arXiv:hep-ph/0406091 v2 20 Jun 2004

ICRR-Report-504-2004-2 TU-720 June 20, 2004

Hadronic EDMs induced by the strangeness and constraints on supersymmetric CP phases

Junji Hisano^1 and Yasuhiro Shimizu^2

1ICRR, University of Tokyo, Kashiwa 277-8582, Japan 2Department of Physics, Tohoku University, Sendai 980-8578, Japan

Abstract

We consider hadronic CP violation induced by chromoelectric dipole moments (CEDMs) of light quarks and the QCD theta parameter (θ). We concentrate on the strange quark CEDM especially in this paper. Using effective CP violating nucleon interactions induced by the CEDMs and θ with the SU(3) chiral Lagrangian technique, we calculate the EDMs for the^{199}Hg atom, neutron and deuteron. We also discuss supersymmetric contributions to the electric dipole moments with the mass insertion approximations and give stringent constraints on the CP phases of the flavor changing SUSY breaking terms.

1 Introduction

The origin of CP violation in nature is a very important issue in particle physics since CP violation is indispensable for the baryon asymmetry in universe. In the standard model (SM), there are two CP violating parameters; the phase of the CKM matrix and the QCD theta (θ) parameter. The former induces CP violation in flavor changing processes, such as CP violating K and B meson decay modes whereas the latter induces flavor conserving CP violation, such as neutron electric dipole moment (EDM). The experimental upperbound on the neutron EDM gives a strong constraint on θ, as |θ| <∼ 10^{−(10−11)}. On the other hand, the recent measurements of CP asymmetry in the B decay modes at the Babar and Belle experiments confirm that the phase of the CKM matrix is the dominant source of the CP violation in the K and B decays. It is known that the phase of the CKM matrix is not much enough to explain the baryon asymmetry in universe. Therefore, it is very important to search for new CP violating phases.

The minimal supersymmetric SM (MSSM) is one of the most attractive models which describe physics beyond the SM. In the MSSM many new CP phases may be introduced in both the flavor-diagonal and changing soft SUSY breaking terms and these new phases can contribute to the CP violation at low energy experiments. Recently, the Belle collaboration announced that CP asymmetry in B → ϕK_s is −0.96 ± 0.50, which is 3.5 σ deviation from the SM prediction [1]. On the other hand, the Babar result on the CP asymmetry in B → ϕK_s is consistent with the SM prediction [2]. Many papers appear to explain the anomaly in SUSY models [3, 4]. One of the most interesting possibilities is that the deviation is a signal of CP violation in right-handed bottom and strange squarks mixing. In particular, in the SUSY SU(5) GUT with right-handed neutrinos, the large right-handed bottom and strange squarks mixing may be induced due to the large neutrino mixing [5]. However, we have pointed out that the CP violation in right-handed squark mixing is strongly constrained by the^{199}Hg atomic EDM through the chromoelectric dipole moment (CEDM) of the strange quark [6].

Motivated by the observation that strange quark contribution to^{199}Hg atomic EDM may give an important implication to other observables, we revisit various hadronic EDMs induced by the quark CEDMs and the QCD theta term, especially paying an attention to the strange quark CEDM. There are several theoretical approaches to calculate the hadronic EDMs induced by the quark CEDMs so far. In particular, the hadronic EDMs, including the neutron EDM, are evaluated in detail from the QCD sum rule [7, 8, 9, 10, 11, 12]. In this paper, we take a rather “traditional” approach based on the chiral Lagrangian. While the QCD sum rule is a good tool to dictate the QCD dynamics, it is difficult to incorporate the sea quark dynamics, especially in the neutron EDM. In fact, the sigma term in the chiral perturbation theory suggests that the sea quark dynamics is important in the baryon physics [13]. Thus, we adopt the chiral Lagrangian approach in this paper, and incorporate the strange quarks in it. We derive the CP violating effective Lagrangian with SU(3) chiral Lagrangian in the presence of the QCD theta term and the quark CEDMs for the evaluation.

From this Lagrangian we find that the strange quark CEDM contribution to the^{199}Hg EDM is induced by the η^0-π^0 mixing originated from the isospin violation. While the strange quark CEDM contribution is evaluated by the eta exchange contribution in the previous paper [15], the recent calculation for the Shiff moment [14] suggests that the contribution is suppressed by O(10^{−2} ). However, we show that the derived constraint on the strange quark CEDM is comparable to the previous result from the eta exchange contribution. Also, for the neutron EDM, the loop calculation shows that the constraint on the strange quark CEDM is stronger than that from^{199}Hg EDM. The improvement of the deuteron EDM is proposed recently [16], and the sensitivity may reach to d_D ∼ (1 − 3) × 10^{−27}e cm. We discuss the sensitivity to the CP violating parameters in QCD, including the strange quark CEDM.

We also discuss the SUSY contributions to the hadronic EDMs through the quark CEDMs. We consider the gluino contribution with the mass insertion approximations and show the constraints on the CP phases of the flavor changing SUSY breaking terms, which are relevant to the SUSY flavor physics, from the hadronic EDM experiments.

This paper is organized as follows: In Section 2 the CP violation at quark level up to the dimension five operators is reviewed. In Section 3 we derive the effective nucleon interactions induced by the CP violating interaction at quark level. In Section 4 we estimate various hadronic EDMs with the CP violating nucleon interactions. In Section 5 we consider SUSY contributions to the hadronic EDMs with the mass insertion approximation and show the constraints on the SUSY parameters. Also we discuss the correlation between the hadronic EDM and the CP asymmetry in B → ϕK_S . Finally, Section 6 is devoted to conclusion and discussion.

2 Hadronic CP violation in quark level

The CP violation in the strong interaction of the light quarks is dictated by the following effective operators,

L_{C̸P} = θ α_s 8π G ~G + ∑ q=u,d,s i ~d_q 2 q g_s(Gσ)γ_5q, (1)

up to the dimension five ones. Here, G_{μν} is the SU(3) gauge field strength, ~G_{μν} = 1 2 ϵ_{μνρσ} G^{ρσ} and Gσ = G^a_{μν} σ^{μν} T^a. The first term in Eq. (1) is the effective QCD theta term, and the second term is for the quark CEDMs. The θ parameter can be O(1) generically, however, it is strongly constrained by the neutron EDM experiments. One of the most elegant solution is to introduce the Peccei-Quinn (PQ) symmetry [17], since the axion makes θ vanish dynamically. On the other hand, when the quark CEDMs are non-vanishing, the theta term is induced again even if the PQ symmetry is introduced, as pointed out by Ref. [18]. Thus, in the evaluation of the effect of the quark CEDMs, we need to include the QCD theta term systematically. In this section we review the CP violating effective interactions in the strong interaction of the light quarks up to the dimension five operators and the role of the PQ symmetry.

We start from the case without the PQ symmetry, first. Let us take a basis, in which the QCD theta term is vanishing, by the chiral rotation as

L_{C̸P} = − ∑ q=u,d,s m_q qiα_qγ_5q + ∑ q=u,d,s i ~d_q 2 q g_s(Gσ)γ_5 q, (2)

where we have used |θ| ≪ 1. The first term is induced by the axial anomaly and α_q’s satisfy the following relations, θ = ∑ q=u,d,s α_q. (3)

Furthermore, we also impose for convenience a condition that the CP violating tadpoles for π^0 and η^0 should vanish, ⟨π^0 |L_{C̸P}| 0⟩ = ⟨η^0 |L_{C̸P}| 0⟩ = 0. Using the PCAC relation, these conditions and Eq. (3) determine α_q’s as

α_u = m_d m_u + m_d ( θ − m^2_0 ~d_s 2m_s ) + m^2_0 ~d_u − ~d_d 2(m_u + m_d)

, (4)

α_d = m_u m_u + m_d ( θ − m^2_0 ~d_s 2m_s ) − m^2_0 ~d_u − ~d_d 2(m_u + m_d)

, (5)

α_s = m_um_d m_s(m_u + m_d) ( θ − m^2_0 ( ~ d_u 2m_u + ~d_d 2m_d )) + m^2_0 ~d_s 2m_s , (6)

where m^2_0 is the ratio of the quark-gluon condensate to the quark one. From the QCD sum rule, it is estimated as [19]

m^2_0 = ⟨0|qg_s(Gσ)q|0⟩ ⟨0|qq|0⟩ ≃ 0.8 GeV^2. (7)

Notice that the CEDM of the strange quark gives sizable contributions to α_u and α_d when d̃_u/m_u ∼ d̃_d/m_d ∼ d̃_s/m_s. This situation is changed when the PQ symmetry is introduced, since θ is promoted to a dynamical field, axion (a), L = a α_s 8π G ~G. (8) If the quark CEDMs are vanishing, θ(≡ ⟨a⟩) is aligned dynamically to the zero at the minimum of the axion potential. However, the axion potential is modified in the presence of the quark CEDMs [18],

V_{eff} (a) = K_1a + 1 2 Ka^2, (9)

where

K = − lim_{k→0} i ∫ d^4xe^{ikx}⟨0 | | | |T [ α_s 8π G ~G(x) α_s 8π G ~G(0) ]| | | 0⟩, (10)

K_1 = − lim_{k→0} i ∫ d^4xe^{ikx}⟨0 | | | | | | T α_s 8π G ~G(x) ∑ q=u,d,s i ~d_q 2 q g_s(Gσ)γ_5 q(0) | | | | | | 0⟩. (11)

The linear term with respective to a, which is proportional to the quark CEDMs, induces non-vanishing vacuum expectation value for a. The matrix elements, K and K_1, are evaluated using the current algebra [20, 18], and they are given as K = m_um_d (m_u + m_d) ⟨0|q̄q|0⟩ , (12) K_1 = − m_um_d 2(m_u + m_d) ∑ q=u,d,s ~d_q m_q ⟨0 |qig_s(Gσ)γ_5q| 0⟩ . (13) Thus, the minimum of the axion potential is shifted in the presence of the quark CEDMs and the following θ parameter is effectively induced as

θ_{ind}(≡ ⟨a⟩) = −

K_1 K = m^2_0 ∑ q=u,d,s ~d_q 2m_q . (14)

Plugging Eq. (14) into Eqs. (4-6), it is found that α_q ’s become simpler under the assumption of the PQ symmetry,

α_q = m^2_0 ~d_q 2m_q (q = u, d , s). (15) The PQ symmetry suppresses the contribution of the strange quark CEDM to α_u and α_d. This means that the valence quarks themselves in nucleon do not suffer from the strange quark CEDM.

3 CP violating nucleon interactions

In the previous section we have considered the CP violating interactions at the quark level. We need to translate those quark level interactions into hadronic interactions in order to calculate the hadronic EDMs. This is a rather difficult task, and the sizable theoretical uncertainties are expected for evaluation of hadronic matrix elements. Here, we consider an approach based on the chiral Lagrangian technique. It is possible to discuss hadronic CP violation with the effective Lagrangian in a systematical and simple way. In this section we derive the effective CP violating nucleon interactions using the SU(3) chiral Lagrangian in order to incorporate the strange quark contribution in nuclear interactions.

First, let us review the chiral Lagrangian without CP violation. We consider the SU(3)_L×SU(3)_R chiral symmetry and the effective Lagrangian is written in terms of the meson fields

M = π^0√

2 +^{η0√}_6 π^+ K^+ π^− −^{π0√}_2 +^{η0√}_6 K^0 K^− K^0 −2^{η0√}_6 , (16)

and the baryon fields

B = Σ^0√

2 +^{Λ0√}_6 Σ^+ p Σ^− −^{Σ0√}_2 +^{Λ0√}_6 n Ξ^− Ξ^0 −2^{Λ0√}_6 . (17)

The effective Lagrangian invariant under SU(3)_L×SU(3)_R is given by

L_0 = f^2_π 4 Tr (∂_μU∂^μU) + Tr ( B (i ̸∂ − m) B ) (18) + i 2 Tr ( Bγ_μ ( ξ∂^μξ^† + ξ^†∂^μξ ) B ) + i 2 Tr ( Bγ_μB ( ∂^μξξ^† + ∂^μξ^†ξ ))

+ i 2 (D + F )Tr ( Bγ_μγ_5 ( ξ∂^μξ^† − ξ^†∂^μξ ) B )

− i 2 (D − F )Tr ( Bγ_μγ_5B ( ∂^μξξ^† − ∂^μξ^†ξ ))

where

ξ = exp ( iM √ 2f_π ) (19)

with U = ξ^2. The phenomenological parameters D and F are 0.81 and 0.44, respectively. The effective Lagrangian is expanded by the derivatives, and the lowest order terms are important at the low energy. The terms relevant in our paper are summarized in Appendix A. The pseudoscalars are massless due to the SU(3)_L×SU(3)_R symmetry. However, the SU(3)_L×SU(3)_R symmetry is violated by small quark masses and the pseudoscalars become massive. Also, the isospin breaking effect has an important role in the EDMs of the 199Hg atom and deuteron as shown later, since it leads to the π^0-η^0 mixing, ( π^′ η^′ ) = ( cos θ sin θ − sin θ cos θ ) ( π η ) , (20)

where π^′ and η^′ are for the mass eigenstates. The mixing angle is given as tan θ = − √ 3(m_u − m_d)/(4m_s) ≃ 0.01 for m_u = 5.1 MeV, m_d = 9.3 MeV and m_s = 175 MeV.

Now we introduce the CP violating terms to the chiral Lagrangian. We need to evaluate the matrix element ⟨B_aπ^c |iL_{C̸P}| B_b⟩ in order to obtain the CP violating interactions between nucleons and pseudoscalars induced by the CP violating terms in Eq. (2). It is reduced by the PCAC relation, ⟨B_aπ^c |iL_{C̸P}| B_b⟩ = ∑ q,q^′=u,d,s i f_π [(α_qm_q + α_q′ m_q′ )⟨B_a |q^′T_cq| B_b⟩ −( d̃_q 2 + d̃_{q′} 2 )⟨B_a |q^′g_s(Gσ)T_cq| B_b⟩ ] , (21)

where T_c is a generator for the flavor SU(3) symmetry.

The matrix elements of the scalar operators in the right-handed side in Eq. (21) are represented as ⟨B_a |qT_cq| B_b⟩ ≡ XTr ( B_aB_bT_c ) + Y Tr ( B_aT_cB_b ) , (22) ⟨B_a |q 1 q| B_b⟩ ≡ δ_{ab}Z, (23) from consideration of the transformation property under SU(3)_L×SU(3)_R. Here, 1 is the (3 × 3) unit matrix. The phenomenological parameters X, Y and Z can be determined by the baryon mass splittings and the nucleon sigma term [13]. X = 1 2m_s (−2m_Ξ + 3m_Λ − m_Σ) = −⟨dd⟩ + ⟨ss⟩, (24) Y = 1 m_s (m_Ξ − m_Σ) = −⟨dd⟩ + ⟨uu⟩, (25) Z = 3σ m_u + m_d − 3 2 m_Ξ − m_Λ m_s = ⟨uu⟩ + ⟨dd⟩ + ⟨ss⟩, (26) where ⟨qq⟩ ≡ ⟨p|qq|p⟩ and σ represents the nucleon sigma term, which is estimated as σ ≃ 45 MeV. Numerically they are given by

X = −1.35, Y = 0.72, Z = 7.7, (27) ⟨uu⟩ = 3.5, ⟨dd⟩ = 2.8, ⟨ss⟩ = 1.4. (28) For the evaluation of ⟨B_a |q^′g_s(Gσ)T_cq| B_b⟩, we use the following relation adopted in Ref. [15], which is inspired by the QCD sum rule, ⟨B_a |qg_s(Gσ)q| B_b⟩ ≃ 5 3 m^2_0⟨B_a |qq| B_b⟩ (29) for each quark. From Eqs. (22) and (29) ⟨B_a |q^′g_s(Gσ)T_cq| B_b⟩ ≡ 5 3 m^2_0 ( XTr ( B_aB_bT_c ) + Y Tr ( B_aT_cB_b )) . (30)

This relation is, off course, approximate one, however, it makes the formula simple as shown now.

From the above consideration, Eq. (21) can be reduced as ⟨B_aπ^c |iL_{C̸P}| B_b⟩ = i f_π ⟨B_a |q{T_c, A}q| B_b⟩. (31) The matrix A in Eq. (31) is a diagonal matrix, A = diag(A_u, A_d, A_s), with the components

A_q = α_qm_q − d̃_q 2 5 3 m^2_0. (32)

Therefore, the CP violating Lagrangian is obtained in terms of the baryon and meson fields,

L_{C̸P} = 1 √ 2f_π ( XTr ( BB{M, A} ) + Y Tr ( B{M, A}B )

+ 2 3 (Z − X − Y )Tr (AM) Tr ( BB )) . (33)

The relevant terms to our discussion in Eq. (33) are summarized in Appendix B.

The matrix elements A_q’s are written in terms of the quark CEDMs and the QCD theta parameter. When there is no PQ symmetry, they are given by

A_u = 3.3 × 10^{−3}θ − 0.53d̃_u − 0.14d̃_d − 7.5 × 10^{−3}d̃_s GeV, (34) A_d = 3.3 × 10^{−3}θ − 0.26d̃_u − 0.41d̃_d − 7.5 × 10^{−3}d̃_s GeV, (35) A_s = 3.3 × 10^{−3}θ − 0.26d̃_u − 0.14d̃_d − 0.27d̃_s GeV. (36)

Here, d̃_q’s are written in GeV unit. On the other hand, when the PQ symmetry is introduced, A_q’s are written in terms of the quark CEDMs and become rather simple,

A_q = −0.27d̃_q GeV, (q = u, d , s). (37)

4 Hadronic EDMs

In this section we consider the hadronic CP violation. Among various observables, the EDMs of neutron or atoms are very sensitive to the flavor conserving CP violation. In particular, the experimental upper bound on the EDMs of neutron [21] and^{199}Hg atom [22],

|d_{Hg}| < 2.1 × 10^{−28}e cm, (38) |d_n| < 6.3 × 10^{−26}e cm, (39) give strong constraints on hadronic CP violation. Also, the improvement of the deuteron EDM is proposed recently, and the sensitivity may reach to d_D ∼ (1 − 3) × 10^{−27} e cm [16]. Therefore, we estimate the EDMs of^{199}Hg atom, neutron and deuteron with the chiral Lagrangian obtained in the previous section.

4.1^{199}Hg Atomic EDM

The^{199}Hg atom is a diamagnetic atom, in which electrons make a close shell. In such atoms, the atomic EDMs are primary sensitive to the CP violation in nucleons and represented by the Shiff moments (S). The Shiff moment generates the T odd electrostatic potential V_{eff} = 4πS (⃗I · ⃗∇)δ(⃗r) with the nucleus of spin (⃗I). The^{199}Hg atomic EDM is calculated in terms of the Shiff moment S [23]

d_{Hg} = −2.8 × 10^{−17} S(^{199}Hg) e cm, (40)

where S is in unit of e fm^3. This implies that the Shiff moment is bounded as [24]

|S| < 0.75 × 10^{−11} e fm^3, (41)

from Eq. (38).

The Shiff momentum is induced by the pion and eta exchanges with the CP violating coupling. From the formula derived in the previous section, the CP violating pion interactions are given as

L^{N N π}_{C̸P} = 1 2f_π ( (A_u + A_d) − θ 3 √ 3 (A_u − A_d) ) ( ⟨uu⟩ − ⟨dd⟩ ) N τ^aNπ^a

+ 1 2f_π (( (A_u − A_d) − θ √ 3 (A_u + A_d) ) ( ⟨uu⟩ + ⟨dd⟩ ) + 4θ √ 3 A_s⟨ss⟩ ) N Nπ^0 + θ 6 √ 3f_π (A_u − A_d) ( ⟨uu⟩ − ⟨dd⟩ ) (Nτ^aNπ^a − 3Nτ^3Nπ^0)

≡ g^{(0)}_{πN N} N τ^aNπ^a + g^{(1)}_{πN N} NNπ^0 + g^{(2)}_{πN N} (Nτ^aNπ^a − 3Nτ^3Nπ^0), (42)

where N = (p, n)^T , and g^{(0)}_{πN N} , g^{(1)}_{πN N} and g^{(2)}_{πN N} correspond to the isoscalar, isovector and isotensor coupling constants, respectively. Here, we include the π^0-η^0 mixing. The CP violating eta ones are

L^{N N η}_{C̸P} = 1 √ 3f_π ( 1 2 (A_u + A_d) ( ⟨uu⟩ + ⟨dd⟩ ) − 2A_s⟨ss⟩ ) NNη (43) + 1 2 √ 3f_π (A_u − A_d) ( ⟨uu⟩ − ⟨dd⟩ ) Nτ_3Nη ≡ g^{(0)}_{ηN N} NNη + g^{(1)}_{ηN N} Nτ_3Nη. (44)

The recent evaluation for the Shiff moment of^{199}Hg [14], in which the many-body treatment is performed, reveals that the core polarization effect reduces the isoscalar and tensor channel contributions while the isovector channel one is comparable to the previous results [25]. Their result for the Shiff momentum is^1

S(^{199}Hg) = −4 × 10^{−4} × (g^{(0)}_{πN N} g^{(0)}_{πN N} − 1 3 m^2_π m^2_η g^{(0)}_{ηN N} g^{(0)}_{ηN N} )

−5.5 × 10^{−2} × (g^{(0)}_{πN N} g^{(1)}_{πN N} − m^2_π m^2_η g^{(0)}_{ηN N} g^{(1)}_{ηN N} )

+9 × 10^{−3} × g^{(0)}_{πN N} g^{(2)}_{πN N} [e fm^3]. (45)

Here, g^{(0)}_{πN N} and g^{(0)}_{ηN N} is the CP even pion and eta coupling constants, respectively,^2

L_{CP} = m_p f_π (D + F )Nγ_5τ^aNπ^{a′} − m_p √ 3f_π (D − 3F )Nγ_5Nη^{0′} (46)

≡ g^{(0)}_{πN N} Nγ_5τ^aNπ^{a′} + g^{(0)}_{ηN N} Nγ_5Nη^{0′} . (47)

The results in Ref. [25], which neglect the core polarization, correspond to S(^{199}Hg) = −0.086 × g^{(0)}_{πN N} (g^{(0)}_{πN N} + g^{(1)}_{πN N} − 2g^{(2)}_{πN N} ) e fm^3 for the pion contribution [14].

1While only pion exchange is included in in their calculation, they show that the correction from the finite range of the pion interaction is small. Thus, the above introduction of the eta contribution is justified.

2The isovector coupling in the CP even pion interaction is also induced by the η^0-π^0 mixing, but we neglect it, since it does not change our qualitative discussion.

From this evaluation, it is found that the EDM of^{199}Hg atom is sensitive to (A_u − A_d) through the isovector channel, and the contribution proportional to (A_u+A_d) is suppressed by O(10^{−2}) due to the η^0-π^0 mixing or the isoscalar channel. This means that the^{199}Hg atomic EDM is insensitive to the QCD theta parameter. Also, notice that g^{(1)}_{πN N} depends on A_s through π^0-η^0 mixing. While eta itself has the CP violating interaction which depends on A_s, the eta exchange contributions are suppressed due to the isoscalar channel or the mass. Thus we concentrate on the isovector channel of the pion exchange from the CP violating pion interaction with non-vanishing η^0-π^0 mixing.

The Shiff moment from non-vanishing g^{(1)}_{πN N} is represented in terms of A_q’s as

S(^{199}Hg) = −(23 × (A_u − A_d) + 0.13 × A_s) e fm^3, (48)

where A_q(q = u, d, s) are given in GeV unit. The current experimental bound on the EDM of^{199}Hg atom implies that

e|d̃_u − d̃_d + 0.0051d̃_s | < 2.4 × 10^{−26}e cm. (49)

This is almost independent of whether we impose the PQ symmetry or not, since it depends on A_u − A_d. The strange quark CEDM is bounded as e|d̃_s| < 4.7 × 10^{−24}e cm. (50) It is found that this bound does not have a qualitative difference, especially in the contribution of the strange quark CEDM, from one based on Ref. [25], that is, e|d̃_u − d̃_d + 0.012d̃_s | < 7 × 10^{−27}e cm [15]. In our evaluation the contribution of the strange quark CEDM comes from the η^0-π^0 mixing, and it is suppressed by ∼ (m_u − m_d)/(m_sm^2_π ). On the other hand, the eta exchange contribution in the previous evaluation is suppressed by ∼ 1/m^2_η . Thus, it is found that they are comparable.

4.2 Neutron EDM

The evaluation of the neutron EDM has a long history. However, the precious calculation is still a very difficult issue. One of the simple estimations is based on the Naive Dimensional Analysis [26]. However, we can know only the order of magnitude of the neutron

EDM in this method. More elaborated calculations are done based on the QCD sum rule [7, 8, 9, 10, 11, 12]. The QCD sum rule is an established technique, and it has a merit for the evaluation of the neutron EDM. In Ref. [11] the QCD sum rule analysis reproduces the ratio of the quark EDM contributions in the neutron EDM, which is expected from the non-relativistic quark model. On the other hand, they argue that the PQ symmetry suppresses the strange quark CEDM contribution in the neutron EDM. However, the suppression is for the valence quarks, not for the sea quarks. They introduce the contribution of the strange quark CEDM only through the vacuum expectation value of q̄iγ_5q with q the valence quark under the CP violating background. It should be suppressed under the PQ symmetry as discussed in Section 2. In fact, the sigma term in the chiral perturbation theory suggests that the sea quark dynamics is important in the baryon physics [13]. As shown in Eq. (28), the matrix element of the strange quark is comparable to those of the other light quarks in nucleon.

Thus, we evaluate the neutron EDM from the effective Lagrangian obtained in the previous section by the traditional loop calculation so that we include the strange quark contribution. The neutron EDM (d_n) is defined by

L_{EDM} = − d_n 2 nσ_{μν} γ_5nF^{μν} . (51)

The EDM is induced by the one loop diagrams with the charged mesons in Fig. 1 and they are written as

d_n = e 4π^2f^2_π ( A_ux^{(n)}_u + A_dx^{(n)}_d + A_sx^{(n)}_s ) , (52)

where

x^{(n)}_u = (D + F ) ( ⟨uu⟩ − ⟨dd⟩ ) log m_p m_π + (D − F ) ( ⟨dd⟩ − ⟨ss⟩ ) log m_p m_K = 2.0, (53)

x^{(n)}_d = (D + F ) ( ⟨uu⟩ − ⟨dd⟩ ) log m_p m_π = 1.7, (54)

x^{(n)}_s = (D − F ) ( ⟨dd⟩ − ⟨ss⟩ ) log m_p m_K = 0.33. (55)

Here, we have considered the most singular terms, which have logarithmic singularities in the chiral limit originated from π and K mesons.

Let us consider the constraint from the neutron EDM experiment. When there is no PQ symmetry, the neutron EDM is given in terms of the quark CEDMs and the QCD theta parameter, d_n = (7.7 × 10^{−16}θ − 4.6 × d̃_u − 3.0 × d̃_d + 0.33 × d̃_s) e cm. (56) If we impose the PQ symmetry, d_n = (1.6 × d̃_u + 1.3 × d̃_d + 0.26 × d̃_s) e cm. (57) Here, the quark CEDMs in the above equations are written in cm unit. For comparison to the result of the QCD sum rule in Ref. [11], the contributions from the up and down CEDMs are slightly larger in our evaluation. It is reasonable since the sea quarks also contribute to the neutron EDM in addition to the valence quarks.

From the current experimental bound of the neutron EDM in Eq. (39), we obtain the following bounds for the the theta parameter and the quark CEDMs for a case that the PQ symmetry does not exist, |θ| < 8.2 × 10^{−11}, e|d̃_u| < 1.4 × 10^{−26} e cm, e|d̃_d| < 2.1 × 10^{−26} e cm, e|d̃_s| < 1.9 × 10^{−25} e cm. (58) If the PQ symmetry works, e|d̃_u| < 3.9 × 10^{−26} e cm, e|d̃_d| < 4.8 × 10^{−26} e cm, e|d̃_s| < 2.4 × 10^{−25} e cm. (59) Here, we assume no accidental cancellation among the various contributions.

Notice that the constraint on the strange quark CEDM is one order of magnitude stronger than that from the^{199}Hg atomic EDM, though the prediction for the neutron EDM may be expected to have more theoretical uncertainty. While the experimental bound on the neutron EDM is weaker than that of the^{199}Hg atomic EDM, the strange quark constraint is not suppressed by the η^0 mass or the isospin violation.

4.3 Deuteron EDM

The new measurement for the deuteron EDM is proposed in Ref. [16], and it is argued that one or two orders of magnitude improvement may be achieved relative to the current bounds on the QCD theta parameter and the nuclear force. It may give a stringent constraint on the new physics or discover the signal. Also, the nuclear dynamics in deuteron is rather transparent and the theoretical uncertainty is expected to be small. The deuteron EDM is given by

d_D = (d_n + d_p) + d^{N N}_D , (60)

where d_p is the proton EDM and the second term comes from the CP violating nuclear force.

In Ref. [27] they show that the chiral logarithms in the sum of the proton and neutron EDM exactly cancel in the chiral perturbation theory, and they adopt the QCD sum rule for it. However, the cancellation in the chiral perturbation theory does not come from some symmetry. The chiral logarithms in the neutron and proton EDMs come from loop diagrams of charged mesons in which photons are attached to the changed mesons. Thus, it is obvious that the chiral logarithms are canceled in the SU(2) chiral perturbation theory. However, it is not true if we introduce the strange quark and the corresponding mesons.

In the SU(3) chiral perturbation theory, the sum of the proton and neutron EDMs is

(d_p + d_n) = e 4π^2f^2_π ( A_ux^{(n+p)}_u + A_dx^{(n+p)}_d + A_sx^{(n+p)}_s ) , (61)

where

x^{(n+p)}_u = − 1 3 ( D(⟨uu⟩ − 5⟨dd⟩ + 4⟨ss⟩) + 3F (⟨uu⟩ + ⟨dd⟩ − 2⟨ss⟩) ) log m_p m_K + 1 3 D(6⟨uu⟩ − 5⟨dd⟩ + ⟨ss⟩) + F (4⟨uu⟩ − ⟨dd⟩ − ⟨ss⟩), (62) x^{(n+p)}_d = 1 3 D(3⟨uu⟩ − 10⟨dd⟩ + 3⟨ss⟩) + F (⟨uu⟩ − ⟨ss⟩) (63) x^{(n+p)}_s = − 1 3 ( D(⟨uu⟩ − 5⟨dd⟩ + 4⟨ss⟩) + 3F (⟨uu⟩ + ⟨dd⟩ − 2⟨ss⟩) ) log m_p m_K + 1 3 D(⟨uu⟩ − 5⟨dd⟩ + 6⟨ss⟩) + F (⟨uu⟩ + ⟨dd⟩ − 4⟨ss⟩) (64) and then x^{(n+p)}_u = 6.4, x^{(n+p)}_d = −2.7, and x^{(n+p)}_s = −0.40. The logarithmic terms in the proton EDM come from the K^+-Λ^0 loop in addition to the K^+-Σ^− and π^+-n loops. We also include constant terms which are not suppressed by proton mass. The strangeness has an important role in the deuteron EDM. When the PQ symmetry does not exist,

(d_p + d_n) = (6.4 × 10^{−16}θ − 7.7 × d̃_u + 0.73 × d̃_d + 0.23 × d̃_s) e cm. (65)

If it does,

(d_p + d_n) = (−5.1 × d̃_u + 2.1 × d̃_d + 0.32 × d̃_s) e cm. (66)

In Ref. [28] it is shown that d^{N N}_D comes from the isovector coupling of pion g^{(1)}_{πN N} , given in Eq. (42), as

d^{N N}_D = −2.1 × 10^{−15} × g^{(0)}_{πN N} g^{(1)}_{πN N} e cm. (67)

It implies

d^{πN N}_D = (−11 × d̃_u + 11 × d̃_d − 0.063 × d̃_s) e cm. (68)

From the above evaluation, the measurement of the deuteron EDM will be a stringent test for the SM. If they establish the sensitivity of d_D ∼ (1 − 3) × 10^{−27}e cm, they can probe ed̃_u ∼ ed̃_d ∼ 10^{−28} e cm from the nuclear force as shown in Ref. [27], and θ ∼ 10^{−11} e cm from the nucleon EDMs. Also, for the strange quark CEDM, they may reach to ed̃_s ∼ 10^{−26} e cm from the nucleon EDMs.

5 SUSY contributions

5.1 Hadronic EDMs

Let us consider the SUSY contributions to the hadronic EDMs. In the MSSM many CP violating parameters can be introduced in the soft SUSY breaking terms. If there are SUSY CP phases, the quark CEDMs are induced through one loop diagrams. The bounds on the SUSY contributions to the hadronic EDMs can be estimated from the results in Section 4.

In our previous paper [6], we have considered the gluino contribution to the strange quark CEDM induced by the flavor mixing in the MSSM. While the EDMs are flavor conserving phenomena, the stringent bounds for the EDMs give constraints on even the flavor mixing, and they have an impact on the flavor physics, such as B meson decay. Thus, we consider the gluino contributions including the flavor violation inside the Feynman graph in order to demonstrate the constraints on the SUSY CP phases from the our calculations.^3

In general SUSY models, both left-handed and right-handed squarks have flavor mixings. In this case, the CEDM of the i-th light quark q_i is generated by a diagram in Fig. 2(a), and it can be enhanced by m_{qj} /m_{qi} when j > i, (i, j = 1, 2, 3). Using the mass insertion technique, it is given by ~d_{qi} = c α_s 4π m_{g̃} m^2_{q̃} ( − 1 3 N_1(x) − 3N_2(x) ) Im [ J^{(q)}_{ij} ] , (69)

where m_{g̃} and m_{q̃} are the gluino and averaged squark masses and c is the QCD correction, c ∼ 0.9. The functions N_i are given as

N_1(x) =

3 + 44x − 36x^2 − 12x^3 + x^4 + 12x(2 + 3x) log x 6(x − 1)^6

, (70)

N_2(x) = −

10 + 9x − 18x^2 − x^3 + 3(1 + 6x + 3x^2) log x 3(x − 1)^6

. (71)

The flavor violation in the squark mass terms contributes to the quark EDMs via combinations of J^{(q)}_{ij} ,

J^{(q)}_{ij} ≡ (δ^{(q)}_{LL})_{ij} (δ^{(q)}_{LR})_{jj} (δ^{(q)}_{RR})_{ji}. (72)

The mass insertion parameters, (δ^{(q)}_{LL})_{ij} , (δ^{(q)}_{RR})_{ij} and (δ^{(q)}_{LR})_{ij} , are defined as

(δ^{(q)}_{LL})_{ij} = ( m^2_{q̃L} ) ij m^2_{q̃}

, (δ^{(q)}_{RR})_{ij} = ( m^2_{q̃R} ) ij m^2_{q̃}

, (73)

for q = u, d, and

(δ^{(d)}_{LR})_{ij} = δ_{ij} m_{dj} ( A^{(d)}_j − μ tan β ) m^2_{d̃} , (δ^{(u)}_{LR})_{ij} = δ_{ij} m_{dj} ( A^{(u)}_j − μ cot β ) m^2_ũ

. (74)

3In Ref. [29], it is pointed out that the chargino diagrams can also give large contribution to^{199}Hg EDM. A comprehensive analysis of the SUSY contributions to the hadronic EDMs will be discussed elsewhere.

Here, (m^2_{q̃L(R)} ) is the left-handed (right-handed) squark mass matrix. Here, we assume that the flavor-conserving SUSY breaking terms do not have the CP phases since they are already strongly constrained, and we keep terms induced by the off-diagonal terms in the squark mass matrices

In the typical SUSY models, the left-handed squark mixings are governed by the CKM matrix, and even if the universal scalar mass hypothesis is imposed at high energy scale, the radiative correction induces the off-diagonal terms as

(δ^{(d)}_{LL})_{12} = O(λ^5) ≃ 3 × 10^{−4}, (δ^{(d)}_{LL})_{23} = O(λ^2) ≃ 4 × 10^{−2},

(δ^{(d)}_{LL})_{13} = O(λ^3) ≃ 8 × 10^{−3}, (75)

for λ ∼ 0.2. On the other hand, the right-handed squark mixing is rather model dependent. In the SU(5) SUSY GUT with right-handed neutrinos, large right-handed squark mixings can be induced by the neutrino Yukawa couplings [5]. They are constrained from the K^0-K^0, D^0-D^0, B^0-B^0 mixings experiments [30]; | | |(δ^{(d)}_{RR})_{12} | | | < ∼ 4 × 10^{−2}, | | |(δ^{(u)}_{RR})_{12} | | | < ∼ 1 × 10^{−1}, | | |(δ^{(d)}_{RR})_{13} | | | < ∼ 1 × 10^{−1}, (76)

for m_{q̃} = m_{g̃} = 500 GeV.

The quark CEDMs are estimated from Eq. (69) as

ed̃_u = −7.9 × 10^{−28} sin θ^{(2)}_u e cm × ( m_{q̃} 500GeV )_{−3} (δ^{(u)}_{LL})_{12} 3 × 10^{−4}

(δ^{(u)}_{RR})_{21} 0.1 ( A_c − μ cot β 500GeV )

− 5.7 × 10^{−24} sin θ^{(3)}_u e cm × ( m_{q̃} 500GeV )_{−3} (δ^{(u)}_{LL})_{13} 8 × 10^{−3}

(δ^{(u)}_{RR})_{31} 0.1 ( A_t − μ cot β 500GeV ) , (77)

ed̃_d = −4.0 × 10^{−28} sin θ^{(2)}_d e cm × ( m_{q̃} 500GeV )_{−3} (δ^{(d)}_{LL})_{12} 3 × 10^{−4}

(δ^{(d)}_{RR})_{21} 4 × 10^{−2} ( μ tan β 5000GeV )

− 9.6 × 10^{−25} sin θ^{(3)}_d e cm ×

( m_{q̃} 500GeV )_{−3} (δ^{(d)}_{LL})_{13} 8 × 10^{−3}

(δ^{(d)}_{RR})_{31} 0.1 ( μ tan β 5000GeV ) , (78)

ed̃_s = −4.8 × 10^{−24} sin θ^{(3)}_s e cm × ( m_{q̃} 500GeV )_{−3} (δ^{(d)}_{LL})_{23} 0.04

(δ^{(d)}_{RR})_{32} 0.1 ( μ tan β 5000GeV ) , (79)

where we take m_{q̃} = m_{g̃} and θ^{(j)}_{qi} is the phase of the SUSY parameters, i.e. θ^{(j)}_{qi} = arg[J^{(q)}_{ij} ]. Here, we take the experimental bounds for mass insertion parameters of the right-handed squarks in Eq. (76) while the left-handed ones are given by Eq. (75). We have neglected the A-terms in d̃_d and d̃_s since they are subdominant.

When one of the quark CEDMs saturates the hadronic EDM bounds, we can obtain the following bounds on the SUSY CP phases from the^{199}Hg atomic (neutron) EDM experiments,^4 | | |sin θ^{(2)}_u | | | < 30 (47)

(δ^{(u)}_{LL})_{12} 3 × 10^{−4} −1 (δ^{(u)}_{RR})_{21} 0.1 −1 ( A_c − μ cot β 500GeV )_{−1} , (80) | |sin θ^{(3)}_u | | < 4.2 (6.5) × 10^{−3}

(δ^{(u)}_{LL})_{13} 8 × 10^{−3} −1 (δ^{(u)}_{RR})_{31} 0.1 −1 ( A_t − μ cot β 500GeV )_{−1} , (81) | | |sin θ^{(2)}_d | | | < 60 (113)

(δ^{(d)}_{LL})_{12} 3 × 10^{−4} −1 (δ^{(d)}_{RR})_{21} 4 × 10^{−2} −1 ( μ tan β 5000GeV )_{−1} , (82) | | |sin θ^{(3)}_d | | | < 2.5 (4.7) × 10^{−2}

(δ^{(d)}_{LL})_{13} 8 × 10^{−3} −1 (δ^{(d)}_{RR})_{31} 0.1 −1 ( μ tan β 5000GeV )_{−1} , (83) | |sin θ^{(3)}_s | | < 0.98 (0.048)

(δ^{(d)}_{LL})_{23} 0.04 −1 (δ^{(d)}_{RR})_{32} 0.1 −1 ( μ tan β 5000GeV )_{−1} , (84)

where we take m_{q̃} = m_{g̃} = 500GeV. The above bounds on θ^{(2)}_u and θ^{(2)}_d are looser than than the stringent K^0-K^0 constraint. On the other hand, the CP phases related to the 1-3 and 2-3 mixing angles are constrained by the hadronic EDMs significantly. These bounds are expected to be improved furthermore by the deuteron EDM measurements.

4Here we do not consider the quark EDM contributions to the neutron EDM. We find that they are subdominant compared with those of the quark CEDMs in our calculation.

5.2 Hadronic EDMs and CP asymmetry in B → ϕK_S

Let us consider a correlation between d̃_s and S_{ϕKs} in the SUSY models. In Ref. [6], we have shown that there is a strong correlation between them when both left-handed and right-right handed squarks have flavor mixings. In such a case, the dominant contribution to S_{ϕKs} is supplied by a diagram with the double mass insertion of (δ^{(d)}_{RR})_{32} and (δ^{(d)}_{RL})_{33} (Fig. 2(b)). The contribution of Fig.2 (b) is given as

H = −C^R_8 g_s 8π^2 m_bs_R(Gσ)b_L, (85)

where

C^R_8 = πα_s m^2_{q̃} m_{g̃} m_b (δ^{(d)}_{LR})_{33}(δ^{(d)}_{RR})_{32}(− 1 3 M_1(x) − 3M_2(x)), (86)

up to the QCD correction. Here,

M_1(x) =

1 + 9x − 9x^2 − x^3 + (6x + 6x^2) log x 2(x − 1)^5

, (87)

M_2(x) = −

3 − 3x^2 + (1 + 4x + x^2) log x (x − 1)^5

. (88)

In a limit of x → 1, C^R_8 is reduced to

C^R_8 = 7πα_s 60m_bm_{q̃}

(δ^{(d)}_{LR})_{33}(δ^{(d)}_{RR})_{32}. (89)

Using Eqs. (69) and (89), we find a strong correlation between ~d_s and C^R_8 as ~d_s = − m_b 4π^2 11 21 Im [ (δ^{(d)}_{LL})_{23}C^R_8 ] (90)

up to the QCD correction. The coefficient 11/21 in Eq. (90) changes from 1 to 1/3 for 0 < x < ∞. In Fig. 3, we show the correlation between ~d_s and S_{ϕKs} assuming a relation ~d_s = −m_b/(4π^2)(11/21)Im[(δ^{(d)}_{LL})_{23}C^R_8 ] up to the QCD correction. Here, we take (δ^{(d)}_{LL})_{23} = −0.04, arg[C^R_8 ] = π/2 and |C^R_8 | corresponding to 10^{−5} < |(δ^{(d)}_{RR})_{32}| < 0.5. The matrix element of chromomagnetic moment in B → ϕK_s is ⟨ϕK_S | g_s 8π^2 m_b(s̄_iσ^{μν} T^a_{ij} P_Rb_j )G^a_{μν} |B_d⟩ = κ 4α_s 9π (ϵ_ϕp_B )f_ϕm^2_ϕF_+(m^2_ϕ), (91) and κ = −1.1 in the heavy-quark effective theory [4]. Since κ may suffer from the large hadron uncertainty, we show the results for κ = −1 and −2. From this figure, the deviation of S_{ϕKs} from the SM prediction due to the gluon penguin contribution should be suppressed when the constraints on ~d_s from the^{199}Hg atomic and the neutron EDMs are applied. Comparing Fig. 2 in Ref. [6], the^{199}Hg atomic EDM bound allows a sizable deviation of S_{ϕKs} , especially in cases of κ = −2 and |(δ^{(d)}_{LL})_{23}| smaller than 0.04. It comes from the new theoretical estimation of the strange CEDM constraint in Eq. (50) and the numerical error in previous calculation. However, we find that the neutron EDM gives a strong bound on S_{ϕKs} . Moreover, S_{ϕKs} may be constrained further by the future deuteron EDM measurements. Therefore, the hadronic EDMs give a very important implication to S_{ϕKs} .

6 Conclusion and discussion

We have considered hadronic CP violation induced by chromoelectric dipole moments of light quarks and the QCD theta parameter, especially paying an attention to the strange quark CEDM. First, we have derived the effective CP violating nucleon interactions induced by the CEDMs and the theta parameter using the chiral Lagrangian technique. In order to take into account the strange quark contributions, we have used the SU(3) chiral Lagrangian. Using the effective CP violating Lagrangian, we calculated the EDMs of the 199Hg atom, neutron and deuteron.

The^{199}Hg atomic EDM is sensitive to the CP violating nuclear force induced by the π and η^0 exchange diagrams. Though the contribution of strange quark EDM is evaluated from the eta exchange diagrams in the previous papers, it is found in the new evaluation of the Shiff momentum that the isoscalar channel contribution in the π and η^0 exchange is suppressed. We found that the isospin breaking nucleon, interactions originated from the π^0-η^0 mixing, leads to the similar constraint on the strange quark CEDM to the previous one.

We evaluated the strange quark CEDM contribution to the neutron EDM using the standard meson loop calculation. This is originated from the one loop diagram involving the K meson. We have found that the neutron EDM gives a stronger bound on the strange quark CEDM in this calculation than the current^{199}Hg atomic EDM experiment, since the contribution to the neutron EDM is suppressed by the loop factor at most. While this calculation has theoretical uncertainties, it also suggests that the strange quark CEDM should be small.

The new technique for the measurement of the deuteron EDM has a great impact on the strange quark CEDM if it is realized. If they establish the sensitivity of d_D ∼ 10^{−27}e cm, we may probe the new physics to the level of ed̃_s ∼ 10^{−26} e cm, which is stronger than the bound from the neutron EDM.

In order to demonstrate an implication of our result on the SUSY models, we calculate the gluino contributions to the quark CEDMs with the flavor violating mass insertions. It is usually considered that the EDMs are sensitive to the flavor diagonal CP phases. However, when both left-handed and right-handed quark mixing exist, the CEDMs can be enhanced by the left-right squark mixings. Since the typical SUSY models have the left-handed squark mixing, the EDMs can give strong constraints on the flavor dependent SUSY phases. These constraints on the SUSY phases can give important implications to other SUSY phenomenology, including the B physics. As an example, we have show that there is a strong correlation between the strange quark CEDM and S_{ϕKS} . The current bounds on the strange quark CEDM from^{199}Hg atomic and the neutron EDMs imply that the deviation of S_{ϕKS} from the SM should be strongly suppressed.

Acknowledgments

We would like to appreciate useful discussion with Dr M. Kakizaki and Dr M. Nagai. The work of J.H. is supported in part by the Grant-in-Aid for Science Research, Ministry of Education, Science and Culture, Japan (No.15540255, No.13135207 and No.14046225). Also, the work of Y.S. is supported in part by the 21st century COE program, “Exploring New Science by Bridging Particle-Matter Hierarchy”.

A CP even terms in chiral Lagrangian

In the chiral Lagrangian the interaction can be expanded by derivatives and the lowest order terms are important at the low energy. Here, we summarize the relevant CP even terms in the chiral Lagrangian. The relevant CP conserving couplings between the nucleons and the pseudoscalars are iL_p ≡ g_πc_{NaNb} N_aγ_5N_bπ^c = m_p f_π (D + F )pγ_5pπ^0 − m_n f_π (D + F )nγ_5nπ^0 + m_p + m_n √ 2f_π (D + F )nγ_5pπ^− − m_p √ 3f_π (D − 3F )pγ_5pη^0 − m_n √ 3f_π (D − 3F )nγ_5nη^0 + m_Σ + m_p √ 2f_π (D − F )Σ^+γ_5pK^0 − m_Σ + m_n 2f_π (D − F )Σ^0γ_5nK^0 − m_Λ + m_n 2 √ 3f_π (D + 3F )Λ^0γ_5nK^0 + m_Σ + m_p 2f_π (D − F )Σ^0γ_5pK^− − m_Λ + m_p 2 √ 3f_π (D + 3F )Λ^0γ_5pK^− + m_Σ + m_n √ 2f_π (D − F )Σ^−γ_5nK^−, (92)

where we have used the equation of motion for the nucleon fields, N γ_μγ_5N^′∂^μM = −i(m_N + m_N ′ )Nγ_5N^′M. The coupling constants are given by numerically, g_{πpp} = 12.6, g_{πnn} = −12.6, g_{πpn} = 17.9, (93) g_{ηpp} = 2.98, g_{ηnn} = 2.98, g_{KΣn} = 5.98, (94)

for D = 0.81 and F = 0.44.

The pseudoscalars are massless due to the SU(3)_L×SU(3)_R symmetry. However, the SU(3)_L×SU(3)_R symmetry is violated by small quark masses and the pseudoscalars become massive. When the quark masses m = diag(m_u, m_d, m_s) are taken into account, we can introduce the following terms,

L_1 = v^3Tr ( U^†m + mU ) + a_1Tr ( B ( ξ^†mξ^† + ξmξ ) B ) + a_2Tr ( BB ( ξ^†mξ^† + ξmξ )) + b_1Tr ( Bγ_5 ( ξ^†mξ^† − ξmξ ) B ) + b_2Tr ( Bγ_5B ( ξ^†mξ^† − ξmξ ))

= −2 v^3 f^2_π Tr ( M^2m ) + 2a_1Tr ( BmB ) + 2a_2Tr ( BBm )

− 2ib_1 √ 2f_π Tr ( Bγ_5(Mm + mM)B ) − 2ib_2 √ 2f_π Tr ( Bγ_5B(Mm + mM) ) + ... . (95)

In the estimation of the hadronic EDMs, the isospin breaking effect is important as shown in text. The isospin symmetry is violated by the quark mass term and the π^0-η^0 mixing occur through the mass terms. From Eq. (95), the π^0-η^0 mass matrix is given by L_{π−η} = 2v^3 f^2_π (π, η) ( m_u + m_d^{1√}_3 (m_u − m_d) 1√ 3 (m_u − m_d)^1_3 (m_u + m_d + 4m_s) ) ( π η ) . (96)

The mass eigenstates are defined by ( π^′ η^′ ) = ( cos θ sin θ − sin θ cos θ ) ( π η ) , (97)

where tan θ = − √ 3(m_u − m_d)/(4m_s) ≃ 0.01 for m_u = 5.1 MeV, m_d = 9.3 MeV, m_s = 175 MeV.

B CP-odd terms in chiral Lagrangian

From the effective Lagrangian in Eq. (33), the CP violating nucleon interaction terms are written as follows. Here, we do not include the π^0-η^0 mixing. L_{C̸P} ≡ g_{πcN} a_{Nb} N_aN_bπ^c = 1 f_π ( A_u⟨uu⟩ − A_d⟨dd⟩ ) ppπ^0 + 1 f_π ( A_u⟨dd⟩ − A_d⟨uu⟩ ) nnπ^0 + 1 √ 2f_π (A_u + A_d) ( ⟨uu⟩ − ⟨dd⟩ ) npπ^− + 1 √ 3f_π ( A_u⟨uu⟩ + A_d⟨dd⟩ − 2A_s⟨ss⟩ ) ppη^0 + 1 √ 3f_π ( A_u⟨dd⟩ + A_d⟨uu⟩ − 2A_s⟨ss⟩ ) nnη^0 − 1 √ 2f_π (A_d + A_s) ( ⟨dd⟩ − ⟨ss⟩ ) Σ^+pK^0 + 1 2f_π (A_d + A_s) ( ⟨dd⟩ − ⟨ss⟩ ) Σ^0nK^0 + 1 2 √ 3f_π (A_d + A_s) ( ⟨dd⟩ + ⟨ss⟩ − 2⟨uu⟩ ) Λ^0nK^0. − 1 2f_π (A_u + A_s) ( ⟨dd⟩ − ⟨ss⟩ ) Σ^0pK^−

+ 1 2 √ 3f_π (A_u + A_s) ( ⟨dd⟩ + ⟨ss⟩ − 2⟨uu⟩ ) Λ^0pK^− − 1 √ 2f_π (A_u + A_s) ( ⟨dd⟩ − ⟨ss⟩ ) Σ^−nK^−. (98)

References

[1] K. Abe [Belle Collaboration], Phys. Rev. Lett. 91 (2003) 261602. [2] B. Aubert [Babar Collaboration], hep-ex/0403026.

[3] T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 66 (2002) 035009; M. B. Causse, arXiv:hep-ph/0207070; D. Chang, A. Masiero and H. Murayama, Phys. Rev. D 67, 075013 (2003); G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park and L. T. Wang, Phys. Rev. Lett. 90 (2003) 141803; S. Khalil and E. Kou, Phys. Rev. D 67 (2003) 055009; M. Ciuchini, E. Franco, A. Masiero and L. Silvestrini, Phys. Rev. D 67 (2003) 075016; S. Baek, Phys. Rev. D 67 (2003) 096004; J. Hisano and Y. Shimizu, Phys. Lett. B 565 (2003) 183; T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, arXiv:hep-ph/0306093; K. Agashe and C. D. Carone, Phys. Rev. D 68 (2003) 035017.

[4] R. Harnik, D. T. Larson, H. Murayama and A. Pierce, Phys. Rev. D 69, (2004) 094024 .

[5] T. Moroi, Phys. Lett. B 493 (2000) 366.

[6] J. Hisano and Y. Shimizu, Phys. Lett. B 581 (2004) 224. [7] M. Pospelov and A. Ritz, Nucl. Phys. B 558 (1999) 243. [8] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83 (1999) 2526. [9] M. Pospelov and A. Ritz, Nucl. Phys. B 573 (2000) 177. [10] M. Pospelov and A. Ritz, Phys. Lett. B 471 (2000) 388. [11] M. Pospelov and A. Ritz, Phys. Rev. D 63 (2001) 073015. [12] C. T. Chan, E. M. Henley and T. Meissner, arXiv:hep-ph/9905317. [13] A. R. Zhitnitsky, Phys. Rev. D 55 (1997) 3006; V. M. Khatsimovsky, I. B. Khriplovich and A. R. Zhitnitsky, Z. Phys. C 36 (1987) 455.

[14] V. F. Dmitriev and R. A. Sen’kov, Phys. Atom. Nucl. 66 (2003) 1940 [Yad. Fiz. 66 (2003) 1988].

[15] T. Falk, K. A. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560(1999) 3.

[16] Y. K. Semertzidis et al. [EDM Collaboration], AIP Conf. Proc. 698 (2004) 200. [17] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 (1977) 1440. [18] I. Bigi, N.G. Uraltsev, Sov. Phys. JETP 100 (1991) 198.

[19] V. M. Belyaev and B. L. Ioffe, Sov. Phys. JETP 56 (1982) 493 [Zh. Eksp. Teor. Fiz.

83 (1982) 876].

[20] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 166 (1980) 493. [21] P. G. Harris et al., Phys. Rev. Lett. 82 (1999) 904.

[22] M. V. Romalis, W. C. Griffith and E. N. Fortson, Phys. Rev. Lett. 86 (2001) 2505. [23] V. A. Dzuba, V. V. Flambaum and J. S. M. Ginges, Phys. Rev. D 66 (2002) 076013. [24] V. F. Dmitriev and R. A. Sen’kov, Phys. Rev. Lett. 91 (2003) 212303. [25] V. V. Flambaum, I. B. Khriplovich and O. P. Sushkov, Nucl. Phys. A 449 (1986) 750; V. V. Flambaum and J. S. M. Ginges, arXiv:nucl-th/0108007.

[26] A. Manohar and H. Georgi, Nucl. Phys. B 234 (1984) 189. [27] O. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, arXiv:hep-ph/0402023. [28] I. B. Khriplovich and R. A. Korkin, Nucl. Phys. A 665 (2000) 365. [29] M. Endo, M. Kakizaki, M. Yamaguchi, Phys. Lett. B583 (2004) 186. [30] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477 (1996) 321.

π^−

n p n γ K^−

n Σ n γ

Figure 1: One loop diagrams for the neutron EDM. The blob represents the CP violating coupling.

g̃

q_{Li} q̃_{Li} q̃_{Lj} q̃_{Rj} q̃_{Ri} q_{Ri} g

(a) g̃

b_L b̃_L b̃_R s̃_R sR g

(b) Figure 2: (a) The dominant diagram contributing to the CEDMs of light quarks when both the left-handed and right-handed squarks have flavor mixings. (b) The dominant SUSY diagram contributing to the CP asymmetry in B → ϕK_s when the right-handed squarks have a mixing.

Figure 3: The correlation between ~d_s and S_{ϕKs} assuming ~d_s = −m_b/(4π^2)(11/21)Im[(δ^{(d)}_{LL})_{23}C^R_8 ]. Here, (δ^{(d)}_{LL})_{23} = −0.04 and arg[C^R_8 ] = π/2. κ comes from the matrix element of chromomagnetic moment in B → ϕK_s. The dashed (dotted) line is the upperbound on ~d_s from the EDM of^{199}Hg atom (neutron).