arXiv:hep-ph/0405217 v2 4 Nov 2005

PNU-NURI-05/2004 PNU-NTG-04/2004

ΔS = 0 Effective weak chiral Lagrangian from the instanton vacuum

Hee-Jung Lee,^{1, 2, ∗} Chang Ho Hyun,^{3, 4, †} Chang-Hwan Lee,^{1, ‡} and Hyun-Chul Kim^{1, §} 1Department of Physics and Nuclear Physics & Radiation Technology Institute (NuRI), Pusan National University, Busan 609-735, Republic of Korea 2Departament de Fisica Teòrica, Universitat de València E-46100 Burjassot (València), Spain 3School of Physics, Seoul National University, Seoul 151-742, Republic of Korea 4Institute of Basic Science, Sungkyunkwan University, Suwon 440-746, Republic of Korea (Dated: August 9, 2005)

Abstract

We investigate the ΔS = 0 effective chiral Lagrangian from the instanton vacuum. Based on the ΔS = 0 effective weak Hamiltonian from the operator product expansion and renormalization group equations, we derive the strangeness-conserving effective weak chiral Lagrangian from the instanton vacuum to order O(p^2) and the next-to-leading order in the 1/N_c expansion at the quark level. We find that the quark condensate and a dynamical term which arise from the QCD and electroweak penguin operators appear in the next-to-leading order in the 1/N_c expansion for the ΔS = 0 effective weak chiral Lagrangian, while they are in the leading order terms in the ΔS = 1 case. Three different types of the form factors are employed and we find that the dependence on the different choices of the form factor is rather insensitive. The low-energy constants of the Gasser-Leutwyler type are determined and discussed in the chiral limit.

PACS numbers: 12.40.-y, 14.20.Dh Keywords: Effective chiral Lagrangian, strangeness-conserving weak interaction, instanton vacuum

∗Electronic address: hjlee@www.apctp.org †Electronic address: hch@meson.skku.ac.kr ‡Electronic address: clee@pusan.ac.kr §Electronic address: hchkim@pusan.ac.kr

I. INTRODUCTION

A great deal of attention has been paid to parity violation (PV) in the electroweak standard model (SM) well over decades in the context of high-precision tests for the SM [1]. A recent series of parity-violating experiments in atomic physics measured the weak charge of the SM [2, 3, 4, 5]. Its discrepancy with the SM implies a possibility of new physics, for example, a possible existence of the Z^′ boson in addition to the Z^0 boson [6, 7, 8]. Recently, strangeness-conserving (ΔS = 0) weak processes have paved the way of probing subtle properties of the nucleon such as the strangeness in the nucleon: The strange vector form factors were recently extracted by measuring the asymmetries of PV ⃗ep parity-violating scattering [9]. Hadronic and nuclear PV processes, however, are far from clear understanding due to the screening of the strong interaction.

A simple framework to describe hadronic and nuclear PV processes is one-boson exchange (OBE) such as π-, ρ-, and ω-changes [10, 11, 12] à la the strong nucleon-nucleon potential through OBE [13, 14]. The main ingredients of the PV OBE model are the weak meson-nucleon coupling constants such as h_π, h_ρ, and h_ω , which can be extracted from PV observables in various hadronic and nuclear reactions like ⃗pp elastic scattering [15], ⃗np → dγ [16, 17], and^{18}F^∗ →^{18}F [18]. In particular, the weak pion-nucleon coupling constant h^1_π is one of the most important quantities dominant in PV weak hadronic processes at low-energy regions [10, 19, 20, 21]. However, disagreement in determining the h^1_π still exists [22] theoretically as well as experimentally.

A recent series of works [23, 24, 25] studied the h^1_π within the Skyrme model, based on the effective current-current interaction which can be identified as a factorization scheme. However, it is natural to describe the ΔS = 0 PV processes based on the effective weak Hamiltonian evolved from a scale of 80 GeV down to around 1 GeV [10, 26, 27, 28, 29]. Furthermore, it is well known that the nonleptonic weak processes defy any explanation from the factorization, or the strict large-N_c limit. The octet enhancement in K → ππ decays is partially explained by gluon penguin diagrams, which indicates that the strong interaction plays an essential role in describing the nonleptonic or hadronic decay processes. Thus, in the present work, we shall derive the ΔS = 0 effective weak chiral Lagrangian (EWχL) incorporating the effective weak Hamiltonian [10], based on the nonlocal chiral quark model from the instanton vacuum [30], which will provide a good theoretical framework in studying the weak coupling constants [31]. We shall consider the ΔS = 0 EWχL to order O(p^2) in the chiral limit and to the next-to-leading order (NLO) in the 1/N_c expansion, keeping in mind that the present results of the NLO in N_c corrections are just a part of the whole 1/N_c NLO contributions.

The nonlocal chiral quark model induced from the instanton vacuum has several virtues: It was shown that this momentum dependence gives the correct end-point behavior of the quark virtuality for the pion wave function [32, 33]. Similarly, recent investigations on the effective weak chiral Lagrangian [34, 35, 36] indicate that the momentum-dependent quark mass plays a significant role in enhancing the ΔT = 1/2 channel. Furthermore, nonlocality of the quark introduces a unique feature to the low-energy constants (LEC) [37], compared to other models.

The paper is organized as follows : In Section II, we show how to incorporate the ΔS = 0 effective weak Hamiltonian. In Section III, we discuss the present results of the lowenergy constants. In particular, the behavior of the LEC is studied with respect to the momentum-dependent quark mass. In the last section, we summarize the present work and

K = 1 K = 4 K = 7 α_{11} cot θ_c 1.126 cotθ_c 1.266 cot θ_c α_{22} tan θ_c 1.126 tan θ_c 1.266 tanθ_c β_{11} 0 −0.307 cot θ_c −0.479 cotθ_c β_{22} 0 −0.307 tanθ_c −0.479 tan θ_c γ_{11} −0.002(1 −^2_3 sin^2 θ_w) csc 2θ_c 0.077(1 −^2_3 sin^2 θ_w ) csc 2θ_c 0.163(1 −^2_3 sin^2 θ_w ) csc 2θ_c γ_{12} 0.007 sin^2 θ_w csc 2θ_c 0.001 sin^2 θ_w csc 2θ_c 0.006 sin^2 θ_w csc 2θ_c γ_{21} −0.671 sin^2 θ_w csc 2θ_c −0.772 sin^2 θ_w csc 2θ_c −0.898 sin^2 θ_w csc 2θ_c γ_{22} (1 − 2 sin^2 θ_w) csc 2θ_c 1.101(1 − 2 sin^2 θ_w ) csc 2θ_c 1.236(1 − 2 sin^2 θ_w) csc 2θ_c ρ_{11} 0 −0.190(1 −^2_3 sin^2 θ_w ) csc 2θ_c −0.296(1 −^2_3 sin^2 θ_w) csc 2θ_c ρ_{12} 0.003 sin^2 θ_w csc 2θ_c 0.260 sin^2 θ_w csc 2θ_c 0.453 sin^2 θ_w csc 2θ_c ρ_{21} −0.001 sin^2 θ_w csc 2θ_c 0.002 sin^2 θ_w csc 2θ_c −0.032 sin^2 θ_w csc 2θ_c ρ_{22} 0 −0.307(1 − 2 sin^2 θ_w) csc 2θ_c −0.479(1 − 2 sin^2 θ_w ) csc 2θ_c

TABLE I: Strong enhancements with selected values of K. θ_w and θ_c are the Weinberg and the Cabbibo angles, respectively.

draw conclusions.

II. ΔS = 0 EFFECTIVE WEAK CHIRAL LAGRANGIAN

In this section, we will show how to incorporate the ΔS = 0 effective weak Hamiltonian into the effective chiral action from the instanton vacuum. The detailed description can be found in Ref. [36]. We employ the ΔS = 0 effective PV weak Hamiltonian derived in Ref. [10]. The Hamiltonian reads

H^{ΔS=0}_W = G_F √ 2 cos θ_c sin θ_c

[_2∑ i,j=1 (α_{ij} O(A^†_i , A_j ) + β_{ij} O(A^†_i t_A, A_j t_A) + h.c.)) + 2∑ i,j=1 (γ_{ij} O(B^†_i , B_j ) + ρ_{ij} O(B^†_i t_A, B_j t_A)) ] , (1)

where the operator O(M, N) is defined as O(M, N) ≡ −ψ^†γ_μγ_5Mψψ^†γ^μNψ in Euclidean space, and t_A denotes the generator of the color SU(3) group, normalized as tr t_At_B = 2δ_{AB} . The definitions of the matrices A_i and B_i, and the coefficients α, β, γ and ρ are given in [10]. These coefficients are the functions of the scale-dependent Wilson coefficient K(μ) defined as K(μ) ≡ ( 1 + g^2(μ^2) 16π^2 b ln

M^2_W μ^2 ) , (2)

where g is the strong coupling constant, μ is the renormalization point and specifies the mass scale, b = 11 − 2N_f /3, and M_W is the mass of the W boson. K encodes the effect of the strong interaction from the perturbative gluon exchanges. Numerical values of the coefficients relevant to our discussion with various K values are listed in Tab. I. We denote the four-quark operators generically by Q^i(x) = −ψ^†(x)Γ^i_1ψ(x)ψ^†(x)Γ^i_2ψ(x) , (3) where i(= 1 · · · 12) labels each four-quark operator in the effective weak Hamiltonian and Γ^i_{1(2)} consist of the γ and the flavor matrices. Thus, the effective weak Hamiltonian can be rewritten as follows:

H^{ΔS=0}_W = 12∑ i=1 C_iQ^i(x), (4)

where C_i denotes α, β, γ and ρ in Eq. (1).

The ΔS = 0 effective PV weak Hamiltonian can be incorporated into the nonlocal chiral quark model as follows:

exp(−S^{ΔS=0}_{eff} ) = ∫ DψDψ^† exp ( ∫ d^4x(ψ^†Dψ − H^{ΔS=0}_W ) ) , (5)

where the D denotes the nonlocal Dirac operator defined by D(−i∂) ≡ iγ_μ∂_μ + i √ M(−i∂)U^{γ5} (x) √ M(−i∂). (6) Since the Fermi constant G_F is very small, we can expand the exponent in Eq. (5) in powers of G_F and keep the lowest order only. Thus, the ΔS = 0 EWχL can be derived as

L^{ΔS=0}_{eff} = ∫ DψDψ^†H^{ΔS=0}_W exp ∫ d^4z ψ^†(z)Dψ(z). (7) The vacuum expectation value (VEV) of the four-fermion operators in the effective weak Hamiltonian can be calculated as ⟨Q^i(x)⟩ = − 1 Z ∫ d^4yδ^4(x − y) δ δJ^i_1(x) δ δJ^i_2(y) ∫ DψDψ^† × exp ∫ d^4z ψ^†(z)(D + J^i_1(z)Γ^i_1 + J^i_2(z)Γ^i_2)ψ(z) | | | |_{J1 =J2 =0} = tr_{c,γ,f} [ ⟨x|D^{−1}Γ^{(i)}_1 |x⟩⟨x|D^{−1}Γ^{(i)}_2 |x⟩ ]

− tr_{c,γ,f} [ ⟨x|D^{−1}Γ^{(i)}_1 |x⟩ ] tr_{c,γ,f} [ ⟨x|D^{−1}Γ^{(i)}_2 |x⟩ ] , (8)

where tr_{cγf} means the trace over color, spin, and flavor space, respectively. The last two lines in Eq. (8) correspond to the unfactorized and factorized quark loops, respectively. ⟨x|(D)^{−1}Γ^{(i)}_{1,2}|x⟩ can be easily calculated as ⟨x|D^{−1}Γ^{(i)}_l |x⟩ = ∫ d^4k (2π)^4 1 D^†(∂ + ik)D(∂ + ik) D^†(∂ + ik)Γ^{(i)}_l . (9)

To order O(k^2) can be expanded the denominator of Eq.(9) as follows: D^†(∂ + ik)D(∂ + ik) = −∂^2 + k^2 − 2ik · ∂ + M^2 − M(γ_μ∂_μU^{γ5} ) − 2iMM̃^′k_μ[2∂_μ + U^{−γ5} (∂_μU^{γ5} )] −MM̃^′[2∂^2 + U^{−γ5} (∂^2U^{γ5} ) + 2U^{−γ5} (∂_μU^{γ5} )∂_μ] −2MM̃^{′′}k_μk_ν [2∂_μ∂_ν + U^{−γ5} (∂_μ∂_ν U^{γ5} ) + 2U^{−γ5} (∂_μU^{γ5} )∂_ν ] −2M̃^{′2}k_μk_ν [(∂_μU^{−γ5} )(∂_ν U^{γ5} ) + U^{−γ5} (∂_μ∂_ν U^{γ5} ) + 2U^{−γ5} (∂_μU^{γ5} )∂_ν + 2∂_μ∂_ν ] +iM̃^′k_μ[(∂_μ γ · ∂U^{γ5} ) + 2(γ · ∂U^{γ5} )∂_μ] + O(∂^3) (10)

The numerator reads D^†(∂ + ik) = iγ_μ(∂_μ + ik_μ) − iB, (11) where B = M(k)U^{−γ5} − iM̃^′k · (∂U^{−γ5} ) − ( M^{′′} − M̃^{′2} 2M ) k_αk_β(∂_α∂_βU^{−γ5} ) − M̃^′ 2 . (12)

Therefore, we have ⟨x|D^{−1}Γ^{(i)}_l |x⟩ = ∫ d^4k (2π)^4 1 k^2 + M^2(k) − A

(iγ_μk_μ − B)(iΓ^{(i)}_l ) = ∞∑ n=0 ∫ d^4k (2π)^4 1 k^2 + M^2(k) ( 1 k^2 + M^2(k) A )_n (iγ_μk_μ − B)(iΓ^{(i)}_l ), (13)

where the form of A can be extracted from Eq. (10). The expansion of Eq. (13) yields the terms to order O(∂^2): ⟨x|D^{−1}Γ^{(i)}_l |x⟩ = ( I_1U^{−γ5} + I_2U^{−γ5} (∂_αU^{γ5} )γ_α + I_3(∂^2U^{−γ5} ) + I_4U^{−γ5} (∂_αU^{γ5} )(∂_βU^{γ†5} )γ_αγ_β ) iΓ^{(i)}_l (14)

with the coefficients

I_1 = − ∫ d^4k (2π)^4 M(k) k^2 + M^2(k) = ⟨ ψψ ⟩ M 4N_c , (15)

I_2 = ∫ d^4k (2π)^4

M^2(k) −^{k2}_2 M(k)M̃^′

(k^2 + M^2(k))^2

, (16)

I_3 = ∫ d^4k (2π)^4

[_1 4 M̃^{′′}k^2 +^1_2M̃^′ −^{M̃ ′2}_{8M} k^2 k^2 + M^2(k) − M + M^2M̃^′ +^{k2}_2 M^2M̃^{′′} +^1_2 k^2MM̃^{′2} +^{k2}_4 M̃^′ (k^2 + M^2(k))^2 +k^2 1 2 M + 2M^2M̃^′ + M^3M̃^{′2} (k^2 + M^2(k))^3 ] , (17)

I_4 = ∫ d^4k (2π)^4

−M^3 + k^2M^2M̃^′ (k^2 + M^2(k))^3

. (18)

Substituting Eq. (14) into Eq. (8), taking trace over color and spin spaces, and summing all four-fermion operators, we arrive at the ΔS = 0 EWχL to order O(∂^2) in terms of the Goldstone boson fields with the LEC determined: L^{ΔS=0}_{eff} = N_1 ( ⟨(R_μ − L_μ)λ_1⟩ ⟨(R^μ + L^μ)λ_1⟩ + ⟨(R_μ − L_μ)λ_2⟩ ⟨(R^μ + L^μ)λ_2⟩ )

+ N_2 ( ⟨(R_μ − L_μ)λ_4⟩ ⟨(R^μ + L^μ)λ_4⟩ + ⟨(R_μ − L_μ)λ_5⟩ ⟨(R^μ + L^μ)λ_5⟩ ) + N_3 ⟨R_μ − L_μ⟩ ⟨R^μ + L^μ⟩ + N_4 ⟨R_μ − L_μ⟩ ⟨ (R^μ + L^μ)(− I 3 + λ_3 + 1 √ 3 λ_8) ⟩

+ N_5 ⟨ (R_μ − L_μ)(− I 3 + λ_3 + 1 √ 3 λ_8) ⟩ ⟨R^μ + L^μ⟩ + N_6 ⟨ (R_μ − L_μ)(− I 3 + λ_3 + 1 √ 3 λ_8) ⟩ ⟨ (R^μ + L^μ)(− I 3 + λ_3 + 1 √ 3 λ_8) ⟩

+ N_7 ⟨R_μλ_1R^μλ_1 − L_μλ_1L^μλ_1 + R_μλ_2R^μλ_2 − L_μλ_2L^μλ_2⟩ + N_8 ⟨R_μλ_4R^μλ_4 − L_μλ_4L^μλ_4 + R_μλ_5R^μλ_5 − L_μλ_5L^μλ_5⟩

+ N_9 ⟨ (R_μR^μ − L_μL^μ)(λ_3 + 1 √ 3 λ_8) ⟩

+ N_{10} ⟨ R_μ(λ_3 + 1 √ 3 λ_8)R^μ(λ_3 + 1 √ 3 λ_8) − L_μ(λ_3 + 1 √ 3 λ_8)L^μ(λ_3 + 1 √ 3 λ_8) ⟩ (19)

where R_μ ≡ iU∂_μU^†, ⟨· · ·⟩ represents again the trace over flavor space, and N_i denote the LEC expressed as follows:

N_1 = 2N^2_c I^2_2 α̃_{11}, N_2 = 2N^2_c I^2_2 α̃_{22}, N_3 = 4N^2_c I^2_2γ̃_{11}, N_4 = 4N^2_c I^2_2 γ̃_{12}, N_5 = 4N^2_c I^2_2 γ̃_{21}, N_6 = 4N^2_c I^2_2 γ̃_{22}, N_7 = 2N_cI^2_2 (α̃_{11} + 2β̃_{11}), N_8 = 2N_cI^2_2 (α̃_{22} + 2β̃_{22}),

N_9 = 4N_c [ 4I_1I_3(γ̃_{12} + γ̃_{21} + 2ρ̃_{12} + 2ρ̃_{21}) + I^2_2 (γ̃_{12} − γ̃_{21} + 2ρ̃_{12} − 2ρ̃_{21}) ] , N_{10} = 4N_cI^2_2 (γ̃_{22} + 2ρ̃_{22}). (20)

Here, C̃_{ij} stand for^{GF√}_2 sin θ_c cos θ_cC_{ij} generically, where C_{ij} = α, β, γ, ρ in Eq. (1). Note that the α_{ij} and γ_{ij} enter in the leading order (LO) Lagrangian, while the β_{ij} and ρ_{ij} appear only in the subleading order in N_c. The numerical evaluation of the LEC will be discussed in the next Section.

III. RESULTS AND DISCUSSIONS

The large N_c expansion in the context of nonleptonic decays have been discussed already extensively [38, 39, 40, 41, 42, 43]. While the large N_c argument works very well in the strong interaction, it does not seem to describe the nonleptonic weak interactions in the leading order (LO) of the large N_c expansion. The strict 1/N_c expansion is identical to a naive factorization: There is no mixing in the operators and it leaves only the original four-quark operator which contains the product of two conserved currents. Thus, one has to consider the NLO in the 1/N_c expansion. However, if the NLO contribution is large, a problem of its convergence would arise. Moreover, there are various sources of the NLO corrections in the large N_c expansion such as mesonic loop contributions. We are not in a position to take into account all possible NLO corrections in this work. Thus, we will restrict our scheme in the following: First, we will treat the Wilson coefficients in a more practical way, i.e. we will not consider the N_c behavior of the Wilson coefficients. Second, we consider the NLO in the 1/N_c expansion at the quark level. It does not mean that these corrections are more important or favorable, compared to other 1/N_c corrections such as mesonic loop corrections. We only intend in the present work to compare the LO contribution with the NLO corrections at the quark level. By doing that, we will see that the structure of the ΔS = 0 EWχL is rather different from the ΔS = 1 EWχL.

We first consider the ΔS = 0 EWχL in the LO of N_c, and investigate its behavior with respect to the form factors and the Wilson coefficients. In the large N_c limit, the EWχL becomes L^{ΔS=0,N 2c} eff =

16I^2_2 N^2_c f^4_π [ 2 ( α̃_{11} 2∑ i=1 V^i_μ A^{iμ} + α̃_{22} 5∑ i=4 V^i_μ A^{iμ} ) + 9γ̃_{11}A^0_μV^{0μ}

+3γ̃_{12} ( − V^0_μ + 2V^3_μ + 2 √ 3 V^8_μ ) A^{0μ} + 3γ̃_{21} ( − A^0_μ + 2A^3_μ + 2 √ 3 A^8_μ ) V^{0μ} +γ̃_{22} ( − V^0_μ + 2V^3_μ + 2 √ 3 V^8_μ )( − A^{0μ} + 2A^{3μ} + 2 √ 3 A^{8μ} )] , (21)

where V^a_μ and A^a_μ are the vector and axial-vector currents, respectively, defined as

V^a_μ = f^2_π 2 ⟨T^a(R_μ + L_μ)⟩ , A^a_μ = f^2_π 2 ⟨T^a(R_μ − L_μ)⟩ . (22)

T^a is the generator of the U_f (3), T^a = (^1_3 ,^{λ1}_2 , · · · ,^{λ8}_2 ).

The EWχL given in Eq. (21) has one caveat: In the large N_c limit the four-quark operators turn out to be products of two conserved currents, i.e. the vector and the axial-vector currents. However, the presence of the nonlocal interaction between quarks and Goldstone bosons, which arises from the momentum-dependent quark mass, breaks the gauge invariance, so that the currents are not conserved. Ref. [36] discussed a method of how to avoid this problem. The conserved currents in Euclidean space with the nonlocal interactions can be derived by gauging the partition function. The pion decay constant f^2_π can be successfully reproduced by using the modified axial-vector current in the following matrix elements: ⟨ 0 | | |A^a_μ(x) | | | π^b(p) ⟩ = if_πp_μe^{ip·x}δ^{ab}, (23) which indicates that the Takahashi-Ward identity of PCAC is well satisfied with the modified conserved axial-vector current. If we use the usual currents such as A^a_μ = ψ̄γ_μγ_5λ^aψ, we would end up with the Pagels-Stokar expression for f^2_π :

f^2_π (PS) = 4N_c ∫ d^4k (2π)^4

M^2 −^1_4 MM^′k (k^2 + M^2)^2

. (24)

Thus, one has to consider the modified conserved currents in Eq. (21). However, if we use the f^2_π (PS) for the normalization of the effective chiral Lagrangian for convenience, we need not introduce them in Eq. (21), since we derive the same results as we use the modified conserved currents. Thus, the prefactor 16I^2_2 N^2_c in Eq. (21) turns out to be f^4_π .

Moreover, in the strict large N_c limit, the original Cabbibo and Weinberg-Salam Lagrangians need not any renormalization, i.e. the terms with α_{11}, α_{22}, γ_{21}, and γ_{22} survive. Thus, the ΔS = 0 EWχL in the large N_c limit becomes as follows: L^{ΔS=0,N 2c} eff = √ 2G_F { cos^2 θ_c 2∑ i=1 V^i_μ A^{iμ} + sin^2 θ_c 5∑ i=4 V^i_μ A^{iμ} − ( cos 2θ_w(V^3_μ + 1 √ 3 V^8_μ ) − 1 2 V^0_μ )(1 2 A^{0μ} − A^{3μ} − 1 √ 3 A^{8μ} )} . (25)

FIG. 1: The dynamic factor I_3 as a function of M_0. The solid curve is drawn with the zero-mode form factor, while the dashed one depicts the dipole-type form factor. The dotted one is for the Gaussian form factor.

If we take the limit θ_c → 0, Eq. (25) becomes identical to that in Ref. [25]. However, if we take a more practical point of view about the large N_c behavior of the anomalous dimensions [36], we get the ΔS = 0 EWχL in the LO of N_c as: L^{ΔS=0,N 2c} eff = 2 ( α̃_{11} 2∑ i=1 V^i_μ A^{iμ} + α̃_{22} 5∑ i=4 V^i_μ A^{iμ} ) + 9γ̃_{11}A^0_μV^{0μ}

+3γ̃_{12} ( − V^0_μ + 2V^3_μ + 2 √ 3 V^8_μ ) A^{0μ} + 3γ̃_{21} ( − A^0_μ + 2A^3_μ + 2 √ 3 A^8_μ ) V^{0μ} +γ̃_{22} ( − V^0_μ + 2V^3_μ + 2 √ 3 V^8_μ )( − A^{0μ} + 2A^{3μ} + 2 √ 3 A^{8μ} ) . (26)

We are now in a position to discuss the LEC in Eq. (19), which consist of the Wilson coefficients, the dynamic factors I_i, Cabbibo and Weinberg angles, and the Fermi constant G_F , among which the I_i characterize the important feature of the present approach. As shown in Eq. (15), the dynamic factor I_1 is identified as the quark condensate. Ref. [36] discussed the dependence of the quark condensate on the M_0, where the zero-mode and dipole-type form factors show similar dependence, while the Gaussian type brings down the quark condensate noticeably. The I_2 is identical to the Pagels-Stokar pion decay constant given in Eq.(24), which is approximately 20 % smaller than the correct f^2_π [35, 44, 45]. The dynamic factor I_3 is plotted as a function of M_0 in Figure 1. As in the case of I_1, the Gaussian-type form factor gives the smallest value. It is interesting to compare the present results with those in the case of the ΔS = 1 EWχL [36] for which the quark condensate and I_3-like terms arise from the QCD and electroweak penguin operators, so that they appear in the LO of the N_c expansion (O(N^2_c )). However, they are found here in the NLO (O(N_c)) at the quark level.

Taking into account the current conservation properly, we can express the LEC in terms of the pion decay constant f_π , the quark condensate ⟨ψ̄ψ⟩, I_3, and the Wilson coefficients:

N_1 = f^4_π 8 α̃_{11}, N_2 = f^4_π 8 α̃_{22}, N_3 = f^4_π 4 γ̃_{11}, N_4 = f^4_π 4 γ̃_{12},

N_5 = f^4_π 4 γ̃_{21}, N_6 = f^4_π 4 γ̃_{22}, N_7 = f^4_π 8N_c (α̃_{11} + 2β̃_{11}), N_8 = f^4_π 8N_c (α̃_{22} + 2β̃_{22}),

N_9 = 4⟨ψψ⟩_M I_3(γ̃_{12} + γ̃_{21} + 2ρ̃_{12} + 2ρ̃_{21}) + f^4_π 4N_c (γ̃_{12} − γ̃_{21} + 2ρ̃_{12} − 2ρ̃_{21}),

N_{10} = f^4_π 4N_c (γ̃_{22} + ρ̃_{22}) . (27)

The corresponding numerical results are listed in Tables II and III. We find that only N_9 depends on the type of form factors.

K = 1 K = 4 K = 7 N_1 7.38 8.31 9.34 N_2 0.39 0.44 0.50 N_3 −0.02 0.51 1.07 N_4 0.01 0.00 0.01 N_5 −1.22 −1.40 −1.63 N_6 4.13 4.55 5.11 N_7 2.46 1.26 0.75 N_8 0.13 0.07 0.04 N_9 −7.49 −2.17 0.53 N_{10} 1.38 0.67 0.38

TABLE II: Numerical results of the low-energy constants given in unit of 10^{−5}MeV^2. The zeromode form factor is employed with M_0 = 350 MeV.

Form factor K = 1 K = 4 K = 7 Dipole −6.45 −1.78 0.61 Gaussian −2.81 −0.42 0.90

TABLE III: Numerical results for N_9 are given in unit of 10^{−5}MeV^2 with the dipole-type and the Gaussian-type form factors at M_0 = 350 MeV. N_9 value for the zero-mode form factor is given in Table II.

There is one last remark: We want to mention that there is a matching problem between the scale of the effective weak Hamiltonian and that of the nonlocal chiral quark model from the instanton vacuum. While the scale of the effective weak Hamiltonian is determined by the renormalization point, which is around 1 GeV, that of the nonlocal chiral quark model comes from the average size of the instanton, i.e. 1/ρ ≃ 600 MeV. Strictly speaking, one has to match these two different scales [46]. However, we will not consider this problem here, since it is a rather delicate one and requires a more cautious investigation.

IV. SUMMARY AND CONCLUSIONS

In the present work, we concentrated on deriving the ΔS = 0 effective weak Lagrangian incorporating the effective weak Hamiltonian [10]. Based on the nonlocal chiral quark model from the instanton vacuum, we obtained the ΔS = 0 parity-violating effective weak chiral

Lagrangian with the low-energy constants of the Gasser-Leutwyler type determined. The dependence of the low-energy constants on the dynamic quark mass M_0 and on the type of form factors was studied.

The effects of the strong interaction were introduced according to the two different origins: The effect of nonperturbative QCD which is implemented in the nonlocal chiral quark model from the instanton vaccum, and the Wilson coefficients which encode the effect of perturbative gluons [10]. In contrast with the ΔS = 1 effective weak chiral Lagrangian [35, 36], the factorized quark loops in the integration over the quark field yield the LO terms, while the unfactorized quark loops do the NLO terms. We have determined the low-energy constants consisting of the Wilson coefficients and dynamical quantities such as the pion decay constant and chiral condensate. We have estimated the strong enhancement effects in the LO of the 1/N_c expansion. When it is neglected, our result turns out to be equivalent with the effective weak chiral Lagrangian used by Ref. [25].

The ΔS = 0 effective weak chiral Lagrangian in the present work can be utilized to various strangeness–conserving weak hadronic processes. For example, one can derive the weak meson coupling constants such as h^1_π. One can also study the parity violating non– leptonic weak interactions of mesons such as η → π^+π^− or η → 2π^0 of which the upper bound of the decay modes are experimentally known only [47].

Acknowledgments

CHH and HJL are grateful to B. Desplanques for useful discussions. HCK thanks M. Musakhanov for valuable discussions. The work of HCK and CHH is supported by Korea Research Foundation (Grant No. KRF-2003-070-C00015). HJL and CHL are supported by Korea Research Foundation Grant (KRF-2002-070-C00027) and SEEU-SB2002-0009 (HJL).

[1] M. A. Bouchiat and C. C. Bouchiat, Phys. Lett. B 48 (1974) 111.

[2] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L. Roberts, C. E. Tanner and C. E. Wieman, Science 275 (1997) 1759.

[3] S. C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82 (1999) 2484 [arXiv:hep-ex/9903022]. [4] M. J. D. Macpherson, K. P. Zetie, R. B. Warrington, D. N. Stacey and J. P. Hoare, Phys.

Rev. Lett. 67 (1991) 2784.

[5] P. A. Vetter, D. M. Meekhof, P. K. Majumder, S. K. Lamoreaux and E. N. Fortson, Phys.

Rev. Lett. 74 (1995) 2658.

[6] R. Casalbuoni, S. De Curtis, D. Dominici and R. Gatto, Phys. Lett. B 460 (1999) 135 [arXiv:hep-ph/9905568].

[7] J. L. Rosner, Phys. Rev. D 61 (2000) 016006 [arXiv:hep-ph/9907524]. [8] J. Erler and P. Langacker, Phys. Rev. Lett. 84 (2000) 212 [arXiv:hep-ph/9910315]. [9] R. Hasty et al. [SAMPLE Collaboration], Science 290 (2000) 2117; T. M. Ito et al. [SAMPLE Collaboration], ; D. T. Spayde et al. [SAMPLE Collaboration], Phys. Lett. B 583 (2004) 79 [arXiv:nucl-ex/0312016]; K. A. Aniol et al. [HAPPEX Collaboration], Phys. Lett. B 509 (2001) 211; F. E. Maas et al. [A4 Collaboration], Phys. Rev. Lett. 93 (2004) 022002.

[10] B. Desplanques, J. F. Donoghue and B. R. Holstein, Annals Phys. 124 (1980) 449. [11] R. D. C. Miller, Phys. Rept. 106 (1984) 169.

[12] V. M. Dubovik and S. V. Zenkin, Ann. Phys. 172 (1986) 100. [13] M. M. Nagels, T. A. Rijken and J. J. de Swart, Phys. Rev. D 12 (1975) 744. [14] R. Machleidt, K. Holinde and C. Elster, Phys. Rept. 149 (1987) 1.

[15] S. Kistryn et al., Phys. Rev. Lett. 58 (1987) 1616; P. D. Eversheim et al., Phys. Lett. B 256 (1991) 11; A. R. Berdoz et al. [TRIUMF E497 Collaboration], Phys. Rev. Lett. 87, 272301 (2001).

[16] J. F. Cavaignac, B. Vignon and R. Wilson, Phys. Lett. B 67 (1977) 148. [17] W. M. Snow et al., Nucl. Instrum. Meth. A 440 (2000) 729.

[18] C. A. Barnes et al., Phys. Rev. Lett. 40, 840 (1978); P. G. Bizzeti, T. F. Fazzini, P. R. Maurenzig, A. Perego, G. Poggi, P. Sona, and N. Taccetti, Lett. Nuovo Cim. 29, 167 (1980); S. A. Page et al., Phys. Rev. C 35, 1119 (1987).

[19] E. G. Adelberger and W. C. Haxton, Ann. Rev. Nucl. Part. Sci. 35 (1985) 501. [20] D. B. Kaplan and M. J. Savage, Nucl. Phys. A 556 (1993) 653 [Erratum-ibid. A 570 (1994) 833, Erratum-ibid. A 580 (1994) 679].

[21] J. W. Chen and X. D. Ji, Phys. Lett. B 501 (2001) 209 [arXiv:nucl-th/0011100]. [22] W. S. Wilburn and J. D. Bowman, Phys. Rev. C 57 (1998) 3425 [arXiv:nucl-ex/9802006]. [23] N. Kaiser and U. G. Meissner, Nucl. Phys. A 489 (1988) 671. [24] N. Kaiser and U. G. Meissner, Nucl. Phys. A 499 (1989) 699. [25] U. G. Meissner and H. Weigel, Phys. Lett. B 447 (1999) 1 [arXiv:nucl-th/9807038]. [26] G. Altarelli, K. Ellis, L. Maiani and R. Petronzio, Nucl. Phys. B 88 (1975) 215. [27] H. Galic, B. Guberina and D. Tadic, Phys. Rev. D 14 (1976) 2327. [28] J. F. Donoghue, Phys. Rev. D 13 (1976) 2064.

[29] J. Dai, M. J. Savage, J. Liu and R. P. Springer, Phys. Lett. B 271 (1991) 403. [30] D. Diakonov and V. Y. Petrov, Nucl. Phys. B 245 (1984) 259; Nucl. Phys. B 272 (1986) 457;

D. Diakonov, [arXiv:hep-ph/9602375]; [arXiv:hep-ph/9802298]. [31] H.-J. Lee, C.H. Hyun, and H.-Ch. Kim, in preparation.

[32] V. Y. Petrov, M. V. Polyakov, R. Ruskov, C. Weiss and K. Goeke, Phys. Rev. D 59 (1999) 114018 [arXiv:hep-ph/9807229].

[33] M. Praszalowicz and A. Rostworowski, Phys. Rev. D 64 (2001) 074003 [arXiv:hep-ph/0105188].

[34] M. Franz, H.-Ch. Kim and K. Goeke, Nucl. Phys. B 562 (1999) 213 [arXiv:hep-ph/9903275]. [35] M. Franz, H.-Ch. Kim and K. Goeke, Nucl. Phys. A 663 (2000) 995 [arXiv:hep-ph/9907457]. [36] M. Franz, H.-Ch. Kim and K. Goeke, Nucl. Phys. A 699 (2002) 541 [arXiv:hep-ph/9908400]. [37] H. A. Choi and H.-Ch. Kim, Phys. Rev. D 69 (2004) 054004 [arXiv:hep-ph/0308171]. [38] M. Fukugita, T. Inami, N. Sakai, and S. Yazaki, Phys. Lett. B 72 (1977) 237. [39] D. Tadić and J. Trampedić, Phys. Lett. B 114 (1982) 179. [40] R.S. Chivukula, J.M. Flynn, and H. Georgi, Phys. Lett. B 171 (1986) 453. [41] W.A. Bardeen, A.J. Buras, and J.M. Gerard, Phys. Lett. B 192 (1987) 138; W. A. Bardeen, A. J. Buras and J. M. Gerard, Nucl. Phys. B 293 (1987) 787.

[42] J.L. Goity, Nucl. Phys. B 315 (1989) 361. [43] A. Pich and E. de Rafael, Phys. Lett. B 374 (1996) 186.

[44] R. D. Bowler and M. C. Birse, Nucl. Phys. A 582 (1995) 655 [arXiv:hep-ph/9407336]. [45] B. Golli, W. Broniowski and G. Ripka, Phys. Lett. B 437 (1998) 24 [arXiv:hep-ph/9807261]. [46] J. Bijnens, P. Gosdzinsky and P. Talavera, JHEP 9801 (1998) 014 [arXiv:hep-ph/9708232]. [47] K. Hagiwara et al., Phys. Rev. D 66 (2002) 010001.