arXiv:0908.2420v2 [hep-ph] 27 Jan 2010

UMD-DOE-40762-465

P-odd and CP-odd Four-Quark Contributions to Neutron EDM

Haipeng An,^1 Xiangdong Ji,^{1, 2, 3} and Fanrong Xu^4 1Maryland Center for Fundamental Physics and Department of Physics, University of Maryland, College Park, Maryland 20742, USA 2Institute of Particle Physics and Cosmology, Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China 3Center for High-Energy Physics and Institute of Theoretical Physics, Peking University, Beijing 100871, China 4Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China (Dated: January 28, 2010)

Abstract

In a class of beyond-standard-model theories, CP-odd observables, such as the neutron electric dipole moment, receive significant contributions from flavor-neutral P-odd and CP-odd four-quark operators. However, considerable uncertainties exist in the hadronic matrix elements of these operators strongly affecting the experimental constraints on CP-violating parameters in the theories. Here we study their hadronic matrix elements in combined chiral perturbation theory and nucleon models. We first classify the operators in chiral representations and present the leading-order QCD evolutions. We then match the four-quark operators to the corresponding ones in chiral hadronic theory, finding symmetry relations among the matrix elements. Although this makes lattice QCD calculations feasible, we choose to estimate the non-perturbative matching coefficients in simple quark models. We finally compare the results for the neutron electric dipole moment and P-odd and CP-odd pion-nucleon couplings with the previous studies using naive factorization and QCD sum rules. Our study shall provide valuable insights on the present hadronic physics uncertainties in these observables.

I. INTRODUCTION

Neutron electric dipole moment (nEDM) has attracted considerable attention over more than half a century. For an elementary particle to have non-vanishing intrinsic EDM, simple analysis shows that parity-violating as well as time-reversal-violating interactions must be present. [T-violation is equivalent to CP-violation (combined charge-conjugation and parity) in local quantum field theory.] However, in the standard model (SM) of particle physics, such interactions arise only from flavor-changing Cabbibo-Kobayashi-Moskawa (CKM) matrix elements, which are strongly suppressed phenomenologically, yielding a very small neutron EDM of order 10^{−31} ecm. Therefore, an experimental observation of a large-size neutron EDM is an unambiguous signal for new physics, widely expected to exit somewhere between the electroweak symmetry breaking and TeV scales.

There has been much speculation in the literature on the nature of new physics. The leading theory is supersymmetry (SUSY) introduced to stabilize the electroweak scale against the fundamental Planck scale (for a good review, see Ref. [1]). Various extra dimensional models have been popular in recent years as well (for good reviews see Ref. [2]). There are other less dramatic possibilities including technicolor [3], left-right symmetry [4], minimal extensions of the SM [5], little Higgs models [6], etc. In each of these models, there is new CP violation physics giving rise to a significant neutron EDM. To test CP-violation mechanisms, it is important to get accurate predictions of CP-violating observables in these models. In particular, one has to deal with the non-perturbative quantum chromodynamics (QCD) physics present in the structure of the neutron.

An efficient way to calculate the neutron EDM is to use the methodology of effective field theories (EFT). In this approach, one generates P-odd and CP-odd quark and gluon operators after integrating out the heavy particles (including heavy quarks, gauge bosons and new particles) and run these operators to a scale around 1 GeV where non-perturbative QCD physics becomes important. The effective degrees of freedom involves the light quarks (up, down and strange) and gluons. The CP-odd part of the lagrangian is generally written as a sum of CP-odd operators of different mechanical dimensions,

L_{CP−odd} = ∞∑ d=3 ∑ i C_{di}(μ)Ô_{di}(μ) , (1) where d = 3, 4, 5, etc, is the mechanical dimension of the operators, μ is the renormalization scale (taken as 4πF_π in this paper) and i sums over operators of the same dimension. The dim-3 operator is the usual CP-odd quark mass term q̄iγ_5q, which can be rotated away through chiral rotations apart from the U_A(1) anomaly. The dim-4 operator is the usual θ term GG̃. Dim-5 operators include quark electric and chromoelectric dipole operators. Dim- 6 operators contain various four-quark operators and Weinberg three-gluon operator. The matrix elements of dim-4 and, to less extent, dim-5 operators have been studied extensively in the literature [7–16], and the uncertainty of the estimates are typically at the level of factor 2. The contributions of these operators have also been studied extensively in the context of various new physics models (see Refs. [17, 18] for good reviews).

However, the matrix elements of dim-6 operators have been a challenge to estimate. In some beyond-SM theories such as the left-right symmetric model, dim-6 four-quark operators dominate the contributions to nEDM. In the literature, the only serious approach that has been proposed to calculate their matrix elements is the naive factorization method: breaking the four-quark matrix elements into the product of two-quark matrix elements between the nucleon states and between pion and vacuum [19–21]. While the factorization involving mesons can be and has been tested using lattice QCD [22] and the results may be trustable to within a factor of 2, the same is not known for matrix elements involving the nucleon states. The goal of this paper is to develop a chiral perturbation method combined with simple quark models to estimate the four-quark contribution to the nEDM with hopefully an improved accuracy.

The approach we are going to take is the standard chiral perturbation theory (χPT) (see, for example, Ref. [23, 24]) which has been used to calculate the contribution of θterm to nEDM [13]. One of the successes of the chiral approach can be illustrated by the polarizabilities of the nucleon. The electric polarizabilities of the proton and neutron have been extracted from experimental data, α^{exp}_p = (10.4 ± 0.6) × 10^{−4}fm^3, α^{exp}_n = (12.3 ± 1.3) × 10^{−4}fm^3. The leading contribution in χPT comes from the pion-nucleon intermediate states,

α_p = α_n =

5α_{em}g^2_A 96πF^2_π m_π

≈ 11 × 10^{−4}fm^3 , (2)

which diverges linearly as m_π → 0 and agrees well with the experimental data. One would expect then a similar pion dominance in the neutron EDM because the latter also involves the intermediate electric dipole excitations. Indeed a pioneering calculation by Crewther et al. found that the dominant contribution from the charged-pion chiral-loop diverges logarithmically as m_π goes to zero, and is proportional to the CP-odd pion-nucleon-nucleon coupling ḡ_{πNN} [15]. In this paper, we take this contribution as dominating and consider the four-quark operator contribution to ḡ_{πNN} . Of course, there are chiral-regular contributions to the nEDM which are of the same order in chiral power counting and numerically competitive or even dominating in the real world [18]. We will consider these contributions as well, although the model-dependence becomes unavoidable.

In the chiral approach, one first writes down the CP-odd and even lagrangian in terms of meson and nucleon fields,

L = L_{Goldstone−boson CP−odd term} + L_{nucleon CP−odd mass term} +L_{EDM term} + L_{CP−odd π−N coupling} + (CP − even terms) (3)

where the Goldstone boson CP-odd lagrangian will generate terms annihilating π^0 and η in the vacuum, or in other words, will produce meson condensates. The condensates will turn some of the CP-even terms (as we shall see, those proportional to quark masses) in the chiral lagrangian into CP-odd contributions. This will generate an additional CP-odd nucleon-mass term, neutron EDM term and CP-odd pion-nucleon coupling. Once this is done, one can rotate away the CP-odd nucleon mass term, generating further contributions to the neutron EDM terms and the CP-odd pion-nucleon coupling.

The presentation of the paper is organized as follows: In Sec. II, we classify all flavorneutral P-odd and CP-odd four-quark operators in chiral representations. We also present the leading-order QCD scale evolution of these operators. In Sec. III, we match these operators to the corresponding Goldstone boson operators, baryon operators, and EDM operators in χPT. We also discuss in the case of Peccei-Quinn symmetry the size of the induced θ term in the presence of these four-quark operators. In Sec. IV, we calculate their contributions to the P-odd and CP-odd nucleon-pion vertices and the CP-odd nucleon mass using factorization in the case of meson matrix elements and simple quark models for the nucleon ones. In Sec. V, we study the four-quark contribution to the neutron EDM in the chiral approach supplemented with factorization and quark model estimates of counter terms, and the results are compared with other calculations in the literature. The comparison and analysis show that the hadronic physics uncertainties here can be quantified to within a factor of two for operators generating unsuppressed meson condensate contributions. We conclude the paper in Sec.VI.

To make the convention clear, the EDM operator for spin-1/2 particles is defined as L = − 1 2 d^Eψσ_{μν} iγ_5ψF^{μν} , (4) where σ_{μν} =^i_2 [γ_μ, γ_ν] and γ_5 = iγ^0γ^1γ^2γ^3 in the standard Dirac representation.

II. P-ODD AND CP-ODD FOUR-QUARK OPERATORS: CLASSIFICATION, RUNNING AND MIXING

We consider three light quark flavors: up, down and strange. Flavor-neutral P-odd and CP-odd four-quark operators can be divided into two groups [19]: The first group includes 18 operators made of two different flavors:

O_{11} = (q̄iγ_5q)(q̄^′q^′) , O_{12} = (q̄q)(q̄^′iγ_5q^′) , O_{21} = (q̄iγ_5t^aq)(q̄^′t^aq^′) , O_{22} = (q̄t^aq)(q̄^′iγ_5t^aq^′) , O_3 = (q̄iγ_5σ^{μν} q)(q̄^′σ_{μν} q^′) , O_4 = (q̄iγ_5σ^{μν} t^aq)(q̄^′σ_{μν} t^aq^′) , (5)

where q, q^′ = u, d, s and q < q^′. The second group includes 6 operators made of a single quark flavor

O^′_1 = (q̄iγ_5q)(q̄q) , O^′_2 = (q̄iγ_5t^aq)(q̄t^aq) , (6)

where t^a are generators of the SU(3) color group. All other flavor-neutral P-odd and CP-odd four-quark operators can be related to the above through Fierz transformation [19].

To match the above quark operators into the hadronic ones in χPT, we have to classify the former into irreducible representations of the chiral group SU(3)_L × SU(3)_R. Take the operator ūiγ_5ud̄d as an example, which can be decomposed as

ūiγ_5ud̄d = −iū_Ru_Ld̄_Rd_L + iū_Lu_Rd̄_Rd_L + h.c. , (7)

where q_{L,R} = P_{L,R}q with P_{L,R} = (1 ∓ γ_5)/2. The first term can be further decomposed as − iū_Ru_Ld̄_Rd_L = − i 2 (ū_Ru_Ld̄_Rd_L + d̄_Ru_Lū_Rd_L) − i 2 (ū_Ru_Ld̄_Rd_L − d̄_Ru_Lū_Rd_L) = − i 4 S^{ij}_{kl}q̄_{Ri}q^k_Lq̄_{Rj} q^l_L − i 4 ϵ^{jkl}_{imn}A^i_jq̄_{Rk}q^m_L q̄_{Rl}q^n_L , (8) where ϵ^{jkl}_{imn} ≡ ϵ^{jkl}ϵ^{imn}, and A = 0 0 0 0 0 0 0 0 1 , (9) and S^{12}_{12} = S^{21}_{12} = S^{12}_{21} = S^{21}_{21} = 1, (10) with other elements vanishing. The second term of Eq. (7) can be written as

iū_Lu_Rd̄_Rd_L = iH^j_{1i}H^l_{2k}q̄_{Lj} q^k_Rq̄_{Rl}q^i_L , (11)

where

H_1 =

0 1 0 0 0 0 0 0 0

, H_2 =

0 0 0 1 0 0 0 0 0 . (12)

In this way the operator ūiγ_5ud̄d is decomposed into (¯3, 3), (6, ¯6) and (8, 8) representations of SU(3)_L ×SU(3)_R, and A, S, H_1, and H_2 can be regarded as spurion fields in the sense that if they transform as (3, ¯3), (¯6, 6) and (8, 8) under chiral transformation, the corresponding terms in Eqs. (8) and (11) become invariant. These spurion fields will be used in χP T to construct the effective operators corresponding to the same four-quark operators. All spurion fields for four-quark operators with different Dirac and color structures are shown in Table I. [It is easy to see that there is no (1, 1) operator because any such operator must be expressible in terms of products of chiral-even quark currents, which cannot yield CP-odd contributions.]

The four-quark operators usually emerge at a high energy scale where some heavy particles have been integrated out. To match them to hadronic operators in effective theories, one must run them down to a low energy scale where non-perturbative physics becomes important. We can choose this to be 1 GeV or the lattice cut-off 1/a, where a is the lattice spacing. In this work, we take μ = 4πF_π, with F_π = 93 MeV. These operators mix with each other when the energy scale changes. Although many of the mixings have been calculated in the literature before [see Ref. [25], for example], we recalculate them and present the complete result here for easy reference:

μ^2 d dμ^2

O_{11} O_{12} O_{21} O_{22} O_3 O_4

= α_S(μ) 4π

8 0 0 0 0 1 0 8 0 0 0 1 0 0 −1 0^2_9^5_{12} 0 0 0 −1^2_9^5_{12} 0 0 24 24 −^8_3 0 16 3 16 3 10 10 0^{19}_3

O_{11} O_{12} O_{21} O_{22} O_3 O_4

, (13)

μ^2 d dμ^2 ( O^′_1 O^′_2 ) = α_S(μ) 4π (_{40}

9 −^4_3 −^{80}_{27} −^{46}_9 ) ( O^′_1 O^′_2 ) . (14)

Clearly operators with different quark flavor structures do not mix. Since SU(3)_L × SU(3)_R symmetry is broken only by quark masses, four-quark operators belonging to different chiral

(¯3, 3) (6, ¯6) (8, 8) q = u, q^′ = d A = 0 0 0 0 0 0 0 0 1

S^{12}_{12} = S^{12}_{21} = S^{21}_{12} = S^{21}_{21} = 1 other components are zero

H_1 =

0 1 0 0 0 0 0 0 0 , H2 = 0 0 0 1 0 0 0 0 0 q = d, q^′ = u A = 0 0 0 0 0 0 0 0 1

S^{12}_{12} = S^{12}_{21} = S^{21}_{12} = S^{21}_{21} = 1 other components are zero

H_1 =

0 0 0 1 0 0 0 0 0 , H2 = 0 1 0 0 0 0 0 0 0 q = u, q^′ = s A = 0 0 0 0 1 0 0 0 0

S^{13}_{13} = S^{13}_{31} = S^{31}_{13} = S^{31}_{31} = 1 other components are zero

H_1 =

0 0 1 0 0 0 0 0 0 , H2 = 0 0 0 0 0 0 1 0 0 q = s, q^′ = u A = 0 0 0 0 1 0 0 0 0

S^{13}_{13} = S^{13}_{31} = S^{31}_{13} = S^{31}_{31} = 1 other components are zero

H_1 =

0 0 0 0 0 0 1 0 0 , H2 = 0 0 1 0 0 0 0 0 0 q = d, q^′ = s A = 1 0 0 0 0 0 0 0 0

S^{23}_{23} = S^{23}_{32} = S^{32}_{23} = S^{32}_{32} = 1 other components are zero

H_1 =

0 0 0 0 0 1 0 0 0 , H2 = 0 0 0 0 0 0 0 1 0 q = s, q^′ = d A = 1 0 0 0 0 0 0 0 0

S^{23}_{23} = S^{23}_{32} = S^{32}_{23} = S^{32}_{32} = 1 other components are zero

H_1 =

0 0 0 0 0 0 0 1 0 , H2 = 0 0 0 0 0 1 0 0 0

q = u, q^′ = u A = 0

S^{11}_{11} = 4 other components are zero

H_1 = 0, H_2 = 0

q = d, q^′ = d A = 0

S^{22}_{22} = 4 other components are zero

H_1 = 0, H_2 = 0

q = s, q^′ = s A = 0

S^{33}_{33} = 4 other components are zero

H_1 = 0, H_2 = 0

TABLE I: Spurions for CP-odd 4-quark operators. The first six together with three tensor structures yield 18 operators in Eq. (4) and the last three with two tensor structures yield six operators in Eq. (5).

irreducible representations do not mix either. Therefore, we can further simplify Eq. (12),

μ^2 d dμ^2 O^{(3,6)}_1 O^{(3,6)}_2 O^{(3,6)}_3 O^{(3,6)}_4 = α_S (μ) 4π 8 0 0 1 0 −1^2_9^5_{12} 0 48 −^8_3 0 32 3 20 0^{19}_3

O^{(3,6)}_1 O^{(3,6)}_2 O^{(3,6)}_3 O^{(3,6)}_4

(15)

μ^2 d dμ^2 ( O^{(8)}_1 O^{(8)}_2 ) = α_S (μ) 4π ( 8 0 0 −1 ) ( O^{(8)}_1 O^{(8)}_2 ) (16)

where O^{(3,6,8)}_i means the projections of the operator O_i on the representations (¯3, 3), (6, ¯6) and (8, 8), respectively. It is easy to see that the (¯3, 3) and (6, ¯6) projections of O_{i1} and O_{i2} are the same with i = 1, 2, whereas their (8, 8) projections differ only by the sign. The tensor operators do not have (8, 8) components and therefore do not participate in Eq. (16).

The four-quark operators may also mix with P-odd and CP-odd operators with dimension less or equal to 6. For mixing with lower-dimensional operators, either quark masses or power divergences will appear. The only other dimension-6 operator is the Weinberg operator [26]

O_W = − 1 6 f^{abc}ϵ^{μναβ} G^a_{μρ}G^{bρ}_ν G^c_{αβ} , (17) which is a singlet under chiral transformation. Since the four-quark operators contain no singlet component, the mixing between them and O_W vanishes. The evolution of the Weinberg operator can be found in Ref. [27].

The P-odd and CP-odd dimension-5 operators are the quark electric dipole moment operators (QEDM) and quark chromo-electric dipole moment operators (QCDM). In principle, they belong to (¯3, 3) of the chiral group. However, they can mix logarithmically with four-quark operators multiplied by the quark mass which transforms also like (¯3, 3) [28, 29].

Finally, the four-quark operators can have mixing with mq̄iγ_5q with quadratically divergent coefficients. Usually, one defines the four-quark operators with quadratic divergences subtracted, as is natural in dimensional regularization where all quadratically divergent integrals vanish by definition. Equivalently, this can be achieved, for example, by demanding the CP-odd four-quark operators have vanishing contribution between QCD vacuum and CP-odd meson states in perturbation theory. However, as we shall see in the following section, they can have non-perturbative contributions. The exact physical implication of this non-perturbative contribution will be discussed in Sec. V.E.

III. MATCHING TO OPERATORS IN CHIRAL PERTURBATION THEORY

Generically, any P-odd, CP-odd quark-gluon operator contributes to all P-odd, CP-odd hadronic operators in χPT; the latter are constructed in terms of Goldstone-boson (pion, kaon, eta) fields and baryon fields. Here we consider just the contributions to the Goldstoneboson CP-odd interactions, nucleon CP-odd mass term, π-N CP-odd coupling, as well as the neutron EDM term,

L = L_{Goldstone−boson CP−odd term} + L_{nucleon CP−odd mass term} +L_{CP−odd π−N coupling} + L_{EDM term} . (18)

Following the standard practice in the literature, we imbed the Goldstone-boson fields in the unitary matrix U = exp[2iΣ/F_π] with

Σ = 1 2 π^0 +^1_2^√_3 η^{1√}_2 π^{+ 1√}_2 K^+ 1√ 2 π^− −^1_2 π^0 +^1_2^√_3 η^{1√}_2 K^0 1√ 2 K^{− 1√}_2K̄^0 −^{1√}_3 η , (19)

where F_π is the pion decay constant. Under chiral rotations, U transforms like U → LUR^†, where L and R are SU(3) matrices belonging to SU(3)_L and SU(3)_R groups, respectively.

To include the baryon octet, we introduce

B = 1√ 2 Σ^0 +^{1√}_6 Λ Σ^+ p Σ^− −^{1√}_2 Σ^0 +^{1√}_6 Λ n Ξ^− Ξ^0 −^{2√}_6 Λ . (20)

Again following the literature, we assume B transforms nonlinearly under chiral transformation, B → KBK^† (21) where K is a unitary matrix defined according to the transformation of ξ = U^{1/2}. ξ → LξK^†, ξ → KξR^† (22) It is clear that K is a nonlinear function of the Goldstone-boson fields.

The quark-mass term breaks chiral symmetry and plays an important role in chiral expansion. To exhibit its physical effect, the usual practice is to introduce the spurion field χ, transforming as χ → LχR^† . (23) However, to combine χ with the baryon field B, we introduce χ_±

χ_± = ξ^†χξ^† ± ξχ^†ξ , (24)

which transform nonlinearly as χ_± → Kχ_±K^†.

In the leading order, the chiral lagrangian for meson fields is L = 1 4 F^2_π Tr[∂_μU^†∂^μU] + 1 2 F^2_π BTr[M^†U + U^†M] , (25)

where M = diag{m_u, m_d, m_s} is the mass matrix of light quarks. The leading-order chiral lagrangian for the baryon field is [24]

L = Tr { B̄iγ^μD_μB − m_0B̄B + 1 2 DB̄γ^μγ_5u_μ, B + 1 2 F B̄γ_μγ_5[u_μ, B] } , (26)

where u_μ = i(ξ^†∂_μξ − ξ∂_μξ^†) is an axial vector current, D_μB = ∂_μB + [Γ_μ, B] and Γ_μ = {ξ^†∂_μξ + ξ∂_μξ^†}/2 is a vector current.

A. Matching to CP-Odd Goldstone-Boson Operators

Once there is a CP-odd term in the QCD lagrangian, it induces CP-odd terms in the effective Goldstone-boson lagrangian. These terms can annihilate odd-number (particularly, one) Goldstone bosons into the vacuum. Because of this CP-odd meson condensate, the original CP-even terms can now contribute to the CP-odd effects. Due to chiral symmetry, a meson condensate can generate physical effects only when the CP-even terms explicitly break the symmetry.

As discussed in the last section, P-odd and CP-odd four-quark operators can be decomposed into chiral (¯3, 3), (6, ¯6), (8, 8) and their hermitian conjugate representations. They in turn can be matched to the corresponding chiral operators in the same representations. The leading ones without derivatives are unique and are shown in Table II.

We illustrate the matching process using O^{ud}_{11} = ūiγ_5ud̄d as an example. As discussed in the last section, this quark operator can be decomposed into irreducible representations of the chiral group using the spurion fields

O^{ud}_{11} = O^{ud,(¯3,3)}_{11} + O^{ud,(6,¯6)}_{11} + O^{ud,(8,8)}_{11} + h.c. (27)

Rep. (¯3, 3) (6, ¯6) (8, 8) Operator O^m_3 = iTr[AU^†] O^m_6 = iS^{ij}_{kl}U^k_i U^l_j O^m_8 = iTr[H_1UH_2U^†]

TABLE II: Leading meson operators in individual irreducible chiral representations where A, S, H_1 and H_2 are spurion fields in Table I. The appearance of i in front of each operator indicates that these operators generate P-odd and CP-odd vertices in the meson lagrangian; their Wilson coefficients in the lagrangian are defined to be real.

Then, we can match each of the operators to the corresponding one in the meson sector through the non-perturbative Wilson coefficients C^′s O^{ud,(¯3,3)} 11 ∼ C^{(¯3,3)}O_3 , O^{ud,(6,¯6)}_{11} ∼ C^{(6,¯6)}O_6 , O^{ud,(8,8)}_{11} ∼ C^{(8,8)}O_8 . (28) The Wilson coefficients can be obtained by matching the simplest matrix elements: ⟨0|O|π^0⟩ and ⟨0|O|η⟩, which can be calculated using non-perturbative methods such as lattice QCD.

In this paper, we use factorization approximation to estimate these non-perturbative matrix elements. Lattice QCD calculations demonstrate that the matrix elements of fourquark operators can be factorized typically to within a factor of 2. Again take the operator O^{ud}_{11} as an example, which can annihilate π^0 and η to the vacuum. [In principle, it also annihilates η^′, but this contribution is suppressed by the mass of η^′.] The annihilation amplitude can be estimated using vacuum saturation, ⟨0|ūiγ_5ud̄d|π^0⟩ ≈ ⟨0|d̄d|0⟩⟨0|ūiγ_5u|π^0⟩. (29) Using chiral symmetry, one can get ⟨0|ūiγ_5u|π^0⟩ =^1_{Fπ} ⟨0|ūu|0⟩ ≡ −F_πB_0, and ⟨0|ūiγ_5u|η⟩ = −F_πB_0/ √ 3. (This is consistent with the definition of the chiral rotation of U defined below Eq. (19).) Therefore, a term C_4O^{ud}_{11} in the QCD lagrangian can be matched to the linear terms in π^0 and η in the chiral lagrangian

L = C_4B^2_0 F^3_π π^0 + 1 √ 3 C_4B^2_0 F^3_π η + ... , (30)

where ... represents higher-power meson fields. Then the leading terms in the potential of π^0 and η can be written as V = 1 2 B_0 [ (m_u + m_d)(π^0)^2 + 1 3 (m_u + m_d + 4m_s)η^2 ]

+ B_0 √ 3 (m_u − m_d)π^0η − C_4B^2_0 F^3_π ( π^0 + 1 √ 3 η ) , (31)

which can be minimized to yield a condensate ⟨π^0⟩ and ⟨η⟩.

The above discussion can be easily generalized to an arbitrary four-quark operator, for which Eq. (30) can be written as L = g_πC_4B^2_0 F^3_π π^0 + g_ηC_4B^2_0 F^3_π η + ... , (32) where g_π and g_η are numerical factors generated through the vacuum saturation approximation. Then, the vevs of meson fields can be written as

⟨π^0⟩ =

B_0F^3_π C_4 [ g_π(m_u + m_d + 4m_s) − √ 3g_η(m_u − m_d) ] 4(m_um_d + m_dm_s + m_sm_u) , ⟨η⟩ = B_0F^3_π C_4 [ − √ 3g_π(m_u − m_d) + 3g_η(m_u + m_d) ] 4(m_um_d + m_dm_s + m_sm_u)

, (33) which is inversely proportional to quark masses! The vev of U can be written as

⟨U⟩ = exp i ⟨π^0⟩ +^{1√}_3 ⟨η⟩ 0 0 0 −⟨π^0⟩ +^{1√}_3 ⟨η⟩ 0 0 0 −^{2√}_3 ⟨η⟩ /Fπ . (34)

This defines the vacuum state of Goldstone-boson fields.

Therefore, we can redefine the meson fields in the following way: U = ⟨U⟩U^′ , (35) where U^′ collects the physical meson excitations. Through this redefinition, the meson lagrangian no longer contains terms annihilating the physical Goldstone bosons. Correspondingly, we redefine the baryon fields, ξBξ = ⟨U⟩ξ^′B^′ξ^′ , (36) through a chiral transformation with L = ⟨U⟩ and R = 1.

The above redefinition can change P-even and CP-even terms with explicit chiral symmetry breaking to P-odd and CP-odd terms. This is particularly true for the CP-even baryon lagrangian with linear dependence on quark masses,

L_c = c_1Tr[B̄B]Tr[MU^†] + c_2Tr[Mξ^†B̄Bξ^†] + c_3Tr[B̄ξ^†Mξ^†B] + h.c. (37) and L_d = d_1Tr[B̄γ_5B]Tr[MU^†] + d_2Tr[Mξ^†B̄γ_5Bξ^†] + d_3Tr[B̄γ_5ξ^†Mξ^†B] + h.c. (38)

Substituting ⟨U⟩ to the above equation, we get CP-odd pion-nucleon couplings through

c_1Tr[B̄^′B^′]Tr[⟨U⟩^†MU^{′†}] + c_2Tr[⟨U⟩^†Mξ^{′†}B̄^′B^′ξ^{′†}] + c_3Tr[B̄^′ξ^{′†}⟨U⟩^†Mξ^{′†}B^′] + h.c. (39)

and the CP-odd masses of baryons

d_1Tr[B̄^′γ_5B^′]Tr[⟨U⟩^†MU^{′†}]+d_2Tr[⟨U⟩^†Mξ^{′†}B̄^′γ_5B^′ξ^{′†}]+d_3Tr[B̄^′γ_5ξ^{′†}⟨U⟩^†Mξ^{′†}B^′]+h.c. (40)

which is part of the CP-odd mass generated by the four-quark operator. Note that since ⟨U⟩ is inversely proportional to the quark mass, the above contribution is not suppressed in the chiral limit.

One can also get a CP-odd dipole moment by considering a photo-pion production term off the nucleon. When the pion is condensed through CP-odd effects, one generates a new contribution to the CP-odd moment, which is beyond the scope of this paper.

B. Matching to CP-Odd Baryon Operators

In this subsection, we construct the leading P-odd and CP-odd baryon operators induced by the CP-odd four-quark operators. These include all the operators with one baryon and one conjugate baryon fields, and without any quark masses or derivatives. All the independent operators are listed in Table III.

Rept. Operators

(¯3, 3)

O^{(1)}_3 = iTr[B̄B]Tr[AU^†], O^{(2)}_3 = iTr[Aξ^†B̄Bξ^†], O^{(3)}_3 = iTr[B̄ξ^†Aξ^†B], Õ^{(1)}_3 = iTr[B̄γ_5B]Tr[AU †], Õ^{(2)}_3 = iTr[Aξ†B̄γ_5Bξ†], Õ^{(3)}_3 = iTr[B̄γ_5ξ†Aξ†B],

(6, ¯6)

O^{(1)}_6 = iS^{ij}_{kl}(ξB̄ξ)^k_i (ξBξ)^l_j , O^{(2)}_6 = iS^{ij}_{kl}(ξB̄Bξ)^k_i U^l_j, O^{(3)}_6 = iS^{ij}_{kl}(B̄ξ)^m_i (ξB)^k_mU^l_j , O^{(4)}_6 = iTr[B̄B]S^{ij}_{kl}U^k_i U^l_j. Õ^{(1)}_6 = iS^{ij}_{kl}(ξB̄γ_5ξ)k_i (ξBξ)l_j , Õ^{(2)}_6 = iS^{ij}_{kl}(ξB̄γ_5Bξ)k_i U l_j , Õ^{(3)}_6 = iS^{ij}_{kl}(B̄γ_5ξ)m_i (ξB)k_mU l_j , Õ^{(4)}_6 = iTr[B̄γ_5B]S^{ij}_{kl}U k_i U l_j

(8, 8)

O^{(1)}_8 = iTr[B̄ξ^†H_1UH_2ξ^†B], O^{(2)}_8 = iTr[ξ^†B̄Bξ^†H_1UH_2], O^{(3)}_8 = iTr[ξB̄BξH_2U^†H_1], O^{(4)}_8 = iTr[B̄ξH_2U^†H_1ξB], O^{(5)}_8 = iTr[ξB̄ξ^†H_1]Tr[ξ^†BξH_2], O^{(6)}_8 = iTr[ξ^†B̄ξH_2]Tr[ξBξ^†H_1], O^{(7)}_8 = iTr[ξB̄ξH_2ξ^†Bξ^†H_1], O^{(8)}_8 = iTr[ξ^†B̄ξ^†H_1ξBξH_2]. Õ^{(1)}_8 = iTr[B̄γ_5ξ†H_1UH_2ξ†B], Õ^{(2)}_8 = iTr[ξ†B̄γ_5Bξ†H_1UH_2], Õ^{(3)}_8 = iTr[ξB̄γ_5BξH_2U †H_1], Õ^{(4)}_8 = iTr[B̄γ_5ξH_2U †H_1ξB], Õ^{(5)}_8 = iTr[ξB̄γ_5ξ†H_1]Tr[ξ†BξH_2], Õ^{(6)}_8 = iTr[ξ†B̄γ_5ξH_2]Tr[ξBξ†H_1], Õ^{(7)}_8 = iTr[ξB̄γ_5ξH_2ξ†Bξ†H_1], Õ^{(8)}_8 = iTr[ξ†B̄γ_5ξ†H_1ξBξH_2]

TABLE III: Hadronic operators that have the same quantum numbers as four-quark operators in different irreducible representations.

There are two types of operators in Table III, those with and without tilde. For the first group without tilde, the expansion of the pion field generates the P-odd and CP-odd nucleon-pion vertices L^{CP−odd}

NNπ = (h_cp̄nπ^+ + h.c.) + h_nn̄nπ^0 + h_pp̄pπ^0 . (41) For the second group, the leading order expansion is a bilinear-baryon term with a CP-odd mass structure, L^{CP−odd} mass ∼ −m⋆n̄iγ5n. (42) This term contributes to the CP-odd baryon wave function.

Traditionally, P-odd and CP-odd pion-nucleon couplings are defined in terms of isospin 0, 1, and 2 of the operators, which can be written as [18]

L_{πNN} = ḡ^{(0)}_{πNN}N̄τ^aNπ^a + ḡ^{(1)}_{πNN}N̄Nϕ^0 + ḡ^{(2)}_{πNN} (N̄τ^aNπ^a − 3N̄τ^3Nπ^0) , (43)

where ḡ^{(i)}_{πNN} is the coupling of the isospin-i term and τ^i are the Pauli matrices. Then, in terms of ḡ^{(i)}_{πNN} , h_c, h_n, and h_p can be written as

h_c = √ 2(ḡ^{(0)}_{πNN} +ḡ^{(2)}_{πNN} ), h_n = (−ḡ^{(0)}_{πNN} +ḡ^{(1)}_{πNN} +2ḡ^{(2)}_{πNN} ), h_p = (ḡ^{(0)}_{πNN} +ḡ^{(1)}_{πNN} −2ḡ^{(2)}_{πNN} ) , (44) where h_p does not contribute to nEDM.

To match the P-odd and CP-odd four-quark operators to the above baryon operators, one must find ways to calculate the corresponding non-perturbative Wilson coefficients. This can be done by considering the matrix elements of the quark operators in simple states. Take O^{ud}_{11} = ūiγ_5ud̄d as an example. As shown in the last section, it can be decomposed into irreducible representations of the chiral group,

O^{ud}_{11} = O^{ud,(¯3,3)}_{11} + O^{ud,(6,¯6)}_{11} + O^{ud,(8,8)}_{11} + h.c. (45)

The spurions related to this operator are given in Eqs. (9), (10) and (12). O^{ud,(¯3,3)}_{11} , O^{ud,(6,¯6)}_{11} and O^{ud,(8,8)} 11 must be matched to the hadronic operators in the same irreducible representations and with the same spurions. Take the un-tilded hadronic operators as an example: O^{ud,(¯3,3)} 11 = 3∑ i=1 C^{(i)}_3 O^{(i)}_3 + ... ,

O^{ud,(6,¯6)} 11 = 4∑ i=1 C^{(i)}_6 O^{(i)}_6 + ... ,

O^{ud,(8,8)} 11 = 8∑ i=1 C^{(i)}_8 O^{(i)}_8 + ... , (46)

where “...” represents higher order operators.

Note that, an operator can be separated into hermitian part and anti-hermitian part. Since the QCD Lagrangian is hermitian, the hermitian part and the anti-hermitian part must have the same Wilson coefficient in the effective theory. Take the operator q̄_Lq_R as an example, it is a (¯3, 3) operator, so it can be matched to CU^† in the chiral perturbation theory, while its hermitian conjugation q̄_Rq_L is matched to CU with exactly the same Wilson coefficient since the QCD Lagrangian is invariant under the hermitian conjugate transformation. Therefore, the hermitian part of q̄_Lq_R can be matched to C(U^† + U)/2 whereas the anti-hermitian part can be matched to C(U^† − U)/2. As a result, one can use either the hermitian part or the anti-hermitian part of the operators to get their Wilson coefficients depending on which way is easier. For the operators without tilde listed in Table III, the anti-hermitian parts contain terms having only one baryon field and one anti-baryon field which is easy to do the matching, while for the operators with tilde, the hermitian part is easier. Therefore, we choose to match the anti-hermitian part of the operators without a tilde whereas match the hermitian part of the operators with a tilde to get the Wilson coefficients of them. One can show that this matching procedure works when current algebra is valid such as in non-relativistic quark model.

The leading-order expansion of the hadronic operators are, for (¯3, 3) operators,

O^{(1)}_3 ≃ ip̄p + in̄n + iΛ̄Λ + iΣ̄^0Σ^0 + iΣ̄^+Σ^+ + iΣ̄^−Σ^− + iΞ̄^0Ξ^0 + iΞ̄^−Ξ^− ,

O^{(2)}_3 ≃ ip̄p + in̄n + 2i 3 Λ̄Λ ,

O^{(3)}_3 ≃ 2i 3 Λ̄Λ + iΞ̄^0Ξ^0 + iΞ̄^−Ξ^− . (47)

Therefore, we can determine the Wilson coefficients with four physical matrix elements,

C^{(1)}_3 + C^{(2)}_3 = (−i)⟨p|O^{ud,(¯3,3)}_{11} |p⟩ ,

C^{(1)}_3 = (−i)⟨Σ^0|O^{ud,(¯3,3)}_{11} |Σ^0⟩ ,

C^{(1)}_3 + 2 3 C^{(2)}_3 = (−i)⟨Λ|O^{ud,(¯3,3)}_{11} |Λ⟩ ,

C^{(1)}_3 + C^{(3)}_3 = (−i)⟨Ξ^0|O^{ud,(¯3,3)}_{11} |Ξ^0⟩ , (48)

where we have chosen the normalization condition

⟨ ⃗P | ⃗P^′⟩ = (2π)^3δ^3( ⃗P − ⃗P^′) , (49) where ⃗P and ⃗P^′ are the momenta of the states.

Since the number of equations is larger than the number of variables, to get a solution the following condition must be satisfied,

det 1 1 0 ⟨p|O^{ud,(¯3,3)}_{11} |p⟩ 1 0 0 ⟨Σ^0|O^{ud,(¯3,3)}_{11} |Σ^0⟩ 1^2_3 0 ⟨Λ|O^{ud,(¯3,3)}_{11} |Λ⟩ 1 0 1 ⟨Ξ^0|O^{ud,(¯3,3)}_{11} |Ξ^0⟩

= 0 , (50)

which gives a nontrivial relation among these matrix elements; − 2 3 ⟨p|O^{ud,(¯3,3)}|p⟩ − 1 3 ⟨Σ^0|O^{ud,(¯3,3)} 11 |Σ^0⟩ + ⟨Λ|O^{ud,(¯3,3)}_{11} |Λ⟩ = 0 . (51)

This relation must be satisfied in the chiral limit, so it is a test for direct calculations of the matrix elements. Similarly, a simple inspection of Eq. (47) can give us some more relations among matrix elements ⟨p|O^{ud,(¯3,3)} 11 |p⟩ = ⟨n|O^{ud,(¯3,3)}_{11} |n⟩ , ⟨Σ^0|O^{ud,(¯3,3)} 11 |Σ^0⟩ = ⟨Σ^+|O^{ud,(¯3,3)}_{11} |Σ^+⟩ = ⟨Σ^−|O^{ud,(¯3,3)}_{11} |Σ^−⟩ , ⟨Ξ^0|O^{ud,(¯3,3)} 11 |Ξ^0⟩ = ⟨Ξ^−|O^{ud,(¯3,3)}_{11} |Ξ^−⟩ . (52) Generalizing the above discussion to (6, ¯6) and (8, 8) operators, we write down the leading expansion of the hadronic operators,

O^{(1)}_6 ≃ i 3 Λ̄Λ − iΣ̄^0Σ^0 + iΣ̄^+Σ^+ + iΣ̄^−Σ^− ,

O^{(2)}_6 ≃ ip̄p + in̄n + i 3 Λ̄Λ + iΣ̄^0Σ^0 + iΣ̄^+Σ^+ + iΣ̄^−Σ^− ,

O^{(3)}_6 ≃ i 3 Λ̄Λ + iΞ̄^0Ξ^0 + iΞ̄^−Ξ^− + iΣ̄^0Σ^0 + iΣ̄^+Σ^+ + iΣ̄^−Σ^− ,

O^{(4)}_6 ≃ 2i ( p̄p + n̄n + Λ̄Λ + iΞ̄^0Ξ^0 + Ξ̄^−Ξ^− + Σ̄^0Σ^0 + Σ̄^+Σ^+ + Σ̄^−Σ^− ) ; (53)

O^{(1)}_8 ≃ i ( p̄p + 1 6 Λ̄Λ + 1 2 √ 3 Λ̄Σ^0 + 1 2 √ 3 Σ̄^0Λ + 1 2 Σ̄^0Σ^0 + Σ̄^+Σ^+ ) , O^{(2)}_8 ≃ i ( 1 6 Λ̄Λ + Ξ̄^−Ξ^− + 1 2 √ 3 Λ̄Σ^0 + 1 2 √ 3 Σ̄^0λ + 1 2 Σ̄^0Σ^0 + Σ̄^−Σ^− ) , O^{(3)}_8 ≃ i ( 1 6 Λ̄Λ + Ξ̄^0Ξ^0 − 1 2 √ 3 Λ̄Σ^0 − 1 2 √ 3 Σ̄^0λ + 1 2 Σ̄^0Σ^0 + Σ̄^+Σ^+ ) , O^{(4)}_8 ≃ i ( n̄n + 1 6 Λ̄Λ − 1 2 √ 3 Λ̄Σ^0 − 1 2 √ 3 Σ̄^0Λ + 1 2 Σ̄^0Σ^0 + Σ̄^−Σ^− )

O^{(5)}_8 ≃ iΣ̄^+Σ^+ , O^{(6)}_8 ≃ iΣ̄^−Σ^− ,

O^{(7)}_8 ≃ i ( 1 6 Λ̄Λ + 1 2 √ 3 Λ̄Σ^0 − Σ̄^0Λ − 1 2 Σ̄^0Σ^0 ) , O^{(8)}_8 ≃ i ( 1 6 Λ̄Λ − 1 2 √ 3 Λ̄Σ^0 + Σ̄^0Λ − 1 2 Σ̄^0Σ^0 ) , (54) from which we can get similar relations among matrix elements just like in the (¯3, 3) case shown in Table IV. The other four-quark operators with the same flavor structures have the same relations among hadronic matrix elements as in this case.

Rep. Relations

(¯3, 3) ⟨p|O^{ud,(¯3,3)} 11 |p⟩ = ⟨n|O^{ud,(¯3,3)}_{11} |n⟩, ⟨Ξ^0|O^{ud,(¯3,3)}_{11} |Ξ^0⟩ = ⟨Ξ^−|O^{ud,(¯3,3)}_{11} |Ξ^−⟩, ⟨Σ^0|O^{ud,(¯3,3)} 11 |Σ^0⟩ = ⟨Σ^+|O^{ud,(¯3,3)}_{11} |Σ^+⟩ = ⟨Σ^−|O^{ud,(¯3,3)}_{11} |Σ^−⟩, −^2_3 ⟨p|O^{ud,(¯3,3)} 11 |p⟩ −^1_3 ⟨Σ^0|O^{ud,(¯3,3)}_{11} |Σ^0⟩ + ⟨Λ|O^{ud,(¯3,3)}_{11} |Λ⟩ = 0

(6, ¯6) ⟨p|O^{ud,(6,¯6)} 11 |p⟩ = ⟨n|O^{ud,(6,¯6)}_{11} |n⟩, ⟨Σ^+|O^{ud,(6,¯6)}_{11} |Σ^+⟩ = ⟨Σ^−|O^{ud,(6,¯6)}_{11} |Σ^−⟩, ⟨Ξ^+|O^{ud,(6,¯6)} 11 |Ξ^+⟩ = ⟨Ξ^−|O^{ud,(6,¯6)}_{11} |Ξ^−⟩ 2⟨p|O^{ud,6,¯6}_{11} |p⟩ − ⟨Σ^0|O^{ud,(6,¯6))}_{11} |Σ^0⟩ − 3⟨Λ|O^{ud,(6,¯6)}_{11} |Λ⟩ + 2⟨Ξ^0|O^{ud,(6,¯6)}_{11} |Ξ^0⟩ = 0

(8, 8) ⟨p|O^{ud,(8,8)} 11 |p⟩ + ⟨n|O^{ud,(8,8)}_{11} |n⟩ + ⟨Σ^0|O^{ud,(8,8)}_{11} |Σ^0⟩ − 3⟨Λ|O^{ud,(8,8)}_{11} |Λ⟩ +⟨Ξ^0|O^{ud,(8,8)} 11 |Ξ^0⟩ + ⟨Ξ^−|O^{ud,(8,8)}_{11} |Ξ^−⟩ = 0 ⟨p|O^{ud,(8,8)} 11 |p⟩ − ⟨n|O^{ud,(8,8)}_{11} |n⟩ − ⟨Ξ^0|O^{ud,(8,8)}_{11} |Ξ^0⟩ + ⟨Ξ^−|O^{ud,(8,8)}_{11} |Ξ^−⟩ − √ 3⟨Λ|O^{ud,(8,8)} 11 |Σ^0⟩ − √ 3⟨Σ^0|O^{ud,(8,8)} 11 |Λ⟩ = 0

TABLE IV: Relations among hadronic matrix elements of the four-quark operators in different chiral representations.

One can either build models or do lattice QCD calculations to get these simplest fourquark matrix elements. Once known, one can get the Wilson coefficients by solving Eq. (48) and similar equations for (6, ¯6) and (8, 8) operators. Then one can expand these hadronic operators to the first order with one meson field in each term to get the P-odd and CP-odd pion-nucleon vertices. A similar method works for baryon operators with tilde. We will consider these matrix elements in the next section.

C. Matching to EDM-Type Operators

In χPT, any CP-odd quark-gluon operator will generate directly an EDM contribution to the neutron, analytical in the chiral limit. To write down such a contribution, introduce vector and axial vector octet potential v_μ and a_μ, which transform under local chiral rotations (with space-time dependent chiral transformation) as r_μ ≡ v_μ + a_μ −→ v^′_μ + a^′_μ = R(v_μ + a_μ)R^† + iR∂_μR^† , l_μ ≡ v_μ − a_μ −→ v^′_μ − a^′_μ = L(v_μ − a_μ)L^† + iL∂_μL^† . (55) The corresponding gauge fields are defined as f^R_{μν} = ∂_μr_ν − ∂_ν r_μ − i[r_μ, r_ν ] , f^L_{μν} = ∂_μl_ν − ∂_ν l_μ − i[l_μ, l_ν ] . (56) The gauge fields with definite parity are defined as f^±_{μν} = ξ^†f^R_{μν} ξ ± ξf^L_{μν} ξ^†, (57) which transform under chiral transformation as f^±_{μν} → Kf^±_{μν} K^† . (58)

When reducing to the electromagnetic field, a_μ = 0, f^±_{μν} = (ξ^†Qξ ± ξQξ^†)F_{μν} , where Q = diag(2/3, −1/3, −1/3) and F_{μν} is the electromagnetic field [24].

One can write down a number of EDM type of operators which contain B̄ and B, f^±_{μν} , and the spurion fields A, H, and S. These contributions are direct matching contributions to the neutron EDM, and cannot be calculated in χPT. These chiral constants can in principle be calculated in lattice QCD. However, we will present quark-model estimates in Sec. V.

D. Peccei-Quinn Symmetry and Induced θ-Term

The experimental upper bound on the neutron EDM gives a strong constraint on the P-odd and CP-odd θ-term, θGG̃, in the QCD lagrangian [12, 14, 15]. Using the current experimental limit [30], d_n < 2.9 × 10^{−26}e cm , (59)

one can get the upper bound, θ < 10^{−10} . (60)

On the other hand, it is unnatural for a parameter of the fundamental theory to be so small without fine tuning. There are generally two ways to solve this strong CP problem in the literature. The first is by introducing the spontaneous breaking of parity. Since the θ-term also breaks parity, if at some high energy scale parity is conserved, then the θ-term at low energy scale can only be generated by loop effects and will be suppressed naturally [31].

The other way is to introduce the Peccei-Quinn symmetry, U(1)_A [32]. After the spontaneous breaking of the symmetry, there emerges a pseudo-goldstone boson, a, which is called the axion [33–35]. The effective Lagrangian for the axion field can be written as

L_a = 1 2 ∂_μa∂^μa + a f_a α_s 8π G^a_{μν}G̃^{aμν} , (61) which includes an effective interaction with GG̃. The axion field gets a small mass through the non-vanishing correlation function K = i {∫ d^4xe^{ik·x} ⟨ 0 | |T ( αs 8π GG̃(x), α_s 8π GG̃(0) )| | 0 ⟩} k=0 , (62)

after taking into account the non-perturbative QCD effect [34, 35].

When there is an additional neutral P-odd, CP-odd quark operator, O_{CP−odd}, in the lagrangian, the correlation function

K_1 = i {∫ d^4xe^{ik·x} ⟨ 0 | |T ( α_s 8π GG̃(x), O_{CP−odd}(0) )| | 0 ⟩} k=0 (63)

will be generally nonzero. Therefore, the vev of a, which cancels precisely the θ-term in the original lagrangian, will now be shifted by a small amount proportional to K_1. A nonvanishing effective θ-term is induced as [36]

θ_{ind} = −

K_1 K , (64)

which can contribute to the neutron EDM.

Following Ref. [36], we take the operator ūiγ_5ud̄d as an example to calculate the contribution to neutron EDM through the induced θ-term. Then, K_1 can then be written as K_1 = i {∫ d^4xe^{ik·x} ⟨ 0 | |T ( α_s 8π GG̃(x), C_4ūiγ_5ud̄d(0) )| | 0 ⟩} k=0 . (65)

Using the chiral anomaly [37], one can get α_s 4π GG̃ = ∂_μJ^μ_5 − 2m_∗(ūiγ_5u + d̄iγ_5d + s̄iγ_5s), (66)

where J^μ_5 ≡ ( m_∗ m_u ūγ^μγ_5u + m_∗ m_d d̄γ^μγ_5d + m^∗ m_s s̄γ^μγ_5s ) . (67)

Then one can get

K_1 = i 2 ∫ d^4xe^{ik·x} ⟨ 0 | T ( ∂_μJ^μ_5 (x), C_4ūiγ_5ud̄d(0) )| 0 ⟩ k=0 − i 2 ∫ d^4xe^{ik·x} ⟨ 0 | |T (2m_∗(ūiγ_5u + d̄iγ_5d + s̄iγ_5s)(x), C_4ūiγ_5ud̄d(0)) | | 0⟩_{k=0} . (68)

The second term on the right-hand side of the above equation is negligible compared to the first term because it is explicitly proportional to the reduced quark mass m_∗ and the operator ūiγ_5u + d̄iγ_5d + s̄iγ_5s cannot annihilate light mesons. Therefore K_1 can be calculated as

K_1 ≈ i 2 ∫ d^4xe^{ik·x}⟨0|T (∂_μJ^μ_5 (x), C_4ūiγ_5ud̄d(0))|0⟩_{k=0} = − i 2 C_4⟨0|[Q_5(0), ūiγ_5ud̄d(0)]|0⟩, (69)

where Q_5 is the charge related to the current J^μ_5 defined in Eq. (67). In the spirit of large N_C [38, 39] expansion one can assume that ⟨0|ūiγ_5ud̄iγ_5d|0⟩ ≪ ⟨0|ūud̄d|0⟩ ≈ ⟨0|ūu|0⟩⟨0|d̄d|0⟩. (70) Therefore, we can get

K_1 ≃ − i 2 C_4⟨0|[Q_5(0), ūiγ_5u(0)]|0⟩⟨0|d̄d|0⟩ = −C_4 m_∗ m_u ⟨0|ūu|0⟩⟨0|d̄d|0⟩ = − m_∗ m_u C_4B^2_0 F^4_π . (71)

Using the previously known result [35]

K = −m_∗F^2_π B_0 , (72)

one can get the θ angle induced by the operator ūiγ_5ud̄d,

θ_{ind} = −

K_1 K = − C_4B_0F^2_π m_u . (73)

A similar result can be obtained for any other CP-odd four-quark operator.

Using the standard chiral result in the literature [13], we write down the effective chiral lagrangian corresponding to this induced θ term;

L_θ = 4θm_∗ F_π ( c_2Tr[ΣB̄B] + c_3Tr[B̄ΣB] ) + 2m_∗θ(3d_1 + d_2 + d_3)Tr[B̄iγ_5B] . (74)

From the above, we read off the CP-odd pion-nucleon coupling and the CP-odd mass of the neutron;

h_c = − 2 √ 2C_4B_0F_πm_∗ m_u h_n =

2C_4B_0F_πm_∗ m_u , M_⋆ =

2C_4B_0F^2_π m_∗ m_u (3d_1 + d_2 + d_3) . (75)

Comparing this with the meson condensates contribution in Eq. (77), one finds that they are in the same order. If the Peccei-Quinn symmetry exists, one should add this contribution to the neutron EDM. However, since it is not known if the axion mechanism is in operation, we will not include this contribution to the nEDM in the remainder of the paper.

IV. P-ODD AND CP-ODD NUCLEON-PION VERTICES AND CP-ODD NU- CLEON MASS

In this section, we study the induced physical P-odd and CP-odd nucleon-pion vertices as well as the CP-odd nucleon mass from four-quark operators. There are a number of contributions to consider: First, the CP-odd meson lagrangian will generate meson condensates which can convert a CP-even vertex into a CP-odd one. Second, the baryon wave function contains the CP-odd part due to the CP-odd nucleon mass, which can also rotate a CP-even coupling into a CP-odd one. Finally, there is the contribution from the direct matching operators (without a tilde) in TABLE II. We will consider all of these in this section.

A. Meson Condensates Contribution

We use the vacuum saturation approximation to calculate the meson effective lagrangian; the vevs of π^0 and η can be obtained from Eq. (33), where g_π and g_η for all the four-quark operators built with color-singlet and octet scalar currents are listed in Table V. Those induced by tensor operators vanish in this approximation.

In the large N_c QCD [38] (also see Ref. [39] for a good review), the leading contributions for operators constructed from two color-octet currents and two tensor currents are shown as diagrams (a) and (b) in Fig. 1, respectively. Detailed analysis shows that the diagrams (a) and (b) suffer from 1/N^2_c suppressions compared with (c), which stands for the operator constructed from two scalar color-singlet currents.

Terms contributing to the P-odd, CP-odd nucleon-pion vertices through the condensates of neutral mesons are shown in Eq. (39). At tree level, one can relate the coefficients c_1, c_2, and c_3 to the mass differences of the baryons and the πN σ-term, and their values can be found in the literature [24];

c_1 = 2B_0b_0 , c_2 = 2B_0(b_d − b_f ) , c_3 = 2B_0(b_d + b_f ) , (76)

Operator g_π g_η Operator g_π g_η ūiγ_5ud̄d 1 1/ √ 3 ūiγ_5t^aud̄t^ad 0 0 d̄iγ_5dūu −1 1/√3 d̄iγ_5tadūtau 0 0 ūiγ_5us̄s 1 1/ √ 3 ūiγ_5t^aus̄t^as 0 0 s̄iγ_5sūu 0 −2/ √ 3 s̄iγ_5t^asūt^au 0 0 d̄iγ_5ds̄s −1 1/√3 d̄iγ_5tads̄tas 0 0 s̄iγ_5sd̄d 0 −2/ √ 3 s̄iγ_5t^asd̄t^ad 0 0 ūiγ_5uūu 5/6 5/(6 √ 3) ūiγ_5t^auūt^au −2/9 −2/(9 √ 3) d̄iγ_5dd̄d −5/6 5/(6√3) d̄iγ_5tadd̄tad 2/9 −2/(9√3) s̄iγ_5ss̄s 0 −5/(3 √ 3) s̄iγ_5t^ass̄t^as 0 4/(9 √ 3) TABLE V: g_π and g_η induced by four-quark operators constructed by scalar currents. Those induced by products of tensor currents are zero.

FIG. 1: Annihilation of pion by four-quark operators: (a) operator constructed from two coloroctet current, like ūiγ_5t^aud̄t^ad; (b) operator from two tensor currents, like ūσ^{μν} iγ_5ud̄σ_{μν} d; (c) operator from two scalar currents, like ūiγ_5ud̄d.

where b_0 = −0.517 GeV^{−1}, b_d = 0.066 GeV^{−1} and b_f = −0.213 GeV^{−1}.

The vertices we are interested in have two nucleons and one pion because of the infrared enhancement in the pion loop [15]. From Eq. (39) we can read off the relevant terms, − 1 3F^2_π { c_3[3 √ 2⟨π^0⟩(m_u − m_d) + √ 6⟨η⟩(m_u + m_d)] } (n̄pπ^− + p̄nπ^+) − 2 3F^2_π { c_3m_d(3⟨π^0⟩ − √ 3⟨η⟩) + c_1[3(m_u + m_d)⟨π^0⟩ + √ 3⟨η⟩(m_u − m_d)] } n̄nπ^0 , (77)

in which ⟨π^0⟩ and ⟨η⟩ are given in Eq. (33). It is customary to define the P-odd, CP-odd nucleon-pion couplings

L_{CP V} = h_c(p̄nπ^+ + n̄pπ^−) + h_nn̄nπ^0, (78)

where h_c and h_n induced by meson condensates are listed in Table VI. Typical values of h_c are one order of magnitude smaller than the value of h_n because √ 2c_3(m_d −m_u) ≪ 4c_1(m_u +m_d).

Meson condensates contribution Factorization Operator h_c (C_4B^2_0 ) h_n (C_4B^2_0 ) h_c (C_4B^2_0 ) h_n (C_4B^2_0 ) ūiγ_5ud̄d −0.0117 0.225 0.0063 −0.24 d̄iγ_5dūu 0.0130 −0.227 0.0063 0.19 ūiγ_5us̄s −0.0117 0.225 0 −0.088 s̄iγ_5sūu −0.00122 0.000864 0 0 d̄iγ_5ds̄s 0.0130 −0.227 0 0.087 s̄iγ_5sd̄d −0.00122 0.000864 0 0 ūiγ_5uūu −0.00976 0.188 0 −0.16 d̄iγ_5dd̄d 0.0108 −0.189 0 0.20 s̄iγ_5ss̄s −0.00102 0.000722 0 0 ūiγ_5σ^{μν} ud̄σ_{μν} d 0 0 0.076 0 ūiγ_5σ^{μν} us̄σ_{μν} s 0 0 0 0 d̄iγ_5σμν ds̄σ_{μν} s 0 0 0 0 ūiγ_5t^aud̄t^ad 0 0 0.0085 0 d̄iγ_5tadūtau 0 0 0.0085 0 ūiγ_5t^aus̄t^as 0 0 0 0 s̄iγ_5t^asūt^au 0 0 0 0 d̄iγ_5tads̄tas 0 0 0 0 s̄iγ_5t^asd̄t^ad 0 0 0 0 ūiγ_5t^auūt^au 0.00261 −0.0501 0 0.042 d̄iγ_5tadd̄tad −0.00288 0.0503 0 −0.054 s̄iγ_5t^ass̄t^as 0.000272 −0.000192 0 0 ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad 0 0 0.101 0 ūiγ_5σ^{μν} t^aus̄σ_{μν} t^as 0 0 0 0 d̄iγ_5σμν tads̄σ_{μν} tas 0 0 0 0 TABLE VI: CP-odd pion-nucleon couplings induced by meson condensates. C_4 is the Wilson coefficient of the corresponding four-quark operator. The two columns on the right side shows the P-odd and CP-odd pion-nucleon vertices calculated using factorization which will be discussed in Sec. V.

For h_c or h_n generated by a certain four-quark operator, if the contribution from ⟨π^0⟩ is nonvanishing, the contribution from ⟨η⟩ can be neglected since ⟨π^0⟩/⟨η⟩ ≃ m_s/m̂ ≃ 30. This also explains the contributions from operators with the s̄iγ_5s factor are much smaller than those without. Finally, the contributions from operators made of color-octet currents are smaller than those from operators made of color-singlet currents because a Fierz transformation is needed for color-octet operators to annihilate the mesons, introducing a suppressing factor of 1/4.

In Table VI one can see that the P-odd and CP-odd pion-nucleon couplings are proportional to B^2_0 , which is related to the quark condensates. The value of B_0 can be extracted from the pion mass m^2_π = B_0(m_u + m_d) . (79)

The natural scale for χPT is 4πF_π [40], and for simplicity we use the same scale to define the quark masses to get B_0. The quark masses we use are m_u = 2.4 MeV and m_d = 4.75 MeV in MS at 2 GeV. Using the one-loop renormalization group to run them down to μ = 4πF_π, we have B_0 = 2.2 GeV . (80)

Here we have used one-loop Λ_{QCD} = 250 MeV.

B. Direct Contribution from Matching

To get the P-odd and CP-odd meson-nucleon coupling through direct matching, one needs to calculate the matrix elements listed in Table IV. Lattice QCD is perhaps the ultimate choice for calculating hadronic matrix elements. However, it is still quite difficult to directly calculate the matrix elements of four-quark operators between baryons. Therefore, we resort to quark models to get an estimate. In the remainder of this subsection we will use two different quark models to calculate these hadronic matrix elements: the simple non-relativistic quark model [41–45] and the MIT bag model [45–49]. We also discuss the significance of the model calculations from the viewpoint of naive factorization.

1. Non-relativistic Quark Model

Here we consider the simplest version of the non-relativistic quark model with harmonic oscillator interacting potentials, H = − 3∑ i=1 1 2m ∇^2_i + 1 2 m_c 3 ω^2 [ (⃗r_1 − ⃗r_2)^2 + (⃗r_2 − ⃗r_3)^2 + (⃗r_3 − ⃗r_1)^2 ] , (81)

where ⃗r_1, ⃗r_2, and ⃗r_3 are positions of the three quarks inside the baryon, m_c is the mass of the constituent quarks and ω is the angular frequency. One can isolate the center of mass by introducing the Jacobi coordinates, ⃗R = 1√ 3 (⃗r_1 + ⃗r_2 + ⃗r_3) , ⃗ρ = 1 √ 2 (⃗r_1 − ⃗r_2) , ⃗λ = 1√ 6 (⃗r_1 + ⃗r_2 − 2⃗r_3) . (82)

Then the spatial wave function of the nucleon can be written as

f(⃗r_1, ⃗r_2, ⃗r_3; ⃗k) = (3 √ 3)^{−1/2} exp(i ⃗P · ⃗R/ √ 3)ψ(⃗ρ, ⃗λ) , (83) where ψ(⃗ρ, ⃗λ) = (α^3/π^{3/2}) exp [−α^2(ρ^2 + λ^2)/2] in which α = (mω)^{1/2} ≈ 0.41 GeV [44] is the oscillator parameter, and ⃗P is the nucleon momentum. It is easy to check that the wave function is normalized to (2π)^3δ^3( ⃗P − ⃗P^′). The internal part of the wave function is assumed to have SU(6) spin-flavor symmetry. For example, the spin-up proton state has the following wave function, |p_↑⟩ = 1 √ 18 ∫ d^3r_1d^3r_2d^3r_3f(⃗r_1, ⃗r_2, ⃗r_3)ϵ^{abc} [ u^{a†}_↓ (⃗r_1)d^{b†}_↑ (⃗r_2) − u^{a†}_↑ (⃗r_1)d^{b†}_↓ (⃗r_2) ] u^{c†}_↑ (⃗r_3)|0⟩,(84)

where a, b, and c are color indices and the anti-commutation relation of the non-relativistic quark creation and annihilation operators is defined as {u^{a†}_α (⃗x), u^b_β(⃗y)} = δ_{ab}δ_{αβ} δ^3(⃗x − ⃗y) with α and β as spin indices. The spatial part of the wave functions is common for all members of the baryon octet. The SU(6) internal wave functions are listed in Table VII for easy reference. |p_↑⟩ ∼^{1√}_{18} ϵ^{abc}[u^{a†}_↓ d^{b†}_↑ − u^{a†}_↑ d^{b†}_↓ ]u^{c†}_↑ |0⟩; |n_↑⟩ ∼^{1√}_{18} ϵ^{abc}[d^{a†}_↑ u^{b†}_↓ − d^{a†}_↓ u^{b†}_↑ ]d^{c†}_↑ |0⟩; |Λ_↑⟩ ∼^{1√}_{12} ϵ^{abc}[u^{a†}_↑ d^{b†}_↓ − u^{a†}_↓ d^{b†}_↑ ]s^{c†}_↑ |0⟩; |Σ^+_↑ ⟩ ∼^{1√}_{18} ϵ^{abc}[s^{a†}_↓ u^{b†}_↑ − s^{a†}_↑ u^{b†}_↓ ]u^{c†}_↑ |0⟩; |Σ^0_↑⟩ ∼^1_6 ϵ^{abc}[s^{a†}_↑ d^{b†}_↓ u^{c†}_↑ + s^{a†}_↑ d^{b†}_↑ u^{c†}_↓ − 2s^{a†}_↓ d^{b†}_↑ u^{c†}_↑ ]|0⟩; |Σ^−_↑ ⟩ ∼^{1√}_{18} ϵ^{abc}[s^{a†}_↑ d^{b†}_↓ − s^{a†}_↓ d^{b†}_↑ ]d^{c†}_↑ |0⟩; |Ξ^0_↑⟩ ∼^{1√}_{18} ϵ^{abc}[s^{a†}_↓ u^{b†}_↑ − s^{a†}_↑ u^{b†}_↓ ]s^{c†}_↑ |0⟩; |Ξ^−_↑ ⟩ ∼^{1√}_{18} ϵ^{abc}[s^{a†}_↑ d^{b†}_↓ − s^{a†}_↓ d^{b†}_↑ ]s^{c†}_↑ |0⟩. TABLE VII: SU(6) wave functions of baryon spin-1/2 octet.

Using Eqs. (7)-(12), one can project operator ūiγ_5ud̄d into different irreducible representations of the chiral group, O^{ud,(¯3,3)}_{11} , O^{ud,(6,¯6)}_{11} , and O^{ud,(8,8)}_{11} as in Eq. (45). Restricting to the non-relativistic case, these operators become O^{ud,(¯3,3)} 11 (x) ≃ − i 8 : ( u^{a†}_α (x)u^a_α(x)d^{b†}_β (x)d^b_β(x) − d^{a†}_α (x)u^a_α(x)u^{b†}_β (x)d^b_β(x) ) : O^{ud,(6,¯6)} 11 (x) ≃ − i 8 : ( u^{a†}_α (x)u^a_α(x)d^{b†}_β (x)d^b_β(x) + d^{a†}_α (x)u^a_α(x)u^{b†}_β (x)d^b_β (x) ) : O^{ud,(8,8)} 11 (x) ≃ i 4 : u^{a†}_α (x)u^a_α(x)d^{b†}_β (x)d^b_β(x) : . (85)

where u and d are non-relativistic two-component quark annihilation operators, a and b label the color, α and β label the spin, and the “: :” means that the products of the constituent quark fields are normal-ordered.

Considering the (6, ¯6) component as an example, the simple quark model gives the following matrix elements: ⟨p_↑(P )|O^{ud,(6,¯6)}_{11} |p_↑(P )⟩ = ⟨n_↑(P )|O^{ud,(6,¯6)}_{11} |n_↑(P )⟩ = − i 8 a , ⟨Σ^+_↑ (P )|O^{ud,(6,¯6)}_{11} |Σ^+_↑ (P )⟩ = ⟨Σ^−_↑ (P )|O^{ud,(6,¯6)}_{11} |Σ^−_↑ (P )⟩ = 0 ,

⟨Σ^0_↑(P )|O^{ud,(6,¯6)}_{11} |Σ^0_↑(P )⟩ = − i 4 a , ⟨Λ_↑(P )|O^{ud,(6,¯6)}_{11} |Λ_↑(P )⟩ = 0 , ⟨Ξ^0_↑(P )|O^{ud,(6,¯6)}_{11} |Ξ^0_↑(P )⟩ = ⟨Ξ^−_↑ (P )|O^{ud,(6,¯6)}_{11} |Ξ^−_↑ (P )⟩ = 0 , (86) where a = ∫ d^3rf^∗( ⃗P ; ⃗x, ⃗x, ⃗r)f( ⃗P ; ⃗x, ⃗x, ⃗r) is independent of ⃗x. It is easy to check that these matrix elements satisfy the symmetry conditions listed in Table IV. Using Eq. (53), one can get the Wilson coefficients for (6, ¯6) hadronic operators defined in Eq. (46);

C^{(1)}_6 = −C^{(2)}_6 = 1 8 α^3 (2π)^{3/2} ; C^{(3)}_6 = C^{(4)}_4 = 0 . (87)

Expanding the hadronic operators to the first order, one can get the P-odd, CP-odd threepoint nucleon-pion couplings, h_c and h_n. The result induced by O^{ud,(6,¯6)}_{11} is

h_c = C^{ud}_{11} α^3/(8π^{3/2}F_π) ≃ 0.022C^{ud}_{11} α^3/F_π , h_n = 0 . (88)

In the same way one can calculate h_c and h_n induced by the (¯3, 3) and (8, 8) components of ūiγ_5ud̄d. Taking into account the hermitian conjugate part of each component, the contribution for h_c and h_n is doubled.

2. MIT Bag Model

The basic idea of the bag model is that valence quarks are confined in a bag where the vacuum is in a phase different from the true QCD vacuum. The inside has a constant energy-momentum density generating a negative pressure, B, which is balanced by the positive pressure of the quarks. The bag is usually taken as a sphere of radius R_0. The quarks inside the bag move freely with the following wave functions, ψ_{n,−1,1/2,m}(⃗r, t) = N √ 4π ( ij_0(ω_{n,−1}r/R_0)χ_m −j_1(ω_{n,−1}r/R_0)⃗σ · r̂χ_m ) . (89)

The normalization factor of the above is N(ω_{nκ}) = ( ω^3_{nκ} 2R^3_0(ω_{nκ} + κ) sin^2 ω_{nκ} )_{1/2} . (90)

The boundary condition gives the energy eigenvalue equation,

tan ω_{nκ} = ω_{nκ} ω_{nκ} + κ , (91)

and numerical calculation gives ω_0 = 2.043. The ground state of quarks is κ = −1, n = 0 state. For the baryon octet, all the quarks are in this state. Keeping only this, the quark operator can be written as

q(x) = ψ_{0,−1,1/2,m}(⃗x)e^{−iω0,−1t/R0} b_{0,−1,1/2,m} + (anti−quark creation) . (92)

The physical meaning of the operator b_m(0) is that it annihilates a quark with quantum number described by the wave function ψ_{0,−1,1/2,m}. Due to the assumption that inside the bag the interaction between quarks and gluons is negligible, flavor and spin automatically become good quantum numbers.

NR quark model MIT bag model Operators h_c/(α^3/F_π) h_n/(α^3/F_π) h_c/(1/(R^3_0F_π)) h_n/(1/(R^3_0F_π)) ūiγ_5ud̄d 0.045 0.13 0.029 -0.024 d̄iγ_5dūu 0.045 -0.13 0.029 0.024 ūiγ_5us̄s 0 0 0 0 s̄iγ_5sūu 0 0 0 0 d̄iγ_5ds̄s 0 0 0 0 s̄iγ_5sd̄d 0 0 0 0 ūiγ_5uūu 0.045 0 0.029 0 d̄iγ_5dd̄d 0.045 -0.13 0.029 -0.083 s̄iγ_5ss̄s 0 0 0 0 ūiγ_5σ^{μν} ud̄σ_{μν} d 0.18 0 0.12 0 d̄iγ_5σμν dūσ_{μν} u 0.18 0 0.12 0 ūiγ_5σ^{μν} us̄σ_{μν} s 0 0 0 0 s̄iγ_5σ^{μν} sūσ_{μν} u 0 0 0 0 d̄iγ_5σμν ds̄σ_{μν} s 0 0 0 0 s̄iγ_5σ^{μν} sd̄σ_{μν} d 0 0 0 0

TABLE VIII: P-odd, CP-odd three-point pion-nucleon vertices generated by P-odd, CP-odd fourquark operators. The couplings induced by operators constructed by two color-octet currents are equal to the couplings induced by corresponding color-singlet operators multiplying by −2/3.

We again take the (6, ¯6) component of ūiγ_5ud̄d as an example, which can be written as O^{ud(6,¯6)} 11 ∼ − i 2 ψ̄_λ(⃗x)P_Lψ_σ(⃗x)ψ̄_ρ(⃗x)P_Lψ_τ (⃗x) × [ u^{a†}_λ u^a_σd^{b†}_ρ d^b_τ + d^{a†}_λ u^a_σu^{b†}_ρ d^b_τ ] , (93)

where a and b are indices of color, λ, σ, ρ, τ labeling the spin. The creation and annihilation operators here are just like b_{0,−1,1/2,m} in Eq. (92). Using ψ̄_λ(x)P_Lψ_σ(x) = N^2 8π {[ j^2_0 (ω_0r/R_0) − j^2_1 (ω_0r/R_0) ] δ_{λσ} − 2ij_0(ωr/R_0)j_0(ωr/R)χ^†_λ⃗σ · r̂χ_σ } , (94)

and only keeping the terms which give non-vanishing contributions after integrating over a spherical region, we have ψ̄_λ(x)P_Lψ_σ(x)ψ̄_ρ(x)P_Lψ_τ (x) ≃ N^4 64π^2 {[ j^2_0 (ω_or/R_0) − j^2_1 (ω_0r/R_0)

]_2 δ_{λσ} δ_{ρτ} −4j^2_0 (ω_0r/R_0)j^2_1 (ω_0r/R_0)(χ^†_λ⃗σ · r̂χ_σ)(χ^†_ρ⃗σ · r̂χ_τ ) } , where we neglect the term proportional to ⃗σ · r̂. In a proton state normalized to our convention before, the expectation value of the operator can be written as ⟨p_↑|O^{ud(6,¯6)}_{11} |p_↑⟩ = − i 2 N(w_0)^4 1 64π^2 ∫ d^3x × {[ j^2_0 (ω_or/R_0) − j^2_1 (ω_or/R_0)

]_2

⟨p_↑|A|p_↑⟩ − 4j^2_0 (ω_0r/R_0)j^2_1 (ω_0r/R_0)⟨p_↑|B|p_↑⟩ } , (95)

where

A = : u^{a†}_λ u^a_λd^{b†}_ρ d^b_ρ : + : d^{a†}_λ u^a_λu^{b†}_ρ d^b_ρ : B = : u^{a†}_λ (χ^†_λ⃗σ · r̂χ_σ)u^a_σd^{b†}_ρ (χ^†_ρ⃗σ · r̂χ_τ )d^b_τ : + : d^{a†}(χ^†_λ⃗σ · r̂χ_σ)u^a_σu^{b†}_ρ (χ^†_ρ⃗σ · r̂χ_τ )d^b_τ : . (96) A straightforward calculation gives ⟨p_↑|A|p_↑⟩ = ⟨n_↑|A|n_↑⟩ = 1 ⟨Σ^+_↑ |A|Σ^+_↑ ⟩ = ⟨Σ^−_↑ |A|Σ^−_↑ ⟩ = 0 ⟨Σ^0_↑|A|Σ^0_↑⟩ = 2 ⟨Λ_↑|A|Λ_↑⟩ = 0 ⟨Ξ^0_↑|A|Ξ^0_↑⟩ = ⟨Ξ^−_↑ |A|Ξ^−_↑ ⟩ = 0 , (97) and ⟨p_↑|B|p_↑⟩ = ⟨n_↑|B|n_↑⟩ = 1/3 ⟨Σ^+_↑ |B|Σ^+_↑ ⟩ = ⟨Σ^−_↑ |B|Σ^−_↑ ⟩ = 0 ⟨Σ^0_↑|B|Σ^0_↑⟩ = 2/3 ⟨Λ_↑|B|Λ_↑⟩ = 0 ⟨Ξ^0_↑|B|Ξ^0_↑⟩ = ⟨Ξ^−_↑ |B|Ξ^−_↑ ⟩ = 0 . (98)

Therefore we can get in the MIT bag model ⟨p_↑|O^{ud(6,¯6)}_{11} (x)|p_↑⟩ = iA + i 3 B , (99)

where A = − 1 2 N(ω_0)^4 1 16π R^3_0

∫_1 0 ( r R_0

)_2 d ( r R_0 ) [ j^2_0 (ω_0r/R_0) − j^2_1 (ω_0r/R_0)

]_2 , B = 1 2 N(ω_0)^4 1 4π R^3_0

∫_1 0 ( r R_0

)_2 d ( r R_0 ) j^2_0 (ω_0r/R_0)j^2_1 (ω_0r/R_0) , (100)

and similarly for other matrix elements.

Then, using the method we used in the non-relativistic quark model, we can get h_c and h_n induced by O^{ud(6,¯6)}_{11} , h_c =

0.015C^{ud}_{11}

R^3_0F_π

, h_n = 0 . (101)

One can compare this with the result from the non-relativistic quark model in Eq. (88), where h_c is proportional to α^3. From the definition of ψ below Eq. (83), 1/α can also be

NR quark model MIT bag model Operators h_c/(C_4α^3/F_π) h_n/(C_4α^3/F_π) h_c/(C_4/(R^3_0F_π)) h_n/(C_4/(R^3_0F_π)) ūiγ_5ud̄d 0.0883 0.374 0.0560 −0.0690 d̄iγ_5dūu 0.0883 −0.374 0.0560 0.0690

ūiγ_5t^aud̄t^ad −0.0343 −0.0759 −0.0222 0.0140 d̄iγ_5tadūtau −0.0343 0.0759 −0.0222 −0.0140 ūiγ_5uūu 0.0883 0 0.0569 0 d̄iγ_5dd̄d 0.0883 −0.255 0.0569 −0.163

ūiγ_5t^auūt^au −0.0343 0 −0.0221 0 d̄iγ_5tadd̄tad −0.0343 0.0991 −0.0221 0.0633 ūiγ_5σ^{μν} ud̄σ_{μν} d −0.0397 0 −0.0230 0 ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad −0.268 0 −0.180 0 TABLE IX: Same as Table VIII, except the matrix elements are quoted here at the scale μ = 4πF_π assuming the quark model scale of 400 MeV.

seen as the radius of the baryon. It is well known that 1/α = 0.5 fm gives a too small value for the proton’s charge radius and the pion cloud is usually invoked to gap it. On the other hand, the bag radius is usually taken to be 1.0 fm, which will give a considerably smaller h_c. In any case, it is reasonable to consider R_0 ∼ 1/α and take the non-relativistic quark model result as the representative.

The couplings h_c and h_n induced by color-singlet four-quark operators are listed in Table VIII and those by color-octet operators are equal to the above multiplying by −2/3. In Table VIII, many four-quark operators yield zero h_c and h_n because we neglect the “sea quark” contribution. By making the four-quark operators normal ordered in Eq. (85) and (96), one cannot get any contribution to h_c and h_n from four-quark operators containing strange quarks.

Model calculations do not have explicit QCD scale dependence. To match the results with QCD matrix elements, we have to assume a model scale and using perturbative QCD (pQCD) evolution to run them to appropriate perturbative scale, for which we choose to be μ = 4πF_π. In this work, we assume the model scale to be at 400 MeV and Λ_{QCD} = 250 MeV and take into account the pQCD effect using one-loop renormalization group equation to run the operators down to the energy scale of the model. At this low energy regime the strong coupling is large and the one-loop pQCD evolution is by no means accurate, but it may still serve as an estimate of the pQCD effect. The matrix elements at scale μ are shown in Table IX.

3. Contribution from odd-parity resonances

The P-odd and CP-odd quark operators can also generate a CP-odd pion-nucleon interaction through the parity-odd excited resonances which is shown in Fig. 2. The Podd and CP-odd quark operators can generate mixings between nucleons and parity-odd excited resonances which can be calculated using quark models [50]. Take the operator O^{(ud)}_{11} = ūiγ_5ud̄d and the intermediate state N(1535) as an example, using the harmonic oscillator non-relativistic quark model the mass mixing between neutron and N(1535) res-

FIG. 2: P-odd and CP-odd pion-nucleon coupling generated by the four-quark operators through parity-odd resonances, where the black dot is the CP-odd, four-quark operator, N^∗ and Δ^∗ are the CP-odd excited states.

onance can be estimated as δ = m_cω^2/(8 √ 3π^{3/2}), where m_c ≈ ω ≈ 300 MeV are the constituent quark mass and the frequency of the harmonic oscillator, respectively. The resonance can decay into a nucleon plus a pion, the partial decay width is about 50 MeV [51]. The effective Lagrangian for this process can be written as L_N ∗ = g_N ∗N̄N^∗π + h.c. , (102) where as an order-of-magnitude estimate we discard the isospin quantum number. Then, from the partial decay width one can get g_N ∗ ∼ O(1). The P-odd and CP-odd pion-nucleon coupling induced by this mixing can be written as h_{mix} = C_4g_N ∗ δ M_N ∗ − m_n ≈ 6 × 10^{−4}C_4GeV^2 , (103)

where C_4 is the Wilson coefficient of the four-quark operator. Compared with the direct matching contribution listed in Table VIII, one can see that h_{mix} is about two orders of magnitude smaller and therefore its contribution to nEDM is negligible.

The contribution from Fig. 2 can be seen as a one-loop contribution since the intermediate resonances may also be described as scattering states of pion and nucleon. Therefore, this contribution is suppressed by a loop factor.

C. Tree-Level CP-Odd Mass of Neutron

The nucleon CP-odd observables receive contributions from its CP-odd mass term m^′ψ̄iγ_5ψ. In χPT, there are also two sources of CP-odd mass: that induced by the condensates of meson fields, namely ⟨π^0⟩ and ⟨η⟩, and that from the direct matching contribution of the four-quark operators.

1. Meson Condensates

The relevant terms contributing to the CP-odd mass of neutron can be read from expanding Eq. (40), which gives n̄iγ_5n 1 F_π { −d_1[(m_u − m_d)⟨π^0⟩ + 1 √ 3 (m_u + m_d)⟨η⟩ − 2 √ 3 m_s⟨η⟩] +d_2 2 √ 3 m_s⟨η⟩ + d_3m_d(⟨π^0⟩ − 1 √ 3 ⟨η⟩) } , (104) where d_1, d_2 and d_3 can be related to the discrepancy of the Goldberger-Treiman relation, and the values d_2 and d_3 have been determined in the literature [52].

d_2 = −2B_0m_0(D_{19} − F_{19}) , d_3 = −2B_0m_0(D_{19} + F_{19}) , (105)

where m_0 is the common octet mass in the chiral limit, and

m_0F_{19} ≈ −0.2 , m_0D_{19} ≈ −0.4 . (106)

Note that the signs of the F_{19} and D_{19} here are different from those in Ref. [52]. Since d_1 has not been determined from isospin-violation effect, we will set it to be zero in the following calculation. One should note that disregarding d_1 leads to some errors because m_s⟨η⟩ might be the same order as m_d⟨π^0⟩.

Operators m^′_n/(10^{−3}C_4B^2_0 GeV) Operators m^′_n/(10^{−3}C_4B^2_0 GeV) ūiγ_5ud̄d −8.8 ūt^aiγ_5ud̄t^ad 0 d̄iγ_5dūu 5.7 d̄taiγ_5dūtau 0 ūiγ_5ds̄s −8.8 ūt^aiγ_5us̄t^as 0 s̄iγ_5sūu 3.2 s̄t^aiγ_5sūt^au 0 d̄iγ_5ds̄s 5.7 d̄taiγ_5ds̄tas 0 s̄iγ_5sd̄d 3.2 s̄t^aiγ_5sd̄t^ad 0 ūiγ_5uūu −7.4 ūt^aiγ_5uūt^au 2.0 d̄iγ_5dd̄d 4.7 d̄taiγ_5dd̄tad −1.3 s̄iγ_5ss̄s 2.6 s̄t^aiγ_5ss̄t^as 0.7 TABLE X: CP-odd mass of the neutron induced by meson condensates. Contributions from operators made of tensor currents are neglected due to the large-N_C suppression.

2. Direct Contribution

The leading-order expansion of the tilded hadronic operators listed in Table III are hermitian. Take Õ^{(2)}_6 as an example. It can be written as

Õ^{(2)}_6 ≃ p̄iγ_5p + n̄iγ_5n + 1 3 Λ̄iγ_5Λ + Σ̄^0iγ_5Σ^0 + Σ̄^+iγ_5Σ^+ + Σ̄^−iγ_5Σ^− , (107)

which gives a CP-odd mass of neutron. To calculate the matching coefficients, we can see from above that the leading-order expansion is parity-odd, and we need to calculate a parityodd quantity. The simplest is Δ⃗s · Δ⃗p, where Δ⃗s is the spin difference between the initial and final states and Δ⃗p is the momentum difference between the initial and final states.

In the non-relativistic quark model, take the (6, ¯6) components of ūiγ_5ud̄d, as an example, to calculate the matrix elements proportional to Δ⃗s · Δ⃗p; the relevant part of the four-quark operator can be written as O^{ud,(6,¯6)} 11 ∼ − i 8 { i 2m_C : [∇ · (u^†⃗σu)](d^†d) : + i 2m_C : (u^†u)[∇ · (d^†⃗σd)] : − i 2m_C : [∇ · (d^†⃗σu)](u^†d) : − i 2m_C : (d^†u)[∇ · (u^†⃗σd)] : } , (108)

Operators CP-odd mass/(α^3C_4) Operators CP-odd mass /(α^3C_4) ūiγ_5ud̄d 0.0635 ūiγ_5σ^{μν} ud̄σ_{μν} d −0.127 d̄iγ_5dūu −0.127 − − ūiγ_5us̄s 0 ūiγ_5σ^{μν} us̄σ_{μν} s 0 s̄iγ_5sūu 0 − − d̄iγ_5ds̄s 0 d̄iγ_5σμν ds̄σ_{μν} s 0 s̄iγ_5sd̄d 0 − − ūiγ_5uūu 0 − − d̄iγ_5dd̄d −0.127 − − s̄iγ_5ss̄s 0 − − TABLE XI: CP-odd mass of neutron induced directly by color-singlet four-quark operators. The CP-odd mass induced by color-octet four-quark operators are equal to the one induced by corresponding color-singlet operators multiplied by −2/3.

Operators CP-odd mass/(α^3C_4) Operators CP-odd mass /(α^3C_4) ūiγ_5ud̄d 0.212 ūiγ_5σ^{μν} ud̄σ_{μν} d 0.0280 d̄iγ_5dūu −0.336 ūiγ_5σμν taud̄σ_{μν} tad 0.189 ūiγ_5t^aud̄t^ad −0.0314 − − d̄iγ_5tadūtau 0.0799 − − ūiγ_5uūu 0 ūiγ_5t^auūt^au 0 d̄iγ_5dd̄d −0.249 d̄iγ_5tadd̄tad 0.0968 TABLE XII: Same as Fig. XI. The matrix elements are now evolved to the scale where μ = 4πF_π.

where u and d are two-component quark operators, m_C is the mass of the constituent quark which is set to be one-third of the nucleon mass. The wave functions of baryons in the nonrelativistic quark model are listed in Eq. (84) and Table VII. Then using the same method as described in the last section one can get the CP-odd mass of the neutron directly induced by the tilded operators, and the results are listed in Table XI. After the leading-order QCD evolution to the scale where μ = 4πF_π, the result is shown in Table XII.

3. Contribution to CP-Odd Meson-Nucleon Coupling

If rotating away the CP-odd nucleon mass through U_A(1) transformation, one can generate new contributions to the CP-odd meson-nucleon coupling from CP-even chiral operators. However, this contribution is of higher order in chiral power counting because all the CP-even meson-nucleon interactions are suppressed in the chiral limit, whereas the CP-odd coupling we considered in the previous subsections are not.

V. FOUR-QUARK CONTRIBUTION TO NEUTRON EDM IN χPT

In this section, we study the CP-odd four-quark contributions to the neutron EDM in χPT. The approach here is completely general and is applicable to any CP-odd quark-gluon operators. Some results presented can be found in the literature; however, to our knowledge, this is the most systematic and thorough discussion in the context of the CP-odd four-quark operators. In the last subsection, we make a comparison of the four-quark contributions in different approximations of non-perturbative QCD physics.

In χPT, the leading contributions come from many different sources. Since the CPviolating pion-nucleon couplings are O(1), the pion loop contribution to the neutron EDM is O(1), apart from possible enhancement by chiral logarithms. On the other hand, the direct matching contribution is also O(1), along with the pion condensate contribution through photo-production amplitudes. Finally, the CP-odd mass terms contribute through the nucleon magnetic moment after chiral rotation. This contribution is again O(1) in chiral power counting. We will consider all these leading contributions in the following subsections. We ignore the subleading contribution in this work.

A. Direct Matching from Quark Model

We have first considered the direct matching contribution from the four-quark operators to the neutron EDM in Sec. IV. When any CP-odd quark-gluon operator is matched in χPT, there appear many tree-level neutron EDM-like operators in the chiral Lagrangian [13]. We do not have much to say about the size of the Wilson coefficients other than they are O(1) in chiral power counting. Since they also serve as the counter terms for ultraviolet-divergent chiral-loop calculations, they depend on the regularization scheme and subtraction scale. In this work, we choose to estimate this contribution using nucleon models with dipole excitations into odd-parity resonances, such as S_{11}, following the work in [50].

FIG. 3: Direct calculation of the neutron EDM in quark models. The neutron makes a transition to a CP-odd excited state and goes back via electromagnetic interaction, where the black dot is the CP-odd, four-quark operator, N^∗ and Δ^∗ are the CP-odd excited states.

We use the non-relativistic quark model with harmonic oscillator potentials to estimate the contribution from the first CP-odd excited states, which is shown in Fig. 3. The wave functions of the lowest CP-odd excited states can be written as |N^∗_↑ ⟩ = N_1ϵ^{abc} ∫ d^3r_1d^3r_2d^3r_3 exp ( i ⃗P · ⃗R √ 3 − α^2 2 (ρ^2 + λ^2) )

{ (λ_x + iλ_y)[u^{a†}_↓ (r_1)d^{b†}_↑ (r_2)d^{c†}_↓ (r_3) − u^{a†}_↑ (r_1)d^{b†}_↓ (r_2)d^{c†}_↓ (r_3)]|0⟩

−λ_z[u^{a†}_↑ (r_1)d^{b†}_↓ (r_2)d^{c†}_↑ (r_3) − u^{a†}_↓ (r_1)d^{b†}_↑ (r_2)d^{c†}_↑ (r_3)]|0⟩ } ; |Δ^∗_↑⟩ = N_2ϵ^{abc} ∫ d^3r_1d^3r_2d^3r_3 exp ( i ⃗P · ⃗R √ 3 − α^2 2 (ρ^2 + λ^2) )

{ (λ_x + iλ_y)[2u^{a†}_↓ (r_1)d^{b†}_↓ (r_2)d^{c†}_↑ (r_3) + d^{a†}_↓ (r_1)d^{b†}_↓ (r_2)u^{c†}_↑ (r_3)]|0⟩

−λ_z[2u^{a†}_↑ (r_1)d^{b†}_↑ (r_2)d^{c†}_↓ (r_3) + d^{a†}_↑ (r_1)d^{b†}_↑ (r_2)u^{c†}_↓ (r_3)]|0⟩ } . (109)

In the above formulas λ_x, λ_y and λ_z are the x, y and z components of λ, respectively. N_1 and N_2 are normalization factors of the states with N_1 = 2^{1/2}α^4/(3^{9/4}π^{3/2}) , N_2 = α^4/(2^{1/2}3^{9/4}π^{3/2}) .

Operators nEDM/(eαC_4) Operators nEDM/(eαC_4) ūiγ_5ud̄d −^1_6^√_{2π3/2} ūiγ_5t^aud̄t^ad^1_9^√_{2π3/2} d̄iγ_5dūu −^1_{3√2π3/2} d̄iγ_5tadūtau^{√2}_{9π3/2} ūiγ_5σ^{μν} ud̄σ_{μν} d^{1√}_{2π3/2} ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad − √ 2 3π^{3/2} ūiγ_5uūu 0 ūiγ_5t^auūt^au 0 d̄iγ_5dd̄d 0 d̄iγ_5tadd̄tad 0 TABLE XIII: nEDM contributed from first excited CP-odd states in the non-relativistic quark model, where C_4 is the Wilson coefficients of the quark models, α is defined below Eq. (83). The unit of nEDM used here is e·GeV^{−1}, which is different from the traditional one e·cm due to that the Wilson coefficients of the four-quark operators are unknown which are always in the unit of GeV^{−2}. The translation between the two units is e · GeV^{−1} ≃ 2 × 10^{−14}e·cm.

Operators nEDM/(10^{−3}eC_4GeV) Operators nEDM/(10^{−3}eC_4GeV) ūiγ_5ud̄d −37.6 ūiγ_5t^aud̄t^ad 3.80 d̄iγ_5dūu −62.6 d̄iγ_5tadūtau 8.87 ūiγ_5σ^{μν} ud̄σ_{μν} d 77.5 ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad −103 ūiγ_5uūu 0 ūiγ_5t^auūt^au 0 d̄iγ_5dd̄d 0 d̄iγ_5tadd̄tad 0 TABLE XIV: Same as Table XIII, except the renormalization scale is now at 4πF_π.

The results are shown in Table XIII, which agree with the results extracted from Ref. [50]. We also need to take into account the evolution of the operators between 4πF_π and the energy scale of the quark model. The results are shown in Table XIV with α = 0.41 GeV.

B. Meson Condensate Contribution through Photo-Pion Production

In photon-pion production, there are CP-even electric-dipole couplings between the baryon-octet and electromagnetic fields through using f^{μν}_± [13]. Some of these couplings can generate the neutron EDM if they violate the chiral symmetry through the quark masses and at the same time the meson fields acquire vacuum condensates through the CP-odd fourquark operators. In more physical language, the contact terms for the pion-photoproduction processes give rise to the neutron EDM through the diagram in Fig. 4. Although the elec-

FIG. 4: Pion-photoproduction diagram with the pion field annihilated by the four-quark operator into the vacuum, where the cross is a four-quark operator.

tromagnetic field also violates chiral symmetry, it cannot generate an EDM through meson condensates by itself—a quark mass factor is essential.

Operators d_{πγ} /(10^{−3}eC_4B^2_0 GeV^{−1}) Operators d_{πγ} /(10^{−3}eC_4B^2_0 GeV^{−1}) ūiγ_5ud̄d 10.6 ūt^aiγ_5ud̄t^ad 0 d̄iγ_5dūu −10.5 d̄taiγ_5dūtau 0 ūiγ_5ds̄s 10.6 ūt^aiγ_5us̄t^as 0 s̄iγ_5sūu −0.12 s̄t^aiγ_5sūt^au 0 d̄iγ_5ds̄s −10.5 d̄taiγ_5ds̄tas 0 s̄iγ_5sd̄d −0.12 s̄t^aiγ_5sd̄t^ad 0 ūiγ_5uūu 8.87 ūt^aiγ_5uūt^au −2.37 d̄iγ_5dd̄d −8.77 d̄taiγ_5dd̄tad 2.34 s̄iγ_5ss̄s −0.10 s̄t^aiγ_5ss̄t^as 0.03 TABLE XV: nEDM induced by meson condensates through pion-photoproduction. Contribution from operators constructed by tensor operators are neglected due to the large-N_C suppression.

The terms of interest are made of linear products of baryon fields B̄ and B, χ_− and f_+ [13], L^C_{πγ} = 1 16π^2F^2_π [ δ_1Tr[B̄σ_{μν} γ_5{χ_−, f^{μν}_+ }B] + δ_2Tr[B̄σ_{μν} γ_5f^{μν}_+ B]Tr[χ_−] + ... ] , (110)

where we have shown two of the ten possible terms. It is difficult, however, to extract the Wilson coefficients δ_i directly from experimental data. Some of the coefficients have been estimated by calculating the contribution from the excited baryon states in the context of the two-flavor scenario [53]. In the two-flavor scenario, neglecting the isospin violation generated by the difference between the up and down quark masses, the terms relevant to nEDM can be written as L^{2−flavor} πγ = N̄γ_5σ_{μν} [(a^p_1 − a^n_1 )f^{μν}_+ + a^n_1 Tr(f^{μν}_+ )]χ_−N , (111) where N = ( p n ) , and in the two-flavor case, f^{μν}_+ ≡ e(ξ^†Qξ + ξQξ^†)F^{μν} , in which Q =

(1 + τ^3)/2. Expanding f^{μν}_+ and χ_−, we can get the nEDM induced by the condensate of π^0; d_{πγ} = − 8ea^n_1 B_0(m_u + m_d)⟨π^0⟩ F_π . (112)

From Ref. [53], one can get the contribution to a_1 from Δ and ρ internal states, which is

a_1 = −0.156GeV^{−3} . (113)

Using this, one can estimate the nEDM induced by the pion condensate, as shown in Table XV. C. CP-Odd Baryon Mass Contribution

The CP-odd baryon-mass terms considered in the previous section generate a CP-odd part of the baryon wave function. This part can transform a magnetic moment term into an EDM contribution. The physics of this is shown in Fig. 5.

FIG. 5: The CP-odd mass of neutron turns the tree level magnetic moment into an EDM. The cross is the tree level magnetic moment, the gray dot is the CP-odd mass of the neutron and the black dot is the CP-odd pion-nucleon coupling.

The mass terms of the neutron can be written as L_{mass} = −m_nn̄n − m^′_nn̄iγ_5n . (114) Note that the neutron field n here is already redefined using the transformation in Eq. (36) after taking into account the meson condensate effect as discussed in the previous section. Redefining the neutron field again through a chiral rotation,

n = exp(−i m^′_n 2m_n )γ_5n^′ , (115)

the mass term becomes the standard one,

L_{mass} = −m_nn̄^′n^′ . (116)

On the other hand, the tree level anomalous magnetic moment of the neutron can be written as L_{mag.mom.} = − 1 4 κ_n m_n n̄σ^{μν} nF_{μν} . (117)

The redefinition in Eq. (115) generates a neutron EDM,

d^{EDM}_{CP−oddmass} = − κ_nm^′_n 2m^2_n

. (118)

The experimental values of the anomalous magnetic dipole moments of the nucleons are κ_p = 1.7928, κ_n = −1.9131. The numerical values of this contribution have been shown in Tables XVI and XVII. For the tensor operator ūiγ_5σ^{μν} ud̄σ_{μν} d, the contribution from the CP-odd mass of the nucleon is particularly large. The CP-odd mass also gets a quantum correction shown in diagram (b) of Fig. 5. It is easy to see that this term does not have any chiral enhancement and is of a higher-order effect.

D. Leading Chiral Loop Contribution

The contribution we have considered so far has a smooth chiral limit, i.e., regular as the quark masses go to zero. The leading contribution in the chiral limit, however, involves the pion loop with an infrared divergence. This contribution was first calculated by Crewther et al [15], and has been studied thoroughly in the literature (see Fig. 6). Diagrams (a) and (b) in Fig. 6 contain an infrared divergence which is regularized by the mass of pion and an analytical part. The constant part is canceled by diagrams (c) and (d). Diagrams (e) and (f) cancel with each other [13]. Therefore, up to terms of order (m_π/m_n), the neutron EDM

FIG. 6: Charged-pion loop contribution to neutron EDM (without the anomalous magnetic moment), where the black dots represent the CP-odd vertices.

generated by the charged pion loop can be written as [13]

d^n_π+ = − e √ 2 16π^2F_π h_c(D + F ) ln ( m^2_π/m^2_n ) , (119)

where D + F = −g_A = −1.26 is the CP-even pion-nucleon coupling (the signs of D and F is different from that in Ref. [24] because we are using a different definition of the chiral transformation of U), and h_c is the CP-odd pion-nucleon coupling defined in Eq. (78). Note that, in Fig. 6, the contribution from the proton’s anomalous magnetic moment has not

FIG. 7: Contribution from the tree level anomalous magnetic moments of proton and neutron, where the crosses are anomalous magnetic moments of nucleons and the dots are CP-odd vertices.

been included. To include this contribution, we consider all these diagrams in Fig. 7 where the neutral pion loop is also present, and the result is Ref. [21].

d^n_{π0+κ} = e 16π^2 D + F F_π ( − √ 2h_cκ_p + h_nκ_n ) F_n ( m^2_π m^2_n ) (120)

where κ_n and κ_n are tree-level anomalous magnetic moments of protons and neutrons, respectively, and

F_n(s) = 3 2 − s − 3s − s^2 2 ln s + s(5s − s^2) − 4s 2 √ s − s^2/4 arctan √ s − s^2/4 s/2 . (121)

We can see that there is no chiral enhancement in F_n(s).

nEDM from different contributions / (10^{−3} eC_4 GeV) contact meson photo- π-N coupling direct π-N coupling, ⟨π^0⟩, ⟨η⟩ CP-odd mass CP-odd mass operators term production Fig. 6 Fig. 7 Fig. 6 Fig. 7 direct ⟨π^0⟩, ⟨η⟩ total ūiγ_5ud̄d −37.6 52.9 −30.9 71.3 27.2 202.1 15.8 −47.6 253.2 ūud̄iγ_5d −62.6 −52.3 −30.9 −37.3 −30.2 −202.3 −25.1 30.6 −410.2 ūiγ_5us̄s 0 52.9 0 0 27.2 202.1 0 −47.6 234.6 ūus̄iγ_5s 0 −0.6 0 0 2.8 −0.7 0 17.1 18.5 d̄iγ_5ds̄s 0 −52.3 0 0 −30.2 −202.3 0 30.6 −254.3 d̄ds̄iγ_5s 0 −0.6 0 0 2.8 −0.7 0 17.1 18.5 ūiγ_5uūu 0 44.1 −30.9 17.0 22.7 168.9 0 −39.7 182.1 d̄iγ_5dd̄d 0 −43.6 −30.9 −20.0 −25.1 −168.5 −18.6 25.5 −281.2 s̄iγ_5ss̄s 0 −0.5 0 0 2.4 −0.6 0 14.2 15.5 ūiγ_5σ^{μν} ud̄σ_{μν} d 77.5 0 13.9 −7.7 0 0 2.1 0 85.8 ūiγ_5σ^{μν} us̄σ_{μν} s 0 0 0 0 0 0 0 0 0 d̄iγ_5σμν ds̄σ_{μν} s 0 0 0 0 0 0 0 0 0

TABLE XVI: nEDM from the P-odd and CP-odd four-quark operators composed of color-singlet currents. Different contributions are shown.

nEDM from different contributions / (10^{−3} eC_4 GeV)

contact meson photo- π-N coupling direct π-N coupling, ⟨π^0⟩, ⟨η⟩ CP-odd mass CP-odd mass

operators term production Fig. 6 Fig. 7 Fig. 6 Fig. 7 direct ⟨π^0⟩, ⟨η⟩ total

ūiγ_5t^aud̄t^ad 3.8 0 12.0 −17.6 0 0 −2.34 0 −4.2

ūt^aud̄iγ_5t^ad 8.9 0 12.0 4.42 0 0 6.0 0 31.2

ūiγ_5t^aus̄t^as 0 0 0 0 0 0 0 0 0

ūt^aus̄iγ_5t^as 0 0 0 0 0 0 0 0 0

d̄iγ_5tads̄tas 0 0 0 0 0 0 0 0 0

d̄tads̄iγ_5tas 0 0 0 0 0 0 0 0 0

ūiγ_5t^auūt^au 0 −11.8 12.0 −6.6 −6.1 −45.0 0 10.6 −46.8 d̄iγ_5tadd̄tad 0 11.6 12.0 7.8 6.7 44.8 7.2 −6.8 83.4 s̄iγ_5t^ass̄t^as 0 0.1 0 0 −0.6 0.2 0 −3.8 −4.1

ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad −103.1 0 93.8 −51.6 0 0 14.1 0 −46.9

ūiγ_5σ^{μν} t^aus̄σ_{μν} t^as 0 0 0 0 0 0 0 0 0 d̄iγ_5σμν tads̄σ_{μν} tas 0 0 0 0 0 0 0 0 0 TABLE XVII: Neutron EDM generated by P-odd and CP-odd four-quark operators composed of color-octet currents. The labels have the same meaning as in Table XVI.

Using the above, we estimate the pion-loop and the CP-odd mass contributions to neutron EDM due to the P-odd and CP-odd four-quark operators. The results are listed in Tables XVI and XVII. Although the charged pion-loop (Fig. 6) dominates in the chiral limit, its numerical value is actually about an order of magnitude smaller than the analytical chiralloop contribution (Fig. 7). This is due to the enhancement of h_n relative to h_c in the large N_c limit.

The P-odd and CP-odd four-quark operators can also lead to nonvanishing P-odd and CP-odd interaction like n → KΣ and n → Λη. These interactions can generate nEDM through kaon- or eta-loop diagrams. However, there is no reason to believe that the kaon- or eta-loop contribution should be more important than the pion-loop contribution so that it would not change the order-of-magnitude estimate of nEDM generated by those four-quark operators without the strange quark. For those operators containing strange quark the estimation may not be reliable and the kaon- or eta-loop contributions should be included.

E. Comparison with Other Calculations and the Error-bars of this Calculation

The P-odd and CP-odd four-quark contributions to neutron EDM have been studied using different approximation methods in the literature [19–21]. The problem is that it is difficult to get an estimate on the errors in any of these methods. This is the strong motivation for the alternative study presented here. By using a completely different approach, we hope to get a better idea how well one actually estimates these hadronic matrix elements.

In Ref. [19], the authors used the external field method, factorization and QCD sum rules to make a direct calculation of the neutron EDM. Their result is supposed to be the total contribution, although it is unclear how the chiral physics would be included in this approach. Their numbers are listed in Table XVIII as “factorization and QCD sum rule.” The result is, in general, comparable to the charged pion-loop contribution, although the contribution to the tensor operator is particularly large.

In Ref. [20], the authors also calculated the contributions of the pion-loop as we do in this paper. They used entirely the factorization method to calculate the CP-odd pion-nucleon couplings, including the effects that the CP-odd operators can annihilate the neutral pion in the vacuum. Taking the operator ūiγ_5ud̄d as an example, their factorization works like this: ⟨nπ^0|ūiγ_5ud̄d|n⟩ = ⟨n|d̄d|n⟩⟨π^0|ūiγ_5u|0⟩ + ⟨0|d̄d|0⟩ ( ⟨nπ^0|ūiγ_5u|n⟩ − 1 m^2_π ⟨nπ^0|L^m_{QCD}|nπ^0⟩⟨π^0|ūiγ_5u|0⟩ ) ,(122)

where L_{QCD} is the usual QCD Lagrangian. The terms inside the bracket on the second line of the above formula cancel each other. The reason is that ūiγ_5u is just a CP-odd mass of the up-quark which can be rotated away through chiral transformation, except for a possible U_A(1) contribution. Thus these two contributions should cancel with each other exactly. This is first noticed in Ref. [54] in the spirit of the Feinberg-Weinberg-Kabir theorem [55]. Using this method, one can get the CP-odd vertices, h_c and h_n as shown in Table VI. For the charged coupling h_c, one needs to do a Fierz transformation, from which one can get a suppression factor of 1/12, where 1/3 is from the color factor and the other 1/4 is from the spin. Therefore, h_c is one order of magnitude smaller than h_n. The corresponding nEDM calculated using this method is included in Table XVIII as well.

From Table XVIII, taking the operator ūiγ_5ud̄d as an example, one can see that the magnitude of our result is comparable with what obtained using naïve factorization method but with a different sign; also the our result is about one order of magnitude larger than the result estimated using QCD sum rules. In our calculation, we separate the contribution into the meson condensate contribution and the direct matching contribution. The vacuum saturation method is used to calculate the meson condensate contribution to h_c and h_n. This vacuum saturation method using to calculate the meson matrix elements is accurate in the large-N_C limit, which means the calculation for this contribution is accurate up to 1/N_C [39]. From Table XVI, one can see that the meson condensate contributions dominate over the direct matching contributions. Therefore, for operators generating unsuppressed meson condensates (see Sec IV for detailed discussions), a conservative uncertainty can be set to be a factor of two.

In Ref. [20], the authors also used the vacuum saturation approach to get the factorization result as shown in Eq. (122). However, in the case of baryon matrix element, the nonfactorized contribution is not suppressed in the large-N_C limit [39], therefore the missed non-factorized contribution should be of the same order as the factorized contribution shown in Eq. (122). The calculation using QCD sum rules in Ref. [19] did not include the meson condensate contribution, therefore, their calculation might miss an important contribution.

The factor of two uncertainty can also be seen from the Feinberg-Weinberg-Kabir theorem [55]. Applying to this context, the theorem dictates that CP-odd (3, ¯3) two-quark operators give no contribution to CP-odd processes. However, since we are using a hybrid method, this theorem may not be satisfied. Therefore, the amount of violation of this theorem can be seen as an estimate of the error of this calculation. Take the operator ūiγ_5u − d̄iγ_5d as an example, following the prescription in Secs. III and IV, one can get meson-condensate contribution to the neutral CP-odd pion-nucleon coupling which can be written as h^{mc}_n = 2C_3(2c_1 + c_3) F_π ≈ − 10C_3 F_π , (123)

Operators Our results Naive factorization Factorization and QCD sum rules ūiγ_5ud̄d 253 −248 17.5 d̄iγ_5dūu −410 177 −17.5 ūiγ_5ds̄s 235 −85.8 − s̄iγ_5sūu 18.5 0 − d̄iγ_5ds̄s −254 85.8 − s̄iγ_5sd̄d 18.5 0 − ūiγ_5uūu 182 −154 −17.7 d̄iγ_5dd̄d −281 203 15.2 s̄iγ_5ss̄s 15.5 0 − ūiγ_5σ^{μν} ud̄σ_{μν} d 85.8 −79.4 −127.5 ūiγ_5σ^{μν} us̄σ_{μν} s 0 0 − d̄iγ_5σμν ds̄σ_{μν} s 0 0 − ūt^aiγ_5ud̄t^ad −4.2 −8.88 −3.18 d̄taiγ_5dūtau 31.3 −8.88 3.18 ūt^aiγ_5us̄t^as 0 0 − s̄t^aiγ_5sūt^au 0 0 − d̄taiγ_5ds̄tas 0 0 − s̄t^aiγ_5sd̄t^ad 0 0 − ūt^aiγ_5uūt^au −46.8 39.5 −23.5 d̄taiγ_5dd̄tad 83.4 −51.1 9.3 s̄t^aiγ_5ss̄t^as −4.12 0 − ūt^aiγ_5σ^{μν} ud̄t^aσ_{μν} d −46.9 −106 14.3 ūt^aiγ_5σ^{μν} us̄t^aσ_{μν} s 0 0 − d̄taiγ_5σμν ds̄taσ_{μν} s 0 0 − TABLE XVIII: Comparison of different methods, nEDM calculated by factorization in Ref. [20, 21] are shown as “naive factorization”. The column on the right side shows nEDM calculated using factorization and QCD sum rules [19]. The unit of the numbers is 10^{−3}eC_4GeV.

where m_u = m_d = m̄ is assumed for the sake of simplicity, C_3 is the Wilson coefficient of the two-quark operator and the definitions of c_1 and c_3 can be found in Eq. (76). If the σ-term is also employed to do the direct matching, one can easily show that the direct matching contribution cancels the meson condensate contribution exactly. Instead, in order to get the uncertainty of our calculation we need to do the direct matching using the quark model. Since the operator includes only products of two quark fields, the calculation using the quark model is straightforward, which gives h^{dir}_n = R 3C_3 F_π ≈ 5C_3 F_π , (124)

where the factor of 3 is due to that in the quark model the nucleon contains three constituent quarks. R ≈ 1.7 comes from the perturbative QCD effect as discussed in Sec. V. The anomalous dimensions of the operator discussing here is as the same as the anomalous dimensions of the quark mass. The relative sign between the direct contribution and the meson condensate contribution is as desired. However, the magnitude of the direct contribution is about two times smaller than the meson condensate contribution. The mismatch between the two contributions is due to that quark model does not differentiate ⟨N|q̄q|N⟩ and ⟨N|q^†q|N⟩. From this mismatch one can see that the inaccuracy of the direct contribution calculated using quark model might be a factor of two. Therefore, conservatively, the total inaccuracy for those operators having unsuppressed vacuum condensate contributions can be seen as a factor of two.

Operators Upper bound of |C_4|/(GeV^{−2}) ūiγ_5ud̄d 5 × 10^{−12} ūud̄iγ_5d 4 × 10^{−12} ūiγ_5us̄s 6 × 10^{−12} d̄iγ_5ds̄s 6 × 10−12 ūiγ_5uūu 8 × 10^{−12} d̄iγ_5dd̄d 5 × 10−12 ūiγ_5σ^{μν} ud̄σ_{μν} d 2 × 10^{−11} ūiγ_5t^aud̄t^ad 4 × 10^{−10} ūt^aud̄iγ_5t^ad 4 × 10^{−11} ūiγ_5t^auūt^au 3 × 10^{−11} d̄iγ_5tadd̄tad 2 × 10−11 ūiγ_5σ^{μν} t^aud̄σ_{μν} t^ad 3 × 10^{−11} TABLE XIX: Upper bound on the Wilson coefficients of P-odd, CP-odd four-quark operators, calculated using the experimental data and hadronic matrix elements in this work.

VI. CONCLUSION

In this paper, we studied the four-quark contributions to the neutron EDM, which dominate over other QCD operators in some new physics models. Our approach was based on chiral expansion and simple quark models. It is well known in the literature that the leading chiral contribution comes from one-pion loop which dominates in the chiral limit m_π → 0, just like in the case of the nucleon electric polarizability. Therefore, one needs to calculate the four-quark contribution to the CP-odd pion nucleon couplings. We studied these couplings in simple quark models, as an alternate to large-N_c factorization. We also considered O(1) contribution from direct matching and pion-condensation to the dipole moment, as well as the CP-odd nucleon mass contribution through the magnetic moment. The resulting nEDM can be compared with those from the naive factorization and QCD sum rules. The comparison provides us some idea on the hadronic physics uncertainty in the neutron EDM calculation. Our approach also provides a formalism for lattice QCD calculations of the nucleon matrix elements of the four-quark operators.

Using the matrix elements thus obtained, we obtain new-physics-independent upper bounds on the Wilson coefficients of four-quark operators from the experimental data. The current experimental upper bound on neutron EDM is 2.9 × 10^{−26}e cm [30]. If we assume that there is no significant cancelations among the contributions from these operators, we can use the experiment limit to give upper bounds to the Wilson coefficients of individual operators. In our calculation, the strange quark effects were ignored, and we considered only operators composed of up and down quarks. The final results are shown in Table XIX.

It is interesting to note that the chiral-enhanced contribution is actually large-N_c suppressed. In fact, the non-singular part of the chiral-loop contribution numerically dominates over the singular one. This suggests a large-N_c analysis of the neutron EDM, including the delta resonance contribution. However, this is beyond the scope of this paper.

Acknowledgments

We thank T. Cohen, P. Chen and Y. Zhang for useful discussions. This work was partially supported by the U.S. Department of Energy via Grant No. DE-FG02-93ER-40762. F. Xu acknowledges a scholarship support from China’s Ministry of Education.

[1] S. P. Martin, arXiv:hep-ph/9709356.

[2] R. Sundrum, arXiv:hep-th/0508134. C. Csaki, arXiv:hep-ph/0404096. [3] K. Lane, arXiv:hep-ph/0202255.

[4] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). [5] T. D. Lee, Phys. Rev. D 8, 1226 (1973).

[6] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001) [arXiv:hep-ph/0105239].

[7] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83, 2526 (1999) [arXiv:hep-ph/9904483]. [8] M. Pospelov and A. Ritz, Nucl. Phys. B 573, 177 (2000) [arXiv:hep-ph/9908508]. [9] X. G. He, B. H. J. McKellar and S. Pakvasa, Int. J. Mod. Phys. A 4, 5011 (1989) [Erratum-ibid.

A 6, 1063 (1991)].

[10] G. Beall and A. Soni, Phys. Rev. Lett. 47, 552 (1981).

[11] S. Abel and S. Khalil, Phys. Lett. B 618, 201 (2005) [arXiv:hep-ph/0412344]. [12] V. Baluni, Phys. Rev. D 19, 2227 (1979).

[13] A. Pich and E. de Rafael, Nucl. Phys. B 367, 313 (1991).

[14] M. Pospelov and A. Ritz, Phys. Rev. D 63, 073015 (2001) [arXiv:hep-ph/0010037]. [15] R. J. Crewther, P. Di Vecchia, G. Veneziano and E. Witten, Phys. Lett. B 88, 123 (1979) [Erratum-ibid. B 91, 487 (1980)].

[16] W. H. Hockings and U. van Kolck, Phys. Lett. B 605, 273 (2005) [arXiv:nucl-th/0508012]. [17] J. Erler and M. J. Ramsey-Musolf, Prog. Part. Nucl. Phys. 54, 351 (2005) [arXiv:hep-ph/0404291].

[18] M. Pospelov and A. Ritz, Annals Phys. 318, 119 (2005) [arXiv:hep-ph/0504231]. [19] V. M. Khatsimovsky, I. B. Khriplovich and A. S. Yelkhovsky, Annals Phys. 186, 1 (1988). [20] G. Valencia, Phys. Rev. D 41, 1562 (1990). [21] X. G. He and B. McKellar, Phys. Rev. D 47, 4055 (1993).

[22] R. Babich, N. Garron, C. Hoelbling, J. Howard, L. Lellouch and C. Rebbi, Phys. Rev. D 74, 073009 (2006) [arXiv:hep-lat/0605016].

[23] S. Scherer, Adv. Nucl. Phys. 27, 277 (2003) [arXiv:hep-ph/0210398]. [24] V. Bernard, N. Kaiser and U. G. Meissner, Int. J. Mod. Phys. E 4, 193 (1995) [arXiv:hep-ph/9501384].

[25] R. D. C. Miller and B. H. J. McKellar, Phys. Rept. 106, 169 (1984). [26] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989).

[27] E. Braaten, C. S. Li and T. C. Yuan, Phys. Rev. Lett. 64, 1709 (1990). [28] J. M. Frere, J. Galand, A. Le Yaouanc, L. Oliver, O. Pene and J. C. Raynal, Phys. Rev. D 45, 259 (1992).

[29] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Rev. D 18, 2583 (1978) [Erratumibid. D 19, 2815 (1979)].

[30] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006) [arXiv:hep-ex/0602020]. [31] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D 65, 016005 (2002) [arXiv:hep-ph/0107100]. R. N. Mohapatra, A. Rasin and G. Senjanovic, Phys. Rev. Lett. 79, 4744 (1997) [arXiv:hep-ph/9707281]. R. N. Mohapatra and A. Rasin, Phys. Rev. Lett. 76, 3490 (1996) [arXiv:hep-ph/9511391]. K. S. Babu and R. N. Mohapatra, Phys. Rev. D 41, 1286 (1990). R. N. Mohapatra and G. Senjanovic, Z. Phys. C 20, 365 (1983).

[32] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977). R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791 (1977).

[33] S. Weinberg, Phys. Rev. D 11, 3583 (1975). [34] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).

[35] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 166, 493 (1980). [36] T. Falk, K. A. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560, 3 (1999) [arXiv:hep-ph/9904393].

[37] S. L. Adler, Phys. Rev. 177, 2426 (1969). J. S. Bell and R. Jackiw, Nuovo Cim. A 60, 47 (1969).

[38] G. ’t Hooft, Nucl. Phys. B 72, 461 (1974). [39] A. V. Manohar, arXiv:hep-ph/9802419.

[40] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984). [41] O. W. Greenberg, Phys. Rev. Lett. 13, 598 (1964). [42] D. Faiman and A. W. Hendry, Phys. Rev. 173, 1720 (1968).

[43] J. F. Donoghue and G. Karl, Phys. Rev. D 24, 230 (1981) [Erratum-ibid. D 26, 1804 (1982)]. [44] R. Koniuk and N. Isgur, Phys. Rev. D 21, 1868 (1980) [Erratum-ibid. D 23, 818 (1981)]. [45] J. F. Donoghue, E. Golowich and B. R. Holstein, Camb. Monogr. Part. Phys. Nucl. Phys.

Cosmol. 2, 1 (1992).

[46] A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn and V. F. Weisskopf, Phys. Rev. D 9, 3471 (1974).

[47] K. Johnson, Phys. Lett. B 78, 259 (1978).

[48] A. Chodos, R. L. Jaffe, K. Johnson and C. B. Thorn, Phys. Rev. D 10, 2599 (1974). [49] T. A. DeGrand, R. L. Jaffe, K. Johnson and J. E. Kiskis, Phys. Rev. D 12, 2060 (1975). [50] G. Ecker, W. Grimus and H. Neufeld, Nucl. Phys. B 229, 421 (1983). [51] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).

[52] J. L. Goity, R. Lewis, M. Schvellinger and L. Z. Zhang, Phys. Lett. B 454, 115 (1999) [arXiv:hep-ph/9901374].

[53] V. Bernard, N. Kaiser and U. G. Meissner, Z. Phys. C 70, 483 (1996) [arXiv:hep-ph/9411287]. [54] J. F. Donoghue and B. R. Holstein, Phys. Rev. D 33, 2717 (1986). [55] G. Feinberg, P. Kabir and S. Weinberg, Phys. Rev. Lett. 3, 527 (1959).