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1 Introduction

Since we have not discovered new particles at the LHC experiment [1, 2], physics beyond
the standard model (SM) is very likely to exist in high energy scale, particularly above the
electroweak symmetry breaking (EWSB) scale. Such a high scale can be probed indirectly
through flavor and C'P violations. In particular, electric dipole moments (EDMs), which
are C P-violating observables, are one of the most sensitive observables. Currently, an
experimental bound on the EDM of the "Hg atom is provided as [3, 4]

|dng| < 6.3 x 10730 ecm, (1.1)

at the 90% confidence level. Although theoretical calculations suffer from uncertainties
in estimating the Schiff moment, it can constrain NP very severely. For the nucleon, the
experimental bound of the neutron is [5]

|| < 3.0 x 10726 ecm, (1.2)

at the 90% confidence level. On the other hand, the indirect limit on the proton EDM is
derived from 9Hg as [6]

|dy| < 2.1 x 1075 ecm. (1.3)

In future, several experiments aim to improve the sensitivity by two orders of magnitudes
for the neutron EDM [7, 8]. Also, a storage ring experiment is projected to measure the
proton EDM at the level of 1072 ecm [9].

Although the EDMs are flavor-conserving observables, flavor-violating interactions can
contribute to them. In the SM, the W-boson interactions change quark flavors. Thus, a



class of NP can induce EDMs through quark flavor-changing interactions by exchanging
the W boson. Such contributions are represented by the Standard Model Effective Field
Theory (SMEFT) [10-12]. Here, all the SM particles including the electroweak bosons
(W,Z,H) and the top quark (¢) are retained. Above the EWSB, NP contributions to
flavor and C'P violations are encoded in higher dimensional operators in the SMEFT. At
the EWSB scale, they are matched onto the effective operators in the low-scale effective
field theory (LEFT) by integrating out W, Z, H and t. Low-scale observables such as the
EDMs are evaluated by using the LEFT.

In this letter, we study the nuclear EDMs from SMEFT flavor-changing operators.
They are induced by AF = 1 operators through radiative corrections of the W boson. In
particular, we will focus on top-quark loop contributions, because they tend to be large
due to the large top quark mass (cf. ref. [13]). The radiative corrections are taken into
account by solving the renormalization group equations (RGEs) in the SMEFT [14-16].
In addition, the SMEFT operators are matched onto those in the LEFT at the EWSB
scale. The one-loop matching conditions are necessary, because the contributions of the
AF = 1 operators to EDMs are induced by radiative corrections. The one-loop formulae
will be provided in this letter. These operators also contribute to AF = 2 observables such
as €x and AM, through the W-boson loops. Since these observables are sensitive to NP
contributions, we will discuss correlation between the contributions to the EDMs and the
AF = 2 observables.

2 Formula

In this section, we provide formulae for evaluating the EDMs induced by flavor-changing
operators. By decoupling NP particles, their contributions are encoded in higher dimen-
sional operators in the SMEFT. Then, these operators are evolved by following the RGEs.
Anomalous dimensions in the SMEFT are provided at the one-loop level in refs. [14-16],
and those relevant for the C'P and flavor violations are summarized in ref. [13]. At the
EWSB scale, they are matched to the LEFT operators. We provide the one-loop matching
formulae between the SMEFT AF = 1 operators and the LEFT AF = 0 C'P-violating
operators.

In the SMEFT, the AF = 1 effects are encoded into higher dimensional operators,
which are defined as [11]

Lo = Lsm+ Y _ CaOa, (2.1)

where the first term in the right-hand side is the SM Lagrangian, and the second term
represents the higher dimensional operators. Here, the Lagrangian is invariant under the
SM gauge symmetry, and all the SM particles including W, Z, H and t are dynamical. In
this letter, we consider the operators of the down-type quarks, which correlate with AF = 2

Tt is straightforward to extend the analysis to AF = 1 operators of the up-type quarks. In this case,
radiative corrections are likely to be dominated by bottom-quark loops.



observables, such as ex and AMp,. The dimension-six operators which potentially relevant
to the EDMs and the AF = 2 observables are shown as®

(OS)ijit = @ud) (@ vud"), (2.2)
(ODijur = @' )@ V' d), (2.3)
(O D) iju = (@) (@ A1), (2.4)
(05w = (@ T4 ) (@ TAD), (2.5)
(Oaa)iji = (@ 3 d) (@ yd), (2.6)

(Oli)is = (HDH) @), (2.7)

(O35 = (HTiHH)(Giv“TIqj), (2.8)

(Ona)ij = (HUD,H) (@), (2.9)
(O)ijn = (@ud’) (@), (2.10)
(Oz(li))ijkl = (77, TA¢) (@ T, (2.11)
(O )int = (@yad) (@ d), (2.12)
(05w = (@ TAu)) (@ TAd), (2.13)

with the derivative,

Hf H;H = H'v'D,H - (D,H) 7' H, (2.14)

where ¢ is the SU(2), quark doublet, d the right-handed down-type quark, u the right-
handed up-type quark, and T4 the SU(3) generator with quark-flavor indices 1, j, k,1 and
an SU(2), [SU(3)y] index I [A].

At the EWSB scale, the SMEFT operators are matched to the LEFT operators. The
latter operators for EDMs are defined as

Lov= 3 S CI0L+Co05+ 30 S CEOE+ 0 S ST CEOY,  (215)

a=1245 i a=1,2 i£j a=3,4 i#j

o, ] ;
2See ref. [17] for an extensive study of the SMEFT operator, (H'i D ,H)(@'v"d’), where EDMs and
flavor observables are examined. Also, the nucleon/nuclear EDM has been discussed within the context of
the SMEFT in refs. [18-20], where flavor-conserving operators have been studied.



where i, j are quark-flavor indices. The effective operators are defined as®

Of = —%mdﬂieQd(F - 0)Y5d;i, (2.16)
Oh = —%mdﬂigs(G - 0)5di, (2.17)
O3 = —égszBce“”’“G GBAGSU, (2.18)
O = (d2d)(d]ivsd)), (2.19)
Of = (dod)(diouysdy)), (2.20)
Of = (dpd?)(d]insd)), (2.21)
Oy = (dd))(d]insdg), (2.22)
OF = (d ot de)(d]ioyusds), (2.23)
Of = (d2 ot d})(d) iy 5d3), (2.24)

where «, 8 are color indices, and F),, (GA ) is the electromagnetic (gluon) field strength.
We define F'-0 = Fj,,0", G-0 = GA J“”TA and GA = 16M,,ngApg with o# = '[’y“ v]
and €9123 = 1. Also, f4BC is the structure constant and my is a mass for quark ¢. These
operators are mixed through the RGEs, which are found in refs. [21-25] (see refs. [26-28]
for higher order corrections).

The matching conditions are derived by integrating out SM heavy degrees of freedom,

such as W, Z, H and t. At the tree level, we obtain the conditions,

~/[: - T Z

(01])t = 1 [(0(8))jllj (Céz))m]z} ) (2.25)
~ij\tree i 1 1 1 8 8

(Cy)ree = 1 {2((0551))3'%]' - (C(gd))ijji> N ((Céd))jiij - (Céd))ijji)]v (2.26)

where the Wilson coefficients are evaluated at the EWSB scale, 1 = puy. The other LEFT
operators are not induced at the tree level.

In addition, the SMEFT AF = 1 operators can generate AF = 0 amplitudes through
the one-loop matching conditions at the EWSB scale. We focus on the contributions from
the loop diagrams with the top quark and the W boson (cf. ref. [13]). The conditions in
the Feynman-'t Hooft gauge are obtained as

i o i ; 8
(G itoop — _ 77812/1/ [)\J (Cid))&%]][l(xt’ ww) — ml {A (Cq(d))wj} J(x¢)
« > j 8 i 8
) 3 {Im NS it | + T X (C )i | }K(wt, ), (2:27)
m=1

3Besides, there is a strong CP phase, 8. In this letter, we assume 6 = 0, for simplicity.



(Gyrloor — _ 2 Im{Aii [<C£B>33U—<05?>33w (cHd»j}}mxt,uW)

Al [(C’é}i))wg‘ - 2]\76(0;81))332‘3‘] }J(xt)

mi 1 1 8
+Im |:)‘t [(Céd))jmij - W(Céd))jmij]] }K (e, o), (2.28)
where the parameters are defined as
Ty = MiI%V? Al =V Viy (2:29)

Here, V;; is the CKM matrix, and sy = sinfy with the Weinberg angle 6y,. The loop
functions are defined as

x x — x? — 2z
Li(x,p) = 3 [ln a T _71 2 i 1—;4 In :U:| , (2.30)
J(z) = ( ili”'i) (2.31)

z 3(x r(z+2
K(om) =% {m - 42;1; - 2((33 jl)ll } (2.32)

All the Wilson coefficients are evaluated at the EWSB scale, u = pupy. The other LEFT
operators for the EDMs do not receive one-loop corrections at this scale.

The SMEFT AF = 1 operators also generate LEFT AF = 2 operators. The latter
operators are defined as

HE =2 = (C1)ij(diy" Prd;)(divu Prd;)

(C2)ij(di Prd;)(d; Prdy) + (Cs)ij (d5 Pyd’ ) (d] Ppds)

(C4)ij(di Prd;)(di Prd;) + (Cs)ij(d2 Prd))(d Prds)

(C1)ij(din* Prd;)(divu Prd;)

(C5)ij(di Prd;) (diPrd;) + (C3)i; (d3 Prd}))(d] Prdf).  (2.33)

We follow the analysis in ref. [13], where the SMEFT RGEs and the matching formulae at
the one-loop level are provided.

Below the EWSB scale, the LEFT AF = 0,2 operators are evolved by the RGEs.
Then, the low-scale observables are evaluated around the hadron scale.

3 Observables

In this section, low-scale observables are summarized. We consider the EDMs, ex and
AMp,. All of them are very sensitive to NP contributions to C'P violations.



3.1 Nuclear EDMs

The CP-violating operators of the down-type quarks induce the nuclear EDMs.* Then,
hadronic matrix elements are necessary to evaluate their contributions. There are many
types of the SMEFT four-quark operators. Contributions of (’}iis and (’}fd are evaluated
by the effective chiral Lagrangian technique [29]. Those operators generate C P-violating
baryon-meson interactions through vacuum-expectation values (VEVSs) of pseudoscalar
mesons. Then, the *"Hg EDM is induced at the tree level as [30]

% ~ (0.005C{" — 0.032C1") Gev ", (3.1)
In addition, from the baryon-meson loop diagrams, we obtain®

d?" ~ (-0.026@{“ + 0.169(?fd> GeV1, (3-2)

%p ~ (0.023C — 0.149C57) Gev (33)

where the Wilson coefficients are estimated at the hadron scale, y = 1GeV. Here and
hereafter, we set § = 0 for simplicity.® The derivations of eqs. (3.2) and (3.3) are given in
appendix A.

Four-quark operators, O% and O, involve the bottom quark. In order to derive
their contributions to the neutron and proton EDMs, we follow the strategy explored in
refs. [31-33]. The result becomes

dy - . }
2 ~a2x 107t (de + 0.75Cdb) Gev—1, (3.4)
d _ _

R S (cbd + 0.75Cdb) Gev, (3.5)

where the Wilson coefficients are estimated at the hadron scale, y = 1 GeV. Here, the
contribution to the proton EDM, (3.5), is derived by multiplying a ratio of the magnetic
moments, L/, to that of the neutron EDM, (3.4) (cf., ref. [33]). On the other hand,
O and O are much less constrained by the EDMs, because they do not depend on the
down quark.

Let us summarize the current experimental limits and future prospects. The current
bounds are obtained as [3-6]

|dpg| < 6.3 x 1073 ecm,  [90% C.L.] (3.6)
d,| <3.0x107% ecm, [90% C.L.] (3.7)
|dy] < 2.1 x107% ecm. (3.8)

“In the analysis, CP-violating baryon-meson interactions are considered to discuss the nuclear EDMs
(see appendix A). They can also induce the electron EDM, e.g., via the Barr-Zee diagram, which will be
explored in future.

5The nucleon EDMs are also induced by baryon-meson diagrams at the tree level [30]. However, we
confirmed that they are sub-dominant.

5The Peccei-Quinn (PQ) mechanism is not assumed for realizing § = 0. Tt is straightforward to extend
the case for  # 0. Then, the PQ mechanism is introduced to avoid the strong CP problem. The following
conclusions do not change qualitatively.



In future, experiments are projected to achieve the sensitivities of |d,| ~ 1072 ecm [7]
and |dp| ~ 1072 ecm [9]. Although the '%Hg EDM constraint is the strongest at this
moment, the neutron/proton EDMs can provide severer bound by the future experiments.
Before closing this section, let us comment on contributions to the electric and chro-
moelectric dipole moments, O} and O%. As mentioned in the previous section, the SMEFT
AF = 1 operators contribute only to the LEFT four-quark operators, 63{2 Below the
EWSB scale, they induce (9%72 through radiative corrections. However, according to the
RGEs in the LEFT, their contributions appear as linear combinations of CN'? + C’{l and

C’;j + C’%Z as
Cl = aa(CY + Cf') + Bu(CY + T, (3.9)

for (911'72 with @ = 1,2 and coefficients ag, 8,. By substituting the SMEFT contributions
into C’iJQ in the right-hand side, all the contributions are found to vanish (see eqs. (2.25)—
(2.28)). Consequently, the SMEFT AF = 1 operators do not generate the electric or
chromoelectric dipole moment. Hence, we will study the nuclear EDMs directly from the
four-quark operators.

3.2 AF = 2 observables

The AF = 2 operators contribute to the oscillations of the neutral mesons. In particular,
the indirect C'P violation of the neutral K mesons, ex, and the mass difference of the
neutral B, mesons are sensitive to NP contributions. The former is sensitive to flavor
violations between the first two generations of the down-type quark. The SM and NP
contributions are represented as

ex = ' (E%M + e ), (3.10)
with ¢, = (43.51 £0.05)°. The SM prediction is estimated as [34]

M = (2.035 £ 0.178) x 1073, (3.11)
where V is determined by the inclusive semileptonic B decays. The NP contribution is
represented as

NP Re K\NP
e = —=——— [Im (M) , (3.12)
ﬂ(AMK)exp [ ]

where %, = 0.94 [35, 36] and (AM )exp = 3.483 x 10715 GeV [37] are used. Also, M{§ =
(KOIHEP=2 K®) /2M ¢ with Mg = 0.4976 GeV [37]. The Wilson coefficients are evaluated
with the NLO-QCD RGEs [38], and hadron matrix elements in ref. [39] are used. On the
other hand, the experimental result is [37]

€5 = (2,228 £ 0.011) x 1073 (3.13)
From egs. (3.11) and (3.13), we obtain the bound on the NP contribution as
—0.16 x 1072 < el < 0.55 x 1073, (3.14)

at the 20 level.



Next, flavor violations including the bottom quark are constrained by the oscillations
of the neutral B, mesons. In particular, those between the first and third generations
contribute to AMpg,. The SM and NP contributions are represented as

AMp, =2 [(MEH™M + (MEHNP| = AMEM + AMBT, (3.15)

where MJ? = (BO|HAP=2|B%) /2Mp, with Mp, = 5.27958 GeV [37]. The first term in the
right-hand side denotes the SM contribution, which is estimated as [40]

AMGM = (4.21 +£0.34) x 10713 GeV. (3.16)

The Wilson coefficients are evaluated with the NLO-QCD RGEs [38], and hadron matrix
elements in ref. [40] are used. On the other hand, the experimental result is obtained as [37]

AMSP = (3.3338 £ 0.0125) x 103 GeV. (3.17)
Thus, the NP contribution is required to satisfy,
0.20 x 10713 < AMYT < 1.56 x 10713, (3.18)

at the 20 level. Finally, although AMp, gives a constraint on flavor violations between
the second and third generations, the bound from the EDMs is very weak (see eq. (3.4)).
Hence, we do not consider them in this letter.

4 Numerical analysis

In this section, we study contributions of the SMEFT AF = 1 operators to the nuclear
EDMs and AF' = 2 observables, ex and AMp,. In figure 1, the neutron, proton and 99Hg
EDMs are estimated. On each line, one of the Wilson coefficients is set to be C; = i/MZp
at the NP scale, Mnp. The other coefficients are zero. The effective operators missing in
the list do not contribute to the EDMs as well as the AF = 2 observables.” Once the
operator is set, the RGEs are solved, and the matching conditions are taken into account.
In the top and bottom panels, the four-quark operators mix the first two generations of
the down-type quark. On the other hand, the operators in the middle panels include the
bottom quark. In low Myp regions, it is found that the EDMs are suppressed, where the
loop functions, I; and K, vanish.

For the plots of the neutron and proton EDMs, the horizontal red and blue dotted lines
correspond to the current experimental bound and the future sensitivity, respectively. For
the latter, we quote |d,| = 1072 ecm and |d,| = 1072 e cm. Currently, the neutron EDM
excludes Myp < 100 GeV of (Citl’g))gglg and (Cq(cll))gglg. On the other hand, the severest
constraint is provided by the ""Hg EDM; the current experimental bound is shown by
the horizontal purple dotted line in the bottom plot of figure 1. It is found that the NP
contributions have already been excluded for Myp < 1-9TeV. The sensitivities of the

~

"There are operators which can contribute to the EDMs through self-energy corrections. The matching
conditions are provided in section 2, and it is straightforward to analyze them.
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Figure 1. The neutron and proton EDMs are estimated for the SMEFT AF = 1 operators of the
down and strange quarks with the top quarks in the top panels. Those for the down and bottom
quarks are shown in the middle panels. The red and blue dotted lines are the current experimental
limit and the future sensitivity. Also, the 'Hg EDM for the down and strange quarks are in the
bottom panel. The purple dotted line is the current experimental limit. The Wilson coefficients are
i/MZp at the NP scale Myp.

neutron/proton EDMs are expected to be improved greatly. They can probe the NP scale
up to 2-10 TeV, which are beyond the limit of the ?Hg EDM.

The contributions to the nuclear EDMs are suppressed for the operators including the
bottom quark. This is because the hadron matrix elements of such operators are small
(see eq. (3.4)). Currently, the constraint is weaker than Myp < 100 GeV according to the
middle panels of the figure, and the sensitivity may reach at most 3 TeV in future.
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Figure 2. Contours of the EDMs and ex (left) and AMp, (right). Outside regions of the purple
band are excluded by the *Hg EDM, and those of the red and light green bands are probed by
the future experiment in the left panel. On the other hand, the deep green region in the right panel

corresponds to |d,| < 10729

ecm, which is below the future sensitivity. In the left panel, the blue

region is allowed by ex at the 20 level, and the region in the right panel is allowed by AMp, at

the 20 level.
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Figure 3. Same as figure 2.
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Figure 4. Same as figure 2.
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Figure 5. Same as figure 2, but the deep green region in the right panel is |d,| < 1072° ecm,
which is one order of magnitude weaker than the future sensitivity.

Let us study correlations between the EDMs and the AF = 2 observables. The results
depend on the SMEFT operators. The AS = 1 operators of (0[5(11’8))3312, (052’8))3312 and
(CHa)12 contribute to the EDMs and ex via radiative corrections. Similarly, the AB =1
operators of (C;}i’g))gglg, (Cq(ji’s))ggglg and (Cpq)13 affect AMp, as well as the EDMs. In
figures 24, the EDMs and the AF = 2 observables are estimated for each operator. Here,
the real and imaginary parts of each Wilson coefficient are varied at the NP scale of 1 TeV,
while the other coefficients are set to be zero at this scale. In the plots, the current limits
from ex and AMp, are drawn by the blue band, where the region inside the band is allowed

— 11 -
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Figure 6. Same as figure 2, but the deep green region in the right panel is |d,| < 1
which is one order of magnitude weaker than the future sensitivity.

at the 20 level. On the other hand, contours of the neutron, proton and *?Hg EDMs are
shown by the bands with different colors.

From the figures, it is noticed that the Hg EDM gives a bound on the AS = 1
operators, and the proton EDM can provide a better sensitivity for them. For some of the
AB =1 operators especially (Cég))gglg and (Ci?)g,glg, future measurements of the proton
EDMs will also be able to compete with the constraint from AMp,. We want to emphasize
that the parameter dependence of the EDMs is different from that of ex. Thus, the NP
contributions to the effective operators can be specified by combining the EDMs with the
flavor observables.

Next, let us consider C’é;’s), C’éi’&, and (033)12,13. We found that they do not con-
tribute to the EDMs because of the Lorentz structures of these operators. In fact, they
generate only the vector-type operators of the four quarks below the EWSB scale, which
do not violate the C P symmetry.

Similarly, the operators of (053)12713 do not contribute to the EDMs through the four-
quark operators. Let us consider another contribution. It is noticed that these operators
include W boson interactions by taking the Higgs VEV as

A= i i . —5 i \/§ . 92
(H'i DlﬂH)(q yrlgd) = iv? [(u v Prd’) (T%GJF - Z%W;)

+ (diy" Ppu) ( - ?@G— - i%WN_)] o (4)

in the Feynman-'t Hooft gauge, where GT is the NG bosons. Here, all the quark fields are

left-handed in these interactions. Then, they seem to generate the electric and chromo-
electric dipole moments through penguin diagrams of the W boson loops. However, it can

— 12 —



be checked that such contributions vanish by paying attention to the chirality structure of

the quark. Hence, the operators of (023)12,13 do not contribute to the nucleon EDMs.
Finally, let us comment on Cyy. This operator can also contribute to the EDMs

through the RGEs and matching conditions. However, these contributions are found to be

very small, and we do not discuss them anymore.

5 Conclusions

We studied the nuclear EDMs induced by the SMEFT AF = 1 operators and their corre-
lations with the AF = 2 observables. These SMEFT operators contribute to them through
the W boson loops. The radiative corrections via the RGEs and the matching conditions
at the EWSB scale are taken into account. In particular, we provide the one-loop formulae
of the matching conditions for the EDMs.

It was found that some of the operators are already excluded for Myp < 1-9 GeV by
the Hg EDM, and future experiments for the proton EDM may be able to probe those
in Myp < 2-10TeV. Compared with ex and AMp,, it was shown that the nuclear EDMs
can provide a complementary information on the AF = 1 effective operators in future.

Other nuclear EDMs such as '?9Xe and ??’Ra can also be sensitive to the C' P-violating
baryon-meson interactions. Although the current bounds are weaker than that of 199Hg,
they would be examined better in future experiments (see e.g., ref. [7]). Although their the-
oretical calculations suffer from potentially large uncertainties in estimating the the Schiff
moment, it is interesting to study future sensitivities to the SMEFT AF = 1 operators,
which will be explored elsewhere.

Note added: while we are submitting this letter, a new article [41] was published on
arXiv; the authors argued that an enhancement factor coming from the strange quark mass
which was mentioned in ref. [42] and is quoted in eq. (A.21) disappears. Since this factor
can induce a large contribution to the neutron and proton EDMs, the numerical analysis
in this article may be affected.
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A Estimation of neutron and proton EDMs

In this section, let us explain how to estimate the contributions of the four-quark operators
to the neutron and proton EDMs with the chiral Lagrangian technique [29]. In particular,
we follow the analysis explored in ref. [42].

We consider the neutron and proton EDMs through meson condensations induced
by the C P-violating four-quark operators @glq. At the parton level, these operators are
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represented as

~ 1 o~ ]
Lepy D Y, CTi071

q'#4,9,94'=u,d,s

= > |:ZC]kl (@ Praj) @k Prat) + iCH" " (@ Pras) (@ Prai) | — (L <+ R),

i,5,k,l=u,d,s
(A.1)
where the coefficients are defined as
CHER =i =" CTU5; 16 O O (A.2)

q#q

Under the chiral rotations of U(3)r x U(3)g, we impose the following transformations,

Prqgi — (L)i; Prgj, (A.3)

Prg; — (R)ijPRQja (A.4)

CHE = Y (L)im(L)koCrmma (RN (BT, (A.5)
m,n,o0,p

CHIR = Y (R)im(L)eoCRELE (L) (R, (A.6)
m,n,o,p

with L, R are transformation matrices of U(3)y and U(3)g, respectively. Then, the right-
hand side of eq. (A.1) is invariant under this transformation.

By adopting this symmetry in the meson chiral Lagrangian, the CP-violating terms
are written at O(p?) as

F2 F2 o F2
B = T [(DW)IDAU + (U + U + S

T [UD,Ut] T [UT DU
+ apTr [an — anTr

+), |iCHET (Cl [UilUlie — e [UY)56[U e + e2[Ua[Ul
1,4,k l=u,d,s

— C2[UT]li[UT]jk> +iCRER (CS[UT]jz’[U]lk —c3 [U]ji[UT]lk> ] , (A.7)

where U, x are defined as

2 2i
U= ol + =11 = 2By A8
CeXp [\/6770 3+ F. ] ) X odiag (my, ma, ms), ( )
1.0, 1 1+ 1ot
5T+ 3318 7T \/iK
I3 = diag (1,1,1), Il = T et ans KL (A9)
1 — 7% 1
ik VoL L
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Here, F; is the decay constant of the pion, and Fj is that for 79. The mesons matrix
U transforms as U — RUL' under U(3)r x U(3)r. We approximate as Fy ~ Fr, By ~
mZ/(my 4+ mq) and 48ag/F§ ~ m + mz/ — 2m?2.. By a naive dimensional analysis, we

estimate the unknown low-energy constants, ci, co and c3, as

(47 Fy)S

R (A.10)

Cl ~ Cy ~ C3 ~

From eq. (A.7), the scalar potential for the neutral mesons, 7°, g and 79, is extracted as

210
V (7, g, = F2B [m COS( + >
(7, 185 0) 0|mMu F fFo

+ mg cos

2n0 )
+
Fﬂ V6F,

+
(%

+ my cos < 2770 ) ] 2429 (1)
)

\fFo F§
+2¢; [ (C’fd + Cf) sin (\/2;}1 + \;%7;’()
+ (CN'{‘S + C’f“) sin (;i - \/g; ﬁ?;b)
+ (éfls + C’fd) sin (—;i - \/g;r + Zt;g) }
+ 2c3 [ (C’fd — C’fl“) sin (—ZFﬂf> + (éiw - éfu) sin < — ;i - \/5;78>
0

+ (é{“ - éfd) sin (;ﬂ - \/gfsﬂ (A.11)

Since we are interested only in C’fs and C’fd, the other Wilson coefficients are set to be
zero. Then, the VEVs of the meson fields are obtained at the leading order of C{* and
cyd
) c1 BoF2my,ms + 8ag(mg + 2my)
BoF2 BoF2mymgms + 8ag(mymg + mgms + mgmy,)
) c3 BoF?mgm,, — 8ag|mg — 2(m., + my)] (A.12)
BoF2? BoF2mymams + 8ag(mymg + mgms + mgmy,)’ ’
{ns) _ s 4 é«fd) c1 BoFZm.(2mg — ms) 4 24agmy

V3ByF2 BoF2mymams 4 8ag(mumq + mams + mgm,)
c3 BoF2(2mg + ms)my, + 24ag(mg + 2m.,) (A13)
V3BoF2 BoF2mymgms + 8ao(mymg + mams + mgmy,)’ '

<770> N ( ~ds N CSd> \[Cl BoFﬁ(md + ms)mu
! \/gBOFz BOngmumdms + SGO(mumd + mgms + msmu)
V2c3 BoF2(mg — mg)my (A14)
V3B F2 BoF2mymgms + 8ao(mymg + mams + mgmy,)’ '

i (éiis _ Csd>
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On the other hand, the baryon chiral Lagrangian is obtained at O(p?) as
Lparyons = Tt [Bi*y“ (0uB+[I'y,B]) — MBBB]
D BAH F BAH A BAH
= 5 T [By*15{&, BY] = 5T [By*y5[€u, Bl] — 5Tr €] Tr [ By*15B]
+ bpTr [B{x4, B}]| + bpTr [B[x+, B]] 4+ boTr [x4] Tr [BB] + - - -, (A.15)

where the baryon matrix B is defined as

1 §0 1 A0 +
\/52 " \/EA 1 0E 1 0 Y
B = > —ﬁz + %A n , (A.16)
=— =0 _ 2 A0
- - V6

with {7, g defined as U = 5352, and {g = fz. Also, Mp is the baryon mass. The definitions
of I'y, &, and x4 are

1 1
T, = 5@3 (8, — ir,) ER + 55} (0, —il,) €r, (A.17)
€ = Q€5 (0 — ) Er — i€} (0, —il,) Ex, (A.18)
X+ = 2Bo€} diag (mu, ma, ms) Eg + 2Bo€ hdiag (mu, ma, ms) €L (A.19)

By inserting the meson VEVs into the baryon chiral Lagrangian, the C P-violating
baryon-meson interactions become

cbaryons > ?]npﬂ" npm + gnEK"'?pK—‘r
+ Gt npPT "+ Grcr apPAK T + Grerso,pRU KT (A.20)
where the coupling constants are obtained as

By

7TO
InsK+ = Ff(b[) — bF) |: - \}5(37”“ _‘_ms)u

™ Fr
# e (mat 5m)  — , + m><;l>] (A21)
Trnp = ﬁ‘j(bp +br) [\@(md — ) <;i>
-2 m) = e B2 (422
Ticiap = (oo + 30r) [;g(m T 3m.) <;i:>
+ é(mu — 5m) <;li> + 2‘f(mu + m)ﬁ?] , (A23)
vy = (b = be)| = g(me-+am) T
— L, — s 2 [2(m+ m><j;z>] (A.24)
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These couplings contribute to the neutron and proton EDMs through the baryon-meson
loop diagrams. By following the analysis in ref. [43], the EDMs are estimated as

o 2

€ Inpr— ma

dp ~ — D+F)(1+In—
8772F7r[\/§( " )< +nmN>

InxK+
— D—F)(1+1In

m2

Mg+

m2

my
€ gnpw* m?

dy ~ — — (D+F){1+1n M
P m%v

8m2Fy, V2
— 2 _
4 9K 4 3 <1+1 fg 4 mma m")>
2\/§ N mg+
_IKS gy (1 +1n fg* U m”>> ] , (A.26)
2 mN Mg+

where the finite terms of the leading contributions are shown,® and the renormalization
scale is set to be the nucleon mass, my.

Applying the pion decay constant F, = 86.8MeV [44], the meson-baryon cou-
plings D = 0.804 and F = 0.463 from the hyperon § decays [45], the low-energy con-
stants bp = 0.161GeV~! and by = —0.502GeV~! from the baryon octet mass split-
tings [46], and the quark masses m, (1 GeV) = 2.791 MeV,m4(1 GeV) = 5.754 MeV and
ms(1GeV) = 116.9MeV evaluated with the QCD four-loop RGEs [47] from the lattice
result myq(2GeV) = 3.364 MeV, m,/mg = 0.485 and ms(2GeV) = 92.03MeV [48], we
finally obtain the neutron and proton EDMs as

dn i i .
~ (—0.0260115 + 0.169Cfd> Gev!, (A.27)

e
d ) )
=~ (0.0230{“ - 0.149Cfd) Gevl. (A.28)
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