we will experience much progress in the calculation of the nuclear CP violation
in the SM.

The third class of theoretical uncertainty is that related to the inputs of the nuclear
level calculation. The first point is the quality of the CP-even realistic nuclear force. In
our work, we have used the Argonne v18 potential as a realistic nuclear force. From the
result of previous works [44, 49, 51, 53, 54], the nuclear EDM agrees well for the deuteron,
3He, and 3H, at least within the level of 10%. The uncertainty due to the three-body
force [184-187] is also within the same level [49, 51, 53, 54].

For the uncertainty related to the CP-odd nuclear level input, we have the intrinsic
nucleon EDM contribution to the nuclear EDM. As we have seen in the previous section, the
nucleon EDM contribution to the nuclear EDM is at most one, since there are no multiple
valence nucleons in the open shell [42]. Moreover, nuclear systems are nonrelativistic, so
we cannot expect any relativistic enhancement of the nucleon EDM effect. Recently there
have been two evaluations of the nucleon EDM. The first one discusses the long-distance
contribution to the nucleon EDM in the chiral approach [33]. The predicted value is

1 x 1072ecm < {|dy|,|dp|} < 6 x 10732e cm, (3.27)

which is smaller than the CP-odd nuclear force contributions to the nuclear EDMs calcu-
lated in this work (3.1), (3.2), and (3.3). The second work has estimated the short distance
contribution generated through loop-less effect [34]. The result is

dp ~ 1.4 x 103 ecm, (3.28)

with typical parameters. This value is comparable to our results (3.1), (3.2), and (3.3). It
should be noted that ref. [34] has estimated the nucleon matrix element involving operators
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with three quark bilinears like wy®(1—15)s-57a7"y5(1—75)d-dy?(1—~5)u. In the vacuum
saturation approximation, only the isoscalar scalar density is enhanced. Here we have
however no contribution from it, so there is no reason for the nucleon matrix elements to
be enhanced. Rather, we can expect significant suppression from the gluon dressing effect
for operators involving the axial and tensor currents [236-238]. Moreover, these operators
involve strange quarks. It is currently known that the nucleon matrix elements of strange
quark charges are suppressed from lattice QCD analyses [133-135, 138, 139, 141, 150—
156, 239-242]. The estimated value (3.28) should be considered as an upper limit.

There is also another CP-odd input we have not considered, which is the contribution
from the CP-odd meson exchange current. In previous works, those have been estimated
to be about 10% of the total contribution [44, 49]. The exchange current contribution to
the magnetic moment is known to be large for some nuclei [243-246], so the inspection of
the exchange current is necessary in the evaluation of the EDM of each nucleus.

The final systematics is the nuclear level long distance effect. In our work, we do
not have considered the dynamical effect of the hyperons appearing through |AS| = 1
processes. In the real case, a |AS| = 1 process and its conjugate do not occur almost
successively, since the NN — Y N interaction and the hyperon-nucleon transition are very
rare processes. This means that the off-shell hyperon will sufficiently interact with other
pieces of the nucleus, once created. This effect is a dynamical long range effect that was
not included in our work. The evaluation of this contribution requires the calculation
of every hypernuclei which may couple to the nucleus in question through the |[AS| =1
interactions. We have no idea of how important the correction is, as the EDM strongly
depends on the structure of the ground and opposite parity excited states. To obtain
the true value of the SM contribution to the nuclear EDM, the mixing of the nucleus in
question with hypernuclei through the |AS| = 1 process has to be evaluated. This will be
the subject of the future work.

4 Summary

In this paper, we have calculated the SM effect to the nuclear EDM of the deuteron, *H
and 3He in the factorization model by considering the long distance effect of the |[AS| = 1
processes as the leading contribution. At the nuclear level, we have calculated the contri-
bution of the light pseudoscalar meson (7, n and K) exchange CP-odd nuclear force. In
particular, the effect of the kaon exchange to the nuclear EDM was evaluated for the first
time, using the ab initio Gaussian expansion method. As a result, we have obtained values
which lie around O(1073!)e cm, which is not far from the reach of the prospective sensitiv-
ity of the next generation experiment using storage rings [O(1072%)e cm]. The predicted
value is larger than the naive estimation d4 ~ O(1073?)e c¢m, due to the enhancement of
the Wilson coefficient of the |AS| = 1 four-quark operator Q¢ in the renormalization group
evolution from p = myy to the hadronic scale = 1 GeV.

We have also shown that the pion exchange CP-odd nuclear force gives the largest
contribution to the nuclear EDM. In the factorization approach, the kaon exchange con-
tribution is however not small, due to the large value of the isoscalar scalar density of

~ 31—



the nucleon. Moreover, the relative size between the kaon exchange contribution to the
EDMs of the deuteron, 3He, and *H against that of the pion exchange, calculated in the
Gaussian expansion method, shows linear coefficients larger than the contact interaction
estimates. This result indicates that the kaon exchange contribution is still important in
the evaluation of the nuclear EDM. The 7 meson exchange was found to have smaller effect
on the nuclear EDM than the pion exchange by about one order of magnitude, due to the
absence of enhancement mechanism.

We also have estimated for the first time the nuclear EDM of heavier light nuclei, 5Li
and “Be, and the nuclear Schiff moment contribution to the EDM of 12?Xe, 199Hg, 2URn,
and ??Ra atoms in the SM, by only considering the pion exchange CP-odd nuclear force.
For SLi and ?Be, the EDM is larger than those of the deuteron, *He, and 3H, due to the
cluster structure. For the atomic EDMs, we have found values which are well below the
current experimental sensitivity.

We have also investigated the theoretical uncertainty in this calculation. The largest
error comes mainly from the evaluation of the CP-odd hadron matrix elements. We expect
the lattice QCD simulation to determine them in the future, although this is a difficult
challenge. Moreover, the systematics due to the mixing of the nucleus with hypernuclei
through |AS| = 1 is so far completely unknown. The improvement of the theoretical
accuracy is an important future subject in the study of the nuclear EDM in the SM.
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A Renormalization group equation of the Wilson coefficients of the
|AS| = 1 four-quark interactions

In the next-to-leading logarithmic order, the running matrix of the Wilson coefficients
of |[AS| = 1 four-quark operators [see egs. (2.2), (2.3), (2.4), (2.5), (2.6), and (2.7)] is a
6 x 6 matrix

~ N as(Al) 2\ 7+ (0) N as(AZ) 2

UNf(Al,AQ)— <1+ ir J)UNf(Al,AQ) 1 1 J |, (Al)
where Ny is the number of active quark flavors between the scales A1 and Ay. The matrix
U ](\(,)} (A1,A2) is the evolution matrix of the Wilson coefficients of |AS| = 1 four-quark
interactions at the leading logarithmic order. It is given by
af

afs
afs -

a4

O3 (A, As) =V .
12

as
Qg

Qo
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where a9 = % The matrix V is the regular transformation matrix which diagonalizes

(0)

the (transposed) leading logarithmic order anomalous dimension matrix ’ny:
VSNV = diag(By, Ba, B, Ey, Bs, E), (A.3)

where F;’s are the eigenvalues of 'y( ). The exponents are a; = 5 ﬁ (i =1~ 6). The leading
logarithmic order anomalous dlmenswn matrix of the Wilson coefficients of |AS| =1 four-
quark operators is given by [73, 77|

-2 6 0 0 0 0
2 2 2 2
e SR SR
S N PO A (A.4)
0 0 0 0 2 —6

0 0 —2Ny IN; -IN;-16+ 2N

The matrix .J yields the next-to-leading order correction to the evolution of the Wilson
coefficients, and is also defined by using the diagonalizing matrix V:

N

J=vsv1 (A.5)
where the matrix S is defined by

B oo (VWY

Sij = —0ijE
= o2 T 9B+ B — By

(A.6)
with 4 the next-to-leading order anomalous dimension matrix of the evolution of the
Wilson coefficients of the |AS| = 1 operators. We must note that 4(!) is renormalization
scheme dependent. In the naive dimensional regularization scheme, it is given by [73, 77]

———fo +2Nf 79 7 65 7
7 T4 2N _2271 - 7N 302 @ 11992 ﬁ
! 2 ! _ 5911 24371 5983 i 2384 24371 1808 8t 1
w-| v o o e e e W
! 0 0 18 +243Nf **JF B Nr T*ENJ“ -3t Vs
0 0 — 8Ny N A+8N, 99+ N,
0 0 S%N 106N 235 + 1262736]\7 13645 + 1348N

(A.7)
The scheme dependence of (V) is cancelled by the correction to the operator array

Q(A) = (i - O‘if)r) Q(A), (A8)

where 7 is given by [73, 77]

-7 0 0 0 0
_7 7 2 _2 2 _2
3 27 9 27 9
0 0 67 67 4 _4
0 0 T+ Nyg—gNy Ny —gNy
0 0 0 0 —1 1
5 5 5 35 5
0 0 wlNy  —gNy =3+ 57Ny 3 — Ny

in the naive dimensional regularization scheme.
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Finally, the quark threshold matching matrix R is given by [73]

000 0 0O

000 0 0O

- 51000000
R=— . A10
271 001-31-3 ( )

000 0 0O

001 -31-3

B PCAC reductions of pseudoscalar matrix elements

The pseudoscalar meson matrix elements can be calculated using the partially conserved
axial current formula. The needed ones are given as

(=ldr5dl0) ~ = (0ldal0). (B.1)
(wHlaysdl0) ~ Z'fm\qqm (B2
Mﬂﬁw@%f;@M@+%m, (B.3)
(Rls50) = -0+ 55i), (B.4)
W@meh%mmm, (B.5)
wﬂmmz—;%wwm, (B.6)

where ¢ represents the light quark. From the Gell-Mann-Oakes-Renner relation, we have
mzf2
My +mg

the light quark chiral condensate (0|gq|0) = —
by (0[55]0) ~ (0]gq|0).

. That of the strange quark is given

C The chiral lagrangian

The chiral SU(3)z x SU(3)g effective lagrangian is given by
2 .
Ly = Z“Tr(auUa“UT) + Tr[B(i) — m)B]

+%Tr[37u(§8“£T + &1 B] + %Tr[BwB(a“éfT +0reTe))

1

+5 (D + F)Tr[Br,s(60"¢" — £10"€) B

7 _
— (D= F)Te(Bys B@VeE — oréle)), (1)
with B the baryon field. The meson field M is introduced through
iM
§ = exp ( ) , (C.2)
V2fx
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with U = €2, The meson matrix is given by

0 4 n + +
vitvw T K
_ - _ T n_ 0
M = s ‘/i——io_ NG K77 (C.3)
K K —2%
and the baryon matrix by

20 4 A0 +

\/5 + \/6 EOXJ AO p
= =0 _QLO
- - V6

The zeroth order expansion of the third line of eq. (C.1) in the meson field can be
transformed as

= oAt ff o ffTr (BysB@M).  (C5)

Terms without nucleon field operators were omitted since they do not contribute to the CP-

ﬁ( Tr [B'YM'YS(a M) ]

odd nuclear force in the one-meson exchange model. By considering the on-shell contribu-
tion of the baryon as leading, eq. (C.1) can be approximated by using the equation of motion
By, s B'O* M ~ —i(mp + mp)Bys B'M. We therefore obtain the following lagrangian:

LymBB = —GzNN [ﬁi%pﬂo - ﬁi%nﬂo} —V2¢:NN [piysnrt + h.c.
—gnNN [Divspn + fiysnn]
+IKAN [ﬁmAK+ + nips AKY + h.c.] (C.6)
S+ 0 | S - L /<o, - 50, 0
+gxsn | X iyspKT 4+ X iysn KT + E(E 1yspK~ — XV iysnK ) + h.c.|,

where ggan = ”;%}”A (D + 3F) =~ 13.6 and gxsy = mefmZ (D — F) ~ —6.0, with

D = 0.81 and F = 0.44. Here we have assumed the isospin symmetry. Note that the sign

is different for terms involving kaons. In this chiral approach, the pion-nucleon and eta-
nucleon couplings are given by g.nn = %(D+F) ~12.6 and g,nN = \%—?(3F—D) ~ 3.0,

respectively, but we use phenomenological data [177, 178] as input in this work.
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