arXiv:1205.5328v2 [hep-ph] 2 Oct 2012

EPJ manuscript No. (will be inserted by the editor)

Baryon Tri-local Interpolating Fields

Hua-Xing Chen

School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China

Received: date / Revised version: date

Abstract. We systematically investigate tri-local (non-local) three-quark baryon fields with UL(2) × UR(2) chiral symmetry, according to their Lorentz and isospin (flavor) group representations. We note that they can also be called as “nucleon wave functions” due to this full non-locality. We study their chiral transformation properties and find all the possible chiral multiplets consisting of J =^1_2 and J =^3_2 baryon fields. We find that the axial coupling constant |gA| =^5_3 is only for nucleon fields belonging to the chiral representation (^1_2 , 1) ⊕ (1,^1_2 ), which contains both nucleon and Δ fields. Moreover, all the nucleon fields belonging to this representation have |gA| =^5_3 .

PACS. 11.30.Rd Chiral symmetries – 12.38.-t Quantum chromodynamics – 14.20.Gk Baryon resonances

1 Introduction

The group theory has been applied to particle physics since its beginning. Particularly, the SU(2)_L ⊗ SU(2)_R and SU(3)_L ⊗ SU(3)_R chiral groups play important roles in low-energy hadron physics, and the relevant physics is called chiral symmetry [1,2,3,4,5,6]. For five decades now, chiral symmetry and its spontaneous breaking have been studied using different methods because of their importance in elucidating the origin of hadron masses [7]. In Refs. [6], S. Weinberg pointed out that the algebraic aspects of chiral symmetry are worth studying. Previous studies found some QCD identities for baryon currents (fields) using an algebraic method [8]. Other scholars systematically investigated three-quark baryon fields with the SU(2)_L ⊗ SU(2)_R chiral symmetry, and we investigated those with the SU(3)_L ⊗ SU(3)_R chiral symmetry [9,10].

Until now, most algebraic studies investigate local hadron fields. However, non-local ones should also be studied. They are important in the study of excited hadron states since (in the continuum limit) the local three-quark baryon fields can not have a spin larger than 3/2 [2]. To extend the algebraic studies on chiral symmetry, we systematically investigated bi-local three-quark baryon fields with the SU(2)_L ⊗ SU(2)_R chiral symmetry, where two quark fields are at the same place but the third one is at a different position [11]. In this paper, we investigate tri-local (non-local) three-quark baryon fields, where three quarks are all at different positions. Due to this full non-locality they can also be called as “nucleon wave functions”, which plays an important role in QCD process predictions. For example, the wave functions of B and D mesons are studied in order to investigate the mechanism of heavy meson decays [12]. The baryon (nucleon) wave functions are also studied in order to investigate the baryon structure as well as their decay properties [13].

In this paper, We systematically investigate these baryon fields according to their Lorentz and isospin (flavor) group representations. We study their chiral transformation properties and find all possible chiral multiplets consisting of J =^1_2 and J =^3_2 baryon fields. Our procedures mostly follow Ref. [11], but the calculations are a bit more complicated. The obtained baryon currents can be used in the lattice QCD and the QCD sum rule studies [14]. We also study axial charges, which are important in understanding both electro-weak and strong interactions [15].

This paper is organized as follows. In Sect. 2 we systematically classify tri-local (non-local) three-quark baryon fields, according to their Lorentz and isospin (flavor) group representations. In Sect. 3 we study the behaviors of these fields under the Abelian U(1)_A and non-Abelian SU(2)_A chiral transformations. Finally, we summarize the obtained chiral multiplets in Sect. 4 with some discussions.

2 Baryon Fields

A non-trivial interpolating field B(x, y, z) coupling to baryons composed of three-quark fields can be generally written as B(x, y, z) ∼ ϵ_{abc} ( q^{aT}_A (x)Γ_1q^b_B (y) ) Γ_2q^c_C (z) (1)

where a, b, c denote the color and A, B, C the flavor indices, C = iγ_2γ_0 is the charge-conjugation operator. q_A(x) = (u(x), d(x))^T is an iso-doublet quark field at location x, and the superscript T represents the transpose of the Dirac indices only (the flavor and color indices are not transposed). The antisymmetric tensor in color space ϵ_{abc} ensures the baryons are in a color singlet state. Since it always exists, we shall omit it from now on. The matrices Γ_{1,2} are Dirac matrices which describe the Lorentz structure. With a suitable choice of Γ_{1,2} and taking a combination of indices of A, B and C, the baryon fields are defined so that they form an irreducible representation of the Lorentz and flavor groups.

Previous studies investigated on local and bi-local baryon fields [9,11]. The present study investigates a more general case, the tri-local three-quark baryon fields, where the positions of quarks are all different (x ≠ y ≠ z). We note that due to this full non-locality we can also call them “nucleon wave functions”. The procedures mostly follow our previous reference [11], but a bit more complicated. Basically, the Fierz transformation is used to change the positions of quark fields. Afterwhich, we can apply the Pauli principle to check the antisymmetric properties of every pair of quarks.

We classify tri-local three-quark baryon fields according to their spin and isospin, both of which can be either 1/2 or 3/2. To perform the classification and simplify the notations, a “tilde-transposed” quark field q̃ should be introduced:

q̃ = q^T Cγ_5(iτ_2) , (2)

Moreover, we absorb the flavor indices into quark fields and write the baryon field as B(x, y, z) ∼ ( q̃^T (x)Γ̃_1q(y) ) Γ̃_2q(z) . (3)

The matrices Γ̃_{1,2} also contain some flavor structure.

Considering the presence of three different positions (x ≠ y ≠ z), the possible baryon fields are B(x, y, z), B(y, z, x), B(z, x, y), B(x, z, y), B(z, y, x), and B(y, x, z). However, we can simply change the positions of the first and second quark fields, for example,

q^{aT}_A (x)γ_5q^b_B (y) = −q^{bT}_B (y)γ_5q^a_A(x) . (4)

Therefore, we only need to consider three of them. We find that B(x, y, z), B(y, z, x), and B(z, x, y) can be related using only one transformation matrix. Thus, we use these three fields in the following subsections.

2.1 J =^1_2 and I =^1_2

In this subsection, we study the first case D(^1_2 , 0)_{I=} 1_2 , where the representation of the Lorentz group is D(^1_2 , 0) and the isospin is I =^1_2 . We find 30 tri-local baryon fields of J =^1_2 and I =^1_2 :

N_1 = (q̃(x)q(y))q(z) , N_2 = (q̃(x)γ_5q(y))γ_5q(z) , N_3 = (q̃(x)γ_μq(y))γ^μq(z) , N_4 = (q̃(x)γ_μγ_5τ^iq(y))γ^μγ_5τ^iq(z) , N_5 = (q̃(x)σ_{μν} τ^iq(y))σ^{μν} τ^iq(z) , N_6 = (q̃(x)τ^i q(y))τ^iq(z) , N_7 = (q̃(x)γ_5τ^iq(y))γ_5τ^iq(z) , N_8 = (q̃(x)γ_μτ^iq(y))γ^μτ^iq(z) , N_9 = (q̃(x)γ_μγ_5q(y))γ^μγ_5q(z) , N_{10} = (q̃(x)σ_{μν} q(y))σ^{μν} q(z) ,

N_{11} = (q̃(z)q(x))q(y) , N_{12} = (q̃(z)γ_5q(x))γ_5q(y) , N_{13} = (q̃(z)γ_μq(x))γ^μq(y) , N_{14} = (q̃(z)γ_μγ_5τ^iq(x))γ^μγ_5τ^iq(y) , N_{15} = (q̃(z)σ_{μν} τ^iq(x))σ^{μν} τ^iq(y) , N_{16} = (q̃(z)τ^iq(x))τ^i q(y) , N_{17} = (q̃(z)γ_5τ^iq(x))τ^i γ_5q(y) , N_{18} = (q̃(z)γ_μτ^iq(x))γ^μτ^iq(y) , N_{19} = (q̃(z)γ_μγ_5q(x))γ^μγ_5q(y) , N_{20} = (q̃(z)σ_{μν} q(x))σ^{μν} q(y) , N_{21} = (q̃(y)q(z))q(x) , N_{22} = (q̃(y)γ_5q(z))γ_5q(x) , N_{23} = (q̃(y)γ_μq(z))γ^μq(x) , N_{24} = (q̃(y)γ_μγ_5τ^iq(z))γ^μγ_5τ^iq(x) , N_{25} = (q̃(y)σ_{μν} τ^iq(z))σ^{μν} τ^iq(x) , N_{26} = (q̃(y)τ^iq(z))τ^iq(x) , N_{27} = (q̃(y)γ_5τ^iq(z))τ^iγ_5q(x) , N_{28} = (q̃(y)γ_μτ^iq(z))γ^μτ^iq(x) , N_{29} = (q̃(y)γ_μγ_5q(z))γ^μγ_5q(x) , N_{30} = (q̃(y)σ_{μν} q(z))σ^{μν} q(x) .

The latter 20 fields N_{11} · · · N_{30} are the Fierz transformed fields of the former ten fields N_1 · · · N_{10}. Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

N_A = A^{11}N_B , N_B = A^{11}N_C , N_C = A^{11}N_A . (5)

where N_A, N_B, and N_C denote the baryon vectors

N_A = (N_1, N_2, · · · , N_{10})^T ,

N_B = (N_{11}, N_{12}, · · · , N_{20})^T , (6)

N_C = (N_{21}, N_{22}, · · · , N_{30})^T ,

and A^{11} is a 10 × 10 transformation matrix

A^{11} = 1 8

1 1 1 −1^1_2 −1 −1 −1 1 −^1_2 1 1 −1 1^1_2 −1 −1 1 −1 −^1_2 4 −4 −2 −2 0 −4 4 2 2 0 −12 12 −6 2 0 −4 4 −2 6 0 36 36 0 0 2 12 12 0 0 6 −3 −3 −3 −1^1_2 −1 −1 −1 −3^3_2 −3 −3 3 1^1_2 −1 −1 1 3^3_2 −12 12 6 −2 0 −4 4 2 −6 0 4 −4 2 2 0 −4 4 −2 −2 0 −12 −12 0 0 2 12 12 0 0 −2

. (7)

This matrix is non-singular and it satisfies (A^{11})^3 = 1. The solution is

N_C = (A^{11})^{−1}N_B = (A^{11})^{−2}N_A . (8)

Therefore, we obtain a “trivial” result that all the ten tri-local baryon fields N_1 · · · N_{10} are non-zero as well as complete and independent. Other 20 fields N_{11} · · · N_{30} are related to these ten fields through the Fierz transformation.

2.2 J =^1_2 and I =^3_2

In this subsection, we study the case D(^1_2 , 0)_{I=} 3_2 . We find 15 bi-local baryon fields of J =^1_2 and I =^3_2 : { Δ^i_4 = (q̃(x)γ_μγ_5τ^j q(y))γ^μγ_5P^{ij}_{3/2}q(z) , Δ^i_5 = (q̃(x)σ_{μν} τ^j q(y))σ^{μν} P^{ij}_{3/2}q(z) , Δ^i_6 = (q̃(x)τ^j q(y))P^{ij}_{3/2}q(z) , Δ^i_7 = (q̃(x)γ_5τ^j q(y))γ_5P^{ij}_{3/2}q(z) , Δ^i_8 = (q̃(x)γ_μτ^j q(y))γ^μP^{ij}_{3/2}q(z) , { Δ^i_{14} = (q̃(z)γ_μγ_5τ^j q(x))γ^μγ_5P^{ij}_{3/2}q(y) , Δ^i_{15} = (q̃(z)σ_{μν} τ^j q(x))σ^{μν} P^{ij}_{3/2}q(y) , Δ^i_{16} = (q̃(z)τ^j q(x))P^{ij}_{3/2}q(y) , Δ^i_{17} = (q̃(z)γ_5τ^j q(x))γ_5P^{ij}_{3/2}q(y) , Δ^i_{18} = (q̃(z)γ_μτ^j q(x))γ^μP^{ij}_{3/2}q(y) , { Δ^i_{24} = (q̃(y)γ_μγ_5τ^j q(z))γ^μγ_5P^{ij}_{3/2}q(x) , Δ^i_{25} = (q̃(y)σ_{μν} τ^j q(z))σ^{μν} P^{ij}_{3/2}q(x) , Δ^i_{26} = (q̃(y)τ^j q(z))P^{ij}_{3/2}q(x) , Δ^i_{27} = (q̃(y)γ_5τ^j q(z))γ_5P^{ij}_{3/2}q(x) , Δ^i_{28} = (q̃(y)γ_μτ^j q(z))γ^μP^{ij}_{3/2}q(x) .

The latter ten fields Δ_{14} · · · Δ_{18} and Δ_{24} · · · Δ_{28} are the Fierz transformed fields of the former five fields Δ_4 · · · Δ_8. Here, P^{ij}_{3/2} is the isospin-projection operator for I =^3_2 . We define it together with the isospin-projection operator P^{ij}_{1/2} for I =^1_2 :

P^{ij}_{3/2} = δ^{ij} − 1 3 τ^iτ^j , P^{ij}_{1/2} = 1 3 τ^iτ^j , (9)

which satisfy

τ^iP^{ij}_{32} = 0 . (10)

Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

Δ^i_A = A^{13}Δ^i_B , Δ^i_B = A^{13}Δ^i_C , Δ^i_C = A^{13}Δ^i_A . (11) where

Δ^i_A = (Δ^i_6 , Δ^i_7 , Δ^i_8 , Δ^i_4 , Δ^i_5)^T , Δ^i_B = (Δ^i_{16} , Δ^i_{17} , Δ^i_{18} , Δ^i_{14} , Δ^i_{15})^T , (12) Δ^i_C = (Δ^i_{26} , Δ^i_{27} , Δ^i_{28} , Δ^i_{24} , Δ^i_{25})^T , and A^{13} is a 5 × 5 transformation matrix

A^{13} = 1 4 1 1 1 1 −^1_2 1 1 −1 −1 −^1_2 4 −4 −2 2 0 4 −4 2 −2 0 −12 −12 0 0 −2

. (13)

Again, this matrix is non-singular and it satisfies (A^{13})^3 = 1. The solution is

Δ^i_C = (A^{13})^{−1}Δ^i_B = (A^{13})^{−2}Δ^i_A . (14) Therefore, five fields are complete and independent.

2.3 J =^3_2 and I =^1_2

The three-quark baryon field of J =^3_2 contains either one free Lorentz index (N_μ) or two antisymmetric Lorentz indices (N_{μν} = −N_{νμ}). The former case has a Lorentz representation D(1,^1_2 )_{I=} 1_2 , and we find 18 tri-local baryon fields

N_{3μ} = (q̃(x)γ_ν q(y))Γ^{μν}_{3/2}γ_5q(z) , N_{4μ} = (q̃(x)γ_ν γ_5τ^iq(y))Γ^{μν}_{3/2}τ^iq(z) , N_{5μ} = (q̃(x)σ_{αβ} τ^iq(y))Γ^{μα}_{3/2}γ^β γ_5τ^iq(z) , N_{8μ} = (q̃(x)γ_ν τ^iq(y))Γ^{μν}_{3/2}γ_5τ^iq(z) , N_{9μ} = (q̃(x)γ_ν γ_5q(y))Γ^{μν}_{3/2}q(z) , N_{10μ} = (q̃(x)σ_{αβ} q(y))Γ^{μα}_{3/2}γ^βγ_5q(z) ,

N_{13μ} = (q̃(z)γ_ν q(x))Γ^{μν}_{3/2}γ_5q(y) , N_{14μ} = (q̃(z)γ_ν γ_5τ^iq(x))Γ^{μν}_{3/2}τ^iq(y) , N_{15μ} = (q̃(z)σ_{αβ} τ^iq(x))Γ^{μα}_{3/2}γ^βγ_5τ^iq(y) , N_{18μ} = (q̃(z)γ_ν τ^iq(x))Γ^{μν}_{3/2}γ_5τ^iq(y) , N_{19μ} = (q̃(z)γ_ν γ_5q(x))Γ^{μν}_{3/2}q(y) , N_{20μ} = (q̃(z)σ_{αβ} q(x))Γ^{μα}_{3/2}γ^β γ_5q(y) ,

N_{23μ} = (q̃(y)γ_ν q(z))Γ^{μν}_{3/2}γ_5q(x) , N_{24μ} = (q̃(y)γ_ν γ_5τ^iq(z))Γ^{μν}_{3/2}τ^iq(x) , N_{25μ} = (q̃(y)σ_{αβ} τ^iq(z))Γ^{μα}_{3/2}γ^βγ_5τ^iq(x) , N_{28μ} = (q̃(y)γ_ν τ^iq(z))Γ^{μν}_{3/2}γ_5τ^iq(x) , N_{29μ} = (q̃(y)γ_ν γ_5q(z))Γ^{μν}_{3/2}q(x) , N_{30μ} = (q̃(y)σ_{αβ} q(z))Γ^{μα}_{3/2}γ^βγ_5q(x) .

The latter 12 fields are the Fierz transformed fields of the former six fields N_{3μ} · · · N_{5μ} and N_{8μ} · · · N_{10μ}. Similar to the isospin projection operators, we define Γ^{μν}_{3/2} and Γ^{μν}_{1/2}, which are the spin-projection operators for the J =^3_2 and J =^1_2 states:

Γ^{μν}_{3/2} = g^{μν} − 1 4 γ^μγ^ν , Γ^{μν}_{1/2} = 1 4 γ^μγ^ν . (15)

They satisfy γ_μΓ^{μν}_{3/2} = 0 . (16)

Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

N_{Aμ} = A^{31}N_{Bμ} , N_{Bμ} = A^{31}N_{Cμ} , N_{Cμ} = A^{31}N_{Aμ} .(17) where

N_{Aμ} = (N_{3μ} , N_{4μ} , N_{5μ} , N_{8μ} , N_{9μ} , N_{10μ})^T , N_{Bμ} = (N_{13μ} , N_{14μ} , N_{15μ} , N_{18μ} , N_{19μ} , N_{20μ})^T , (18) N_{Cμ} = (N_{23μ} , N_{24μ} , N_{25μ} , N_{28μ} , N_{29μ} , N_{30μ})^T , and A^{31} is a 6 × 6 transformation matrix

A^{31} = 1 4

1 1 1 −1 −1 −1 3 −1 1 1 −3 3 6 2 0 2 6 0 −3 1 1 −1 3 3 −1 −1 1 1 1 −1 −2 2 0 2 −2 0

. (19)

This matrix is non-singular and it satisfies (A^{31})^3 = 1. The solution is

N_{Cμ} = (A^{31})^{−1}N_{Bμ} = (A^{31})^{−2}N_{Aμ} . (20)

Therefore, six fields are complete and independent.

For two antisymmetric Lorentz indices with the Lorentz representation D(^3_2 , 0)_{I=} 1_2 , we find six fields: { N_{5μν} = (q̃(x)σ_{αβ} τ^iq(y))Γ^{μναβ}_{3/2} τ^iq(z) , N_{10μν} = (q̃(x)σ_{αβ} q(y))Γ^{μναβ}_{3/2} q(z) , { N_{15μν} = (q̃(z)σ_{αβ} τ^iq(x))Γ^{μναβ}_{3/2} τ^iq(y) , N_{20μν} = (q̃(z)σ_{αβ} q(x))Γ^{μναβ}_{3/2} q(y) , (21) { N_{25μν} = (q̃(y)σ_{αβ} τ^iq(z))Γ^{μναβ}_{3/2} τ^iq(x) , N_{30μν} = (q̃(y)σ_{αβ} q(z))Γ^{μναβ}_{3/2} q(x) . The latter four fields are the Fierz transformed fields of the former two fields N_{5μν} and N_{10μν} . Here, Γ^{μναβ} is another J =^3_2 projection operator defined as Γ^{μναβ} = ( g^{μα}g^{νβ} − 1 2 g^{νβ}γ^μγ^α + 1 2 g^{μβ} γ^ν γ^α + 1 6 σ^{μν} σ^{αβ} ) . (22)

Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

N_{Aμν} = B^{31}N_{Bμν} , N_{Bμν} = B^{31}N_{Cμν} , N_{Cμν} = B^{31}N_{Aμν} . (23)

where

N_{Aμν} = (N_{5μν} , N_{10μν} )^T , N_{Bμν} = (N_{15μν} , N_{20μν} )^T , (24) N_{Cμν} = (N_{25μν} , N_{30μν} )^T ,

and B^{31} is a 2 × 2 transformation matrix

B^{31} = 1 2 ( 1 −1 −3 −1 ) (25)

This matrix is non-singular and it satisfies (B^{31})^3 = 1. The solution is

N_{Cμν} = (B^{31})^{−1}N_{Bμν} = (B^{31})^{−2}N_{Aμν} . (26)

Therefore, two fields are complete and independent.

2.4 J =^3_2 and I =^3_2

In this subsection, we also need to consider the case of one Lorentz index (Δ^i_μ) and two antisymmetric Lorentz indices (Δ^i_{μν} = −Δ^i_{νμ}). For the former one with the Lorentz representation D(1,^1_2 )_{I=} 3_2 , we find nine baryon fields

Δ^i_{4μ} = (q̃(x)γ_ν γ_5τ^j q(y))Γ^{μν}_{3/2}P^{ij}_{3/2}q(z) , Δ^i_{5μ} = (q̃(x)σ_{αβ} τ^j q(y))Γ^{μα}_{3/2}γ^βγ_5P^{ij}_{3/2}q(z) , Δ^i_{8μ} = (q̃(x)γ_ν τ^j q(y))Γ^{μν}_{3/2}γ_5P^{ij}_{3/2}q(z) , Δ^i_{14μ} = (q̃(z)γ_ν γ_5τ^j q(x))Γ^{μν}_{3/2}P^{ij}_{3/2}q(y) , Δ^i_{15μ} = (q̃(z)σ_{αβ} τ^j q(x))Γ^{μα}_{3/2}γ^βγ_5P^{ij}_{3/2}q(y) , Δ^i_{18μ} = (q̃(z)γ_ν τ^iq(x))Γ^{μν}_{3/2}γ_5P^{ij}_{3/2}q(y) ,

(27)

Δ^i_{24μ} = (q̃(y)γ_ν γ_5τ^j q(z))Γ^{μν}_{3/2}P^{ij}_{3/2}q(x) , Δ^i_{25μ} = (q̃(y)σ_{αβ} τ^j q(z))Γ^{μα}_{3/2}γ^βγ_5P^{ij}_{3/2}q(x) , Δ^i_{28μ} = (q̃(y)γ_ν τ^iq(z))Γ^{μν}_{3/2}γ_5P^{ij}_{3/2}q(x) .

The latter six fields are the Fierz transformed fields of the former three fields Δ^i_{4μ}, Δ^i_{5μ}, and Δ^i_{8μ}. Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

Δ^i_{Aμ} = A^{33}Δ^i_{Bμ} , Δ^i_{Bμ} = A^{33}Δ^i_{Cμ} , Δ^i_{Cμ} = A^{33}Δ^i_{Aμ} . (28)

where

Δ^i_{Aμ} = (Δ^i_{8μ} , Δ^i_{4μ} , Δ^i_{5μ})^T , Δ^i_{Bμ} = (Δ^i_{18μ} , Δ^i_{14μ} , Δ^i_{15μ})^T , (29) Δ^i_{Cμ} = (Δ^i_{28μ} , Δ^i_{24μ} , Δ^i_{25μ})^T ,

and A^{33} is a 3 × 3 transformation matrix

A^{33} = − 1 2 1 −1 −1 −1 1 −1 −2 −2 0 . (30)

This matrix is non-singular and it satisfies (A^{33})^3 = 1. The solution is

Δ^i_{Cμ} = (A^{33})^{−1}Δ^i_{Bμ} = (A^{33})^{−2}Δ^i_{Aμ} . (31)

Therefore, three fields are complete and independent.

Finally, for two antisymmetric Lorentz indices with the Lorentz representation D(^3_2 , 0)_{I=} 3_2 , we find three Δ fields Δ^i_{5μν} = (q̃(x)σ_{αβ} τ^j q(y))Γ^{μναβ}_{3/2} P^{ij}_{3/2}q(z) , Δ^i_{15μν} = (q̃(z)σ_{αβ} τ^j q(x))Γ^{μναβ}_{3/2} P^{ij}_{3/2}q(y) , (32) Δ^i_{25μν} = (q̃(y)σ_{αβ} τ^j q(z))Γ^{μναβ}_{3/2} P^{ij}_{3/2}q(x) . The latter two fields are the Fierz transformed fields of the first one Δ^i_{5μν} . Using the Fierz identities for the Dirac spin and isospin indices, we obtain the following identities:

Δ^i_{5μν} = Δ^i_{15μν} = Δ^i_{25μν} .

Therefore, there is only one field, and itself is a complete basis.

3 Chiral Transformations

In this section, we study the chiral transformations of trilocal baryon fields. The analysis and notations in this section are similar to our previous paper [11], and the results are listed here. We do this procedure according to their spin in the following subsections.

3.1 J =^1_2

Under the Abelian U(1)_A chiral transformation, the D(^1_2 , 0)_{I=} 1_2 three-quark baryon fields transform as δ_5N_1 = iaγ_5(N_1 + 2N_2) , δ_5N_2 = iaγ_5(2N_1 + N_2) , δ_5N_3 = −iaγ_5N_3 , δ_5N_4 = −iaγ_5N_4 , δ_5N_5 = 3aγ_5N_5 ,

(33)

δ_5N_6 = iaγ_5(N_6 + 2N_7) , δ_5N_7 = iaγ_5(2N_6 + N_7) , δ_5N_8 = −iaγ_5N_8 , δ_5N_9 = −iaγ_5N_9 , δ_5N_{10} = 3aγ_5N_{10} ,

and the D(^1_2 , 0)_{I=} 3_2 baryon fields transform as { δ_5Δ^i_4 = −iaγ_5Δ^i_4 , δ_5Δ^i_5 = 3iaγ_5Δ^i_5 , (34) δ_5Δ^i_6 = iaγ_5(Δ^i_6 + 2Δ^i_7) , δ_5Δ^i_7 = iaγ_5(2Δ^i_6 + Δ^i_7) , δ_5Δ^i_8 = −iaγ_5Δ^i_8 .

We find that N_1 and N_2 can be reduced to irreducible components by taking the antisymmetric linear combination of the two nucleon fields:

δ_5(N_1 + N_2) = 3iaγ_5(N_1 + N_2) , (35) δ_5(N_1 − N_2) = −iaγ_5(N_1 − N_2) .

The same can be done for N_6, N_7, Δ^i_6, and Δ^i_7: δ_5(N_6 + N_7) = 3iaγ_5(N_6 + N_7) , δ_5(N_6 − N_7) = −iaγ_5(N_6 − N_7) , (36) δ_5(Δ^i_6 + Δ^i_7) = 3iaγ_5(Δ^i_6 + Δ^i_7) , δ_5(Δ^i_6 − Δ^i_7) = −iaγ_5(Δ^i_6 − Δ^i_7) .

Under the non-Abelian SU(2)_A chiral transformation, the D(^1_2 , 0)_{I=} 1_2 baryon fields transform as

δ^a_5 N_1 = ia · τ γ_5N_1 , δ_5N_2 = ia · τ γ_5N_2 , δ^a_5 N_3 = −ia · τ γ_5N_3 −^2_3 ia · τ γ_5N_4 − 2iγ_5a · Δ_4 , δ^a_5 N_4 = −2ia · τ γ_5N_3 +^1_3 ia · τ γ_5N_4 − 2iγ_5a · Δ_4 , δ^a_5 N_5 = ia · τ γ_5N_5 , δ^a_5 N_6 = −^1_3 ia · τ γ_5N_6 +^4_3 ia · τ γ_5N_7

+ 2iγ_5a · Δ_6 − 2iγ_5a · Δ_7 , δ^a_5 N_7 = −^1_3 ia · τ γ_5N_7 +^4_3 ia · τ γ_5N_6

+ 2iγ_5a · Δ_7 − 2iγ_5a · Δ_6 , δ^a_5 N_8 =^1_3 ia · τ γ_5N_8 − 2ia · τ γ_5N_9 − 2iγ_5a · Δ_8 , δ^a_5 N_9 = −^2_3 ia · τ γ_5N_8 − ia · τ γ_5N_9 − 2iγ_5a · Δ_8 , δ^a_5 N_{10} = ia · τ γ_5N_{10} ,

(37) and the D(^1_2 , 0)_{I=} 3_2 baryon fields transform as

δ^a_5 Δ^i_4 = −2iγ_5a^j P^{ij}_{3/2}N_3 −^2_3 iγ_5a^j P^{ij}_{3/2}N_4

+^2_3 iτ^iγ_5a · Δ_4 − ia · τ γ_5Δ^i_4 , δ^a_5 Δ^i_5 = −2iτ^iγ_5a · Δ_5 + 3ia · τ γ_5Δ^i_5 ,

(38)

δ^a_5 Δ^i_6 = −^4_3 iτ^iγ_5a · Δ_7 + 2ia · τ γ_5Δ^i_7 −^2_3 iγ_5a^j P^{ij}_{3/2}N_7 −^2_3 iτ^iγ_5a · Δ_6 + ia · τ γ_5Δ^i_6 +^2_3 iγ_5a^j P^{ij}_{3/2}N_6 , δ^a_5 Δ^i_7 = −^4_3 iτ^iγ_5a · Δ_6 + 2ia · τ γ_5Δ^i_6 −^2_3 iγ_5a^j P^{ij}_{3/2}N_6 −^2_3 iτ^iγ_5a · Δ_7 + ia · τ γ_5Δ^i_7 +^2_3 iγ_5a^j P^{ij}_{3/2}N_7 , δ^a_5 Δ^i_8 = −2iγ_5a^j P^{ij}_{3/2}N_9 −^2_3 iγ_5a^j P^{ij}_{3/2}N_8

+^2_3 iτ^iγ_5a · Δ_8 − ia · τ γ_5Δ^i_8 .

We find that N_3, N_4, and Δ^i_4 can be reduced to irreducible components by taking the following linear combinations:

δ^a_5 (N_3 − N_4) = ia · τ γ_5(N_3 − N_4) , (39) { δ^a_5 (3N_3 + N_4) = −iγ_5

[_5 3 a · τ (3N_3 + N_4) + 8a · Δ_4 ] , δ^a_5 Δ^i_4 = −iγ_5

[_2 3 a^j P^{ij}_{3/2}(3N_3 + N_4) −^2_3 τ^ia · Δ_4 + a · τ Δ^i_4 ] . The same can be done for N_6, N_7, Δ^i_6, and Δ^i_7:

δ^a_5 (N_6 + N_7) = ia · τ γ_5(N_6 + N_7) , (40) δ^a_5 (N_6 − N_7) = −^5_3 ia · τ γ_5(N_6 − N_7) + 4iγ_5a · (Δ_6 − Δ_7) , δ^a_5 (Δ_6 − Δ_7)^i =^2_3 iτ^iγ_5a · (Δ_6 − Δ_7) − ia · τ γ_5(Δ_6 − Δ_7)^i +^4_3 iγ_5a^j P^{ij}_{3/2}(N_6 − N_7) ,

δ^a_5 (Δ_6 + Δ_7)^i = −2iτ^iγ_5a · (Δ_6 − Δ_7) + 3ia · τ γ_5(Δ_6 − Δ_7)^i .

The same is also true for N_8, N_9, and Δ^i_8:

δ^a_5 (N_8 − N_9) = ia · τ γ_5(N_8 − N_9) , (41) δ^a_5 (N_8 + 3N_9) = −^5_3 ia · τ γ_5(N_8 + 3N_9) − 8iγ_5a · Δ_8 , δ^a_5 Δ^i_8 = −^2_3 iγ_5a^j P^{ij}_{3/2}(N_8 + 3N_9) +^2_3 iτ^iγ_5a · Δ_8 − ia · τ γ_5Δ^i_8 .

3.2 J =^3_2

Under the Abelian U(1)_A chiral transformation, the D(1,^1_2 )_{I=} 1_2 three-quark baryon fields transform as

δ_5N_{3μ} = iaγ_5N_{3μ} , δ_5N_{4μ} = iaγ_5N_{4μ} , δ_5N_{5μ} = iaγ_5N_{5μ} ,

δ_5N_{8μ} = iaγ_5N_{8μ} , δ_5N_{9μ} = iaγ_5N_{9μ} , δ_5N_{10μ} = iaγ_5N_{10μ} .

(42)

The D(1,^1_2 )_{I=} 3_2 baryon fields transform as

δ_5Δ^i_{4μ} = iaγ_5Δ^i_{4μ} , δ_5Δ^i_{5μ} = iaγ_5Δ^i_{5μ} , δ_5Δ^i_{8μ} = iaγ_5Δ^i_{8μ} .

(43)

The D(^3_2 , 0)_{I=} 1_2 and D(^3_2 , 0)_{I=} 3_2 baryon fields transform as δ_5N_{5μν} = 3iaγ_5N_{3μν} , δ_5N_{10μν} = 3iaγ_5N_{10μν} , δ_5Δ^i_{5μν} = 3iaγ_5Δ^i_{5μν} .

(44)

Under the SU(2)_A chiral transformation, the D(1,^1_2 )_{I=} 1_2 baryon fields transform as

δ^a_5 N_{3μ} = ia · τ γ_5N_{3μ} +^2_3 ia · τ γ_5N_{4μ} + 2iγ_5a · Δ^μ_4 , δ^a_5 N_{4μ} = 2ia · τ γ_5N_{3μ} −^1_3 ia · τ γ_5N_{4μ} + 2iγ_5a · Δ^μ_4 , δ^a_5 N_{5μ} =^5_3 ia · τ γ_5N_{5μ} − 4iγ_5a · Δ_{5μ} ,

δ^a_5 N_{8μ} = −^1_3 ia · τ γ_5N_{8μ} + 2ia · τ γ_5N_{9μ} + 2iγ_5a · Δ_{8μ} , δ^a_5 N_{9μ} =^2_3 ia · τ γ_5N_{8μ} + ia · τ γ_5N_{9μ} + 2iγ_5a · Δ_{8μ} , δ^a_5 N_{10μ} = −ia · τ γ_5N_{10μ} . (45)

The D(1,^1_2 )_{I=} 3_2 baryon fields transform as

δ^a_5 Δ^{μi}_4 = 2iγ_5a^j P^{ij}_{32} N_{3μ} +^2_3 iγ_5a^j P^{ij}_{32} N_{4μ}

−^2_3 iτ^iγ_5a · Δ^μ_4 + ia · τ γ_5Δ^{μi}_4 , δ^a_5 Δ^{μi}_5 = −^4_3 iγ_5a^j P^{ij}_{3/2}N^μ_5 −^2_3 iτ^iγ_5a · Δ^μ_5 + ia · τ γ_5Δ^{μi}_5 , δ^a_5 Δ^{μi}_8 = 2iγ_5a^j P^{ij}_{32} N_{9μ} +^2_3 iγ_5a^j P^{ij}_{32} N_{8μ}

−^2_3 iτ^iγ_5a · Δ^μ_8 + ia · τ γ_5Δ^{μi}_8 .

(46)

The D(^3_2 , 0)_{I=} 1_2 and D(^3_2 , 0)_{I=} 3_2 baryon fields transform as δ^a_5 N_{5μν} = iτ · aγ_5N_{5μν} , δ^a_5 N_{10μν} = iτ · aγ_5N_{10μν} , δ^a_5 Δ^i_{5μν} = −2iτ^iγ_5a · Δ_{5μν} + 3ia · τ γ_5Δ^i_{5μν} ,

(47)

We find that N_{3μ}, N_{4μ}, and Δ^i_{4μ} can be reduced to irreducible components by taking the following linear combinations:

δ^a_5 (N_{3μ} − N_{4μ}) = −ia · τ γ_5(N_{3μ} − N_{4μ}) , (48)

δ^a_5 (3N_{3μ} + N_{4μ}) =^5_3 ia · τ γ_5(3N_{3μ} + N_{4μ}) + 8iγ_5a · Δ^μ_4 , δ^a_5 Δ^{μi}_4 =^2_3 iγ_5a^j P^{ij}_{32} (3N_{3μ} + N_{4μ}) −^2_3 iτ^iγ_5a · Δ^μ_4 + ia · τ γ_5Δ^{μi}_4 . The same can be done for N_{8μ}, N_{9μ}, and Δ^i_{8μ}:

δ^a_5 (N_{8μ} − N_{9μ}) = −ia · τ γ_5(N_{8μ} − N_{9μ}) , (49)

δ^a_5 (N_{8μ} + 3N_{9μ}) =^5_3 ia · τ γ_5(N_{8μ} + 3N_{9μ}) + 8iγ_5a · Δ_{8μ} , δ^a_5 Δ^{μi}_8 =^2_3 iγ_5a^j P^{ij}_{32} (N_{8μ} + 3N_{9μ}) −^2_3 iτ^iγ_5a · Δ^μ_8 + ia · τ γ_5Δ^{μi}_8 . We note that N_{5μ} and Δ^i_{5μ} are also related to each other under the SU(2)_A chiral transformation, and the linear combinations are not needed.

4 Conclusions and Summary

In this section, we summarize the chiral multiplets found in the previous section. For the J =^1_2 baryon fields, (N_1 ± N_2), (N_3 − N_4), N_5, (N_6 + N_7), (N_8 − N_9), and N_{10} form seven [(^1_2 , 0) ⊕ (0,^1_2 )] chiral multiplets; (N_3 + 1 3 N_4, Δ^i_4), (N_6 − N_7, Δ^i_6 − Δ^i_7), and (N_8 + 3N_9, Δ^i_8) form three [(1,^1_2 ) ⊕ (^1_2 , 1)] chiral multiplets; Δ^i_5 and (Δ^i_6 + Δ^i_7) form two [(^3_2 , 0) ⊕ (0,^3_2 )] chiral multiplets. For the J =^3_2 baryon fields, (N_{3μ} − N_{4μ}), (N_{8μ} − N_{9μ}), N_{10μ}, N_{5μν} , and N_{10μν} form five [(^1_2 , 0)⊕(0,^1_2 )] chiral multiplets, (N_{3μ} +^1_3 N_{4μ}, Δ^i_{4μ}), (N_{5μ}, Δ^i_{5μ}), and (N_{8μ} + 3N_{9μ}, Δ^i_{8μ}) form three [(1,^1_2 ) ⊕ (^1_2 , 1)] chiral multiplets; Δ^i_{5μν} forms one [(^3_2 , 0) ⊕ (0,^3_2 )] chiral multiplet.

We find a total of 31 independent chiral multiplets. They are listed in Tables 1, 2, and 3 with their Abelian axial charge g^{(0)}_A and the non-Abelian axial charge g^{(1)}_A . The SU(2)_A chiral transformation of Δ^i fields always contain two diagonal terms: τ^ia · Δ and a · τ Δ^i. To show “numbers” in these tables, we simply add their coefficients and use brackets to denote this, such as “g^{(1)}_A = (−^1_3 )” for the Δ^i_4 field. We note that some of the fields have already been studied in the bi-local case [11].

We find that the chiral transformation properties of every new field, which turns up in the tri-local case, is similar to some old one in the local case. This is also true for the bi-local baryon fields, i.e., the chiral transformation properties of every new field, which turns up in the bilocal case, is similar to some old one in the local case. We find that the [(^1_2 , 0) ⊕ (0,^1_2 )] chiral multiplets (N_1 − N_2), (N_3 − N_4), and (N_8 − N_9) transform in the same way, whereas the [(0,^1_2 ) ⊕ (^1_2 , 0)] chiral multiplets (N_{3μ} − N_{4μ}), (N_{8μ} − N_{9μ}), and N_{10μν} transform like their mirror fields; the [(^1_2 , 0) ⊕ (0,^1_2 )] chiral multiplets (N_1 + N_2), N_5, (N_6 + N_7), N_{10}, N_{5μν} , and N_{10μν} transform in the same way; the [(^1_2 , 1) ⊕ (1,^1_2 )] chiral multiplets (N_3 +^1_3 N_4, Δ^i_4), (N_6 − N_7, Δ^i_6 − Δ^i_7), and (N_8 + 3N_9, Δ^i_8) transform in the same way, whereas the [(1,^1_2 ) ⊕ (^1_2 , 1)] chiral multiplets (N_{3μ} +^1_3 N_{4μ}, Δ^i_{4μ}), (N_{5μ}, Δ^i_{5μ}), and (N_{8μ} + 3N_{9μ}, Δ^i_{8μ}) transform like their mirror fields; the [(^3_2 , 0)⊕(0,^3_2 )] chiral multiplets Δ^i_5, (Δ^i_6 + Δ^i_7), and Δ^{μν}_5 transform in the same way.

In summary, we have systematically investigated trilocal three-quark baryon fields. Through the Fierz transformation, we find that B(x, y, z), B(y, z, x), and B(z, x, y) can be related using some transformation matrices (others like B(y, x, z) can be also related, see Eq. (4)). The Pauli principle is taken into account also by using the Fierz transformation. However, different from the local and bilocal cases, in the case of tri-local baryon fields, the Pauli principle does not forbid any possible structure among the three quark fields inside, whose structure can be carried out by suitable Lorentz and flavor matrices.

We classified all the J =^1_2 and J =^3_2 baryon fields and studied their chiral transformation properties, according to their Lorentz and isospin (flavor) group representations. Together with the local and bi-local three-quark baryon fields, which have been studied in Refs. [9,11], we arrive at our final conclusion that the axial coupling constant |g_A| =^5_3 only exists for nucleon fields belonging to the chiral representation (^1_2 , 1) ⊕ (1,^1_2 ) where the nucleon and Δ fields are both inside. Moreover, all the nucleon fields belonging to this chiral representation have |g_A| =^5_3 .

The procedures in this paper can be straightforwardly applied to bi-local/tri-local three-quark baryon fields having SU(3)_L ⊗ SU(3)_R chiral symmetry, which is our next subject.

Table 1. Chiral multiplets of Lorentz representation D(^1_2 , 0), together with their Abelian and non-Abelian axial charges g^{(0)}_A and g^{(1)}_A .

Baryon Fields g^{(0)}_A g^{(1)}_A SUL(2) × SUR(2) N1 − N2 −1 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N1 + N2 +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N3 − N4 −1 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N5 +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N6 + N7 +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N8 − N9 −1 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N10 +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N3 +^1_3 N4 −1 −^5_3 (^1_2 , 1) ⊕ (1,^1_2 ) Δ^i_4 −1 (−^1_3 ) (^1_2 , 1) ⊕ (1,^1_2 ) N6 − N7 −1 −^5_3 (^1_2 , 1) ⊕ (1,^1_2 ) Δ^i_6 − Δ^i_7 −1 (−^1_3 ) (^1_2 , 1) ⊕ (1,^1_2 ) N8 + 3N9 −1 −^5_3 (^1_2 , 1) ⊕ (1,^1_2 ) Δ^i_8 −1 (−^1_3 ) (^1_2 , 1) ⊕ (1,^1_2 ) Δ^i_5 +3 (+1) (^3_2 , 0) ⊕ (0,^3_2 ) Δ^i_6 + Δ^i_7 +3 (+1) (^3_2 , 0) ⊕ (0,^3_2 )

Table 2. Chiral multiplets of Lorentz representation D(1,^1_2 ), together with their Abelian and non-Abelian axial charges g^{(0)}_A and g^{(1)}_A .

Baryon Fields g^{(0)}_A g^{(1)}_A SUL(2) × SUR(2) N^μ_3 − N^μ_4 +1 −1 (0,^1_2 ) ⊕ (^1_2 , 0) N^μ_8 − N^μ_9 +1 −1 (0,^1_2 ) ⊕ (^1_2 , 0) N^μ_{10} +1 −1 (0,^1_2 ) ⊕ (^1_2 , 0) N^μ_3 +^1_3 N^μ_4 +1 +^5_3 (1,^1_2 ) ⊕ (^1_2 , 1) Δ^{μi}_4 +1 (+^1_3 ) (1,^1_2 ) ⊕ (^1_2 , 1) N^μ_5 +1 +^5_3 (1,^1_2 ) ⊕ (^1_2 , 1) Δ^μ_5 +1 (+^1_3 ) (1,^1_2 ) ⊕ (^1_2 , 1) N^μ_8 + 3N^μ_9 +1 +^5_3 (1,^1_2 ) ⊕ (^1_2 , 1) Δ^{μi}_8 +1 (+^1_3 ) (1,^1_2 ) ⊕ (^1_2 , 1)

Acknowledgments

This work is partly supported by the National Natural Science Foundation of China under Grant No. 11147140,

Table 3. Chiral multiplets of Lorentz representation D(^3_2 , 0), together with their Abelian and non-Abelian axial charges g^{(0)}_A and g^{(1)}_A . UA(1) SUA(2) SUV (2) × SUA(2) N^{μν}_5 +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) N^{μν}_{10} +3 +1 (^1_2 , 0) ⊕ (0,^1_2 ) Δ^{μν}_5 +3 (+1) (^3_2 , 0) ⊕ (0,^3_2 )

and the Scientific Research Foundation for the Returned Overseas Chinese Scholars, State Education Ministry.

References

1. H. Georgi, Lie Algebras in Particle Physics, (The Benjamin/Cummings Publishing Company, Mas-sachusetts, USA, 1982).

2. Y. Ohnuki, Unitary Representations of the Poincare Group and Relativistic Wave Equations, (World Scientific, Singapore, 1988).

3. B. W. Lee, Chiral Dynamics, (Gordon and Breach, New York, 1972).

4. T. D. Lee, Particle Physics and Introduction to Field Theory, (Harwood, Chur, Switzerland, 1981).

5. R. Slansky, Phys. Rept. 79, 1 (1981).

6. S. Weinberg, Phys. Rev. 177, 2604 (1969); S. Weinberg, Phys. Rev. Lett. 65, 1177 (1990).

7. T. Hatsuda and T. Kunihiro, Phys. Rept. 247, 221 (1994);

D. Jido, M. Oka and A. Hosaka, Prog. Theor. Phys. 106, 873 (2001); D. Jido, T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 84, 3252 (2000); S. R. Beane and M. J. Savage, Phys. Lett. B 556, 142 (2003); M. Benmerrouche, R. M. Davidson and N. C. Mukhopadhyay, Phys. Rev. C 39, 2339 (1989); H. Haberzettl, arXiv:nucl-th/9812043; C. DeTar and T. Kunihiro, Phys. Rev. D 39, 2805 (1989). T. D. Cohen and L. Y. Glozman, Int. J. Mod. Phys. A 17, 1327 (2002); D. Diakonov, V. Y. Petrov and P. V. Pobylitsa, Nucl. Phys. B 306, 809 (1988); E. E. Jenkins and A. V. Manohar, Phys. Lett. B 259, 353 (1991); D. Jido and W. Weise, Phys. Rev. C 72, 045203 (2005); C. V. Christov et al., Prog. Part. Nucl. Phys. 37, 91 (1996).

8. B. L. Ioffe, Nucl. Phys. B 188, 317 (1981) [Erratum-ibid.

B 191, 591 (1981)]; B. L. Ioffe, Z. Phys. C 18, 67 (1983); Y. Chung, H. G. Dosch, M. Kremer and D. Schall, Nucl. Phys. B 197 (1982) 55; D. Espriu, P. Pascual and R. Tarrach, Nucl. Phys. B 214 (1983) 285; D. B. Leinweber, Phys. Rev. D 53, 5115 (1996); D. B. Leinweber, Phys. Rev. D 51, 6383 (1995).

9. K. Nagata, A. Hosaka and V. Dmitrasinovic, Mod. Phys.

Lett. A 23, 2381 (2008).

10. H. X. Chen, V. Dmitrašinović, A. Hosaka, K. Nagata and S. L. Zhu, Phys. Rev. D 78, 054021 (2008).

11. V. Dmitrasinovic and H. X. Chen, Eur. Phys. J. C 71, 1543 (2011).

12. M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 606, 245 (2001); V. M. Braun, D. Y. .Ivanov and G. P. Korchemsky, Phys. Rev. D 69, 034014 (2004); C. - D. Lu, K. Ukai and M. -Z. Yang, Phys. Rev. D 63, 074009 (2001); H. -n. Li and H. -S. Liao, Phys. Rev. D 70, 074030

(2004); T. Huang, C. -F. Qiao and X. -G. Wu, Phys. Rev. D 73, 074004 (2006); A. G. Grozin and M. Neubert, Phys. Rev. D 55, 272 (1997).

13. V. L. Chernyak, A. A. Ogloblin and I. R. Zhitnitsky, Z.

Phys. C 42, 569 (1989) [Yad. Fiz. 48, 1410 (1988)] [Sov. J. Nucl. Phys. 48, 896 (1988)]; S. J. Brodsky, J. R. Ellis, J. S. Hagelin and C. T. Sachrajda, Nucl. Phys. B 238, 561 (1984); V. L. Chernyak and I. R. Zhitnitsky, Nucl. Phys. B 246, 52 (1984); F. Gross, G. Ramalho and M. T. Pena, Phys. Rev. D 85, 093005 (2012); I. D. King and C. T. Sachrajda, Nucl. Phys. B 279, 785 (1987); N. Matagne and F. .Stancu, Phys. Rev. D 77, 054026 (2008).

14. S. J. Dong, K. F. Liu and A. G. Williams, Phys. Rev. D 58, 074504 (1998); H. C. Kim, M. Praszalowicz, M. V. Polyakov and K. Goeke, Phys. Rev. D 58, 114027 (1998); D. B. Leinweber and A. W. Thomas, Phys. Rev. D 62, 074505 (2000); Y. Kuramashi, M. Fukugita, H. Mino, M. Okawa and A. Ukawa, Phys. Rev. Lett. 71, 2387 (1993); D. B. Leinweber, T. Draper and R. M. Woloshyn, Phys. Rev. D 46, 3067 (1992); D. H. Beck and R. D. McKeown, Ann. Rev. Nucl. Part. Sci. 51, 189 (2001); F. X. Lee and L. Wang, Phys. Rev. D 83, 094008 (2011).

15. C. Alexandrou, E. B. Gregory, T. Korzec, G. Koutsou, J. W. Negele, T. Sato and A. Tsapalis, Phys. Rev. Lett. 107, 141601 (2011); K. S. Choi, W. Plessas and R. F. Wagenbrunn, Phys. Rev. D 82, 014007 (2010); S. L. Zhu, Phys. Rev. D 79, 116002 (2009); D. O. Riska and G. E. Brown, Nucl. Phys. A 679, 577 (2001); R. Machleidt, Phys. Rev. C 63, 024001 (2001); N. Fettes and U. G. Meissner, Nucl. Phys. A 679, 629 (2001); S. L. Zhu, Phys. Rev. C 63, 018201 (2001); A. Hosaka, D. Jido and M. Oka, arXiv:hep-ph/0112355; T. R. Hemmert and W. Weise, Eur. Phys. J. A 15, 487 (2002); T. R. Hemmert, M. Procura and W. Weise, Phys. Rev. D 68, 075009 (2003); A. A. Khan et al., Phys. Rev. D 74, 094508 (2006); W. Broniowski, A. Steiner and M. Lutz, Phys. Rev. Lett. 71, 1787 (1993); B. L. Ioffe and A. G. Oganesian, Phys. Rev. D 57, 6590 (1998); S. L. Zhu, W. Y. P. Hwang and Y. B. P. Dai, Phys. Rev. C 59, 442 (1999).