arXiv:1210.3399v1 [hep-ph] 12 Oct 2012

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

The “Closed” Chiral Symmetry and Its Application to Tetraquark

Hua-Xing Chen

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

Received: date / Revised version: date

Abstract. We investigate the chiral (flavor) structure of tetraquarks, and study chiral transformation properties of the “non-exotic” [(¯3, 3) ⊕ (3, ¯3)] and [(8, 1) ⊕ (1, 8)] tetraquark chiral multiplets. We find that as long as this kind of tetraquark states contains one quark and one antiquark having the same chirality, such as qLqLq̄Lq̄R + qRqRq̄Rq̄L, they transform in the same way as the lowest level q̄q chiral multiplets under chiral transformations. There is only one [(¯3, 3) ⊕ (3, ¯3)] chiral multiplet whose quarkantiquark pairs all have the opposite chirality (qLqLq̄Rq̄R + qRqRq̄Lq̄L), and it transforms differently from others. Based on these studies, we construct local tetraquark currents belonging to the “non-exotic” chiral multiplet [(¯3, 3) ⊕ (3, ¯3)] and having quantum numbers J^{P C} = 1^{−+}.

PACS. 11.30.Rd Chiral symmetries – 12.39.Mk Glueball and nonstandard multi-quark/gluon states – 14.40.Rt Exotic mesons

1 Introduction

The spontaneously breaking of chiral symmetry is one of the key issues to understand the nonlinear behaviors of the Quantum Chromodynamics (QCD) at the low energy region as well as the mass of hadrons [1,2,3,4,5,6,7,8,9,10,11, 12,13]. To describe the chiral symmetry we use the SU(3)_L ⊗ SU(3)_R chiral group, which spontaneously breaks to the SU(3)_V group and produces eight Goldstone bosons, the pseudoscalar mesons π, K and η_8. To study this chiral group we can use an algebraic method, and perform chiral transformations to study the chiral structure of hadrons [10, 11,12,13,14,15,16]. During this process the chiral representation itself is not changed. For example, we can perform chiral transformations on baryons belonging to the [(6, 3) ⊕ (3, 6)] chiral representation, and the transformed ones still belong to the same representation. So the chiral symmetry is “closed” under chiral transformations.

The study of exotic hadrons is another interesting subject [17,18,19,20,21,22,23,24,25,26,27,28]. Hadrons having exotic structures are called exotica, such as hybrid states, glueballs, tetraquark states and molecular states, etc.. The existence of exotic hadrons is not forbidden by QCD. However, there are quite a few experiments which have observed exotic hadrons. These observed exotica are π_1(1400), π_1(1600) and π_1(2015), etc. [29], but still they do not have an exotic flavor structure. Hence, the exotic flavor structure seems missing in our world. The chiral symmetry has been studied by lots of physicists, but the chiral structure of exotic hadrons has not been investigated by so many physicists yet. Since there are always multi-quark components in the Fock space expansion of physical hadron states, it is worth studying what remains unchanged in this expansion.

Here we would like to propose that the “closed” chiral symmetry may be related to the missing of the exotic flavor structure. Take the lowest level chiral multiplet (σ, π) as an example. Here we assume that they belong to the [(3, ¯3) + (¯3, 3)] chiral representation. Their behaviors under the U(1)_V , U(1)_A, SU(3)_V and SU(3)_A chiral transformations reflect their scattering properties with the revelent pseudoscalar mesons. Since the transformed fields still belong to the same representation, the final states of this scattering should also belong to this chiral multiplet. They can be higher lever chiral multiplets, such as (ρ, a_1), but they still have a non-exotic flavor structure.

Take the meson f_1 of J^{P C} = 1^{++} as another example. We use the interpolating field J_μ = q̄γ_μγ_5q as the lowest level term, which can couple to f_1. It belongs to the chiral representation [(8, 1) + (1, 8)]. Its full Fock space expansion can be written as: |f_1⟩ = |q̄γ_μγ_5q⟩ + |q̄γ_ν G^{μν} q⟩ + |q̄γ_μγ_5qq̄q⟩ + · · · , (1) where latter terms can be obtained by properly adding a chiral singlet quark-antiquark pair or a (chiral singlet) gluon to some former terms. All these terms belong to the same [(8, 1) + (1, 8)] chiral multiplet. Chiral transformations do not change this chiral representation, and so there are no exotic flavor structures in this expansion. However, the

2 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

third term q̄γ_μγ_5qq̄q can be transformed to q̄γ_μγ_5qq̄γ_5q, which can have exotic quantum numbers J^{P C} = 1^{−+} and so can couple to the exotic meson π_1. We note that the exotic flavor structure may still exist, but then it can not be transformed to, nor transformed from, any term contained in the Fock space expansion of ground mesons and baryons under chiral transformations, i.e., it is not the chiral partner of any observed physical hadron. This may make them difficult to be observed.

In this paper we shall study the chiral structure of the tetraquark state. We shall only consider the chiral (flavor) degree of freedom and leave others undetermined, such as the color, orbit and spin. These degrees of freedom can be fixed in other models under proper assumptions. We shall perform chiral transformations on the tetraquarks belonging to the “non-exotic” [(3, ¯3) + (¯3, 3)] and the [(8, 1) + (1, 8)] chiral representations. Some of them contain one pair of quark and antiquark which have the same chirality and are combined to be a chiral singlet (q̄^A_L q^A_L + q̄^A_R q^A_R ). These tetraquarks transform in the same way exactly as the lowest level q̄q mesons belonging to the [(3, ¯3) + (¯3, 3)] or the [(8, 1) + (1, 8)] chiral multiplets, or their mirror multiplets. This seems to be trivial but the flavor indices need to be organized in a proper way in order to construct a tetraquark state belonging to these representations. Except these [(3, ¯3) + (¯3, 3)] and [(8, 1) + (1, 8)] chiral multiplets, there is only one [(¯3, 3) + (3, ¯3)] chiral multiplet, whose quark-antiquark pairs all have the opposite chirality (q_Lq_Lq̄_Rq̄_R + q_Rq_Rq̄_Lq̄_L), and it transforms differently from other multiplets.

This paper is organized as follows. In Sec. 2 we study the flavor structure of tetraquarks. In Sec. 3 we study the chiral structure of tetraquarks. We separately investigate tetraquarks belonging to the flavor singlet, flavor decuplet, flavor anti-decuplet, flavor 27 and flavor octet. In Sec. 4 we study chiral transformations of the [(3, ¯3) ⊕ (¯3, 3)] and [(8, 1) ⊕ (1, 8)] chiral multiplets. Based on these studies, in Sec. 5 we construct local tetraquark currents belonging to the “non-exotic” chiral multiplet [(¯3, 3) ⊕ (3, ¯3)] and having quantum numbers J^{P C} = 1^{−+}. Sec. 6 is a summary.

2 Flavor Structure of Tetraquark

The flavor structure of tetraquark is:

3 ⊗ 3 ⊗ ¯3 ⊗ ¯3 = ( ¯3 ⊕ 6 ) ⊗ ( 3 ⊕ ¯6 )

= ( ¯3 ⊗ 3 ) ⊕ ( ¯3 ⊗ ¯6 ) ⊕ ( 6 ⊗ 3 ) ⊕ ( 6 ⊗ ¯6 ) (2) = ( 1 ⊕ 8 ) ⊕ ( 8 ⊕ 10 ) ⊕ ( 8 ⊕ 10 ) ⊕ ( 1 ⊕ 8 ⊕ 27 ) . In our following calculation we shall use A, B, C, · · · to denote flavor indices. ϵ^{ABC} is the totally anti-symmetric tensor; S^{ABC}_P (P = 1 · · · 10) are the normalized totally symmetric matrices; λ_N (N = 1 · · · 8) are the Gell-Mann matrices; S^{ABCD} U (U = 1 · · · 27) are the matrices for the 27 flavor representation. We show their non-zero components in Tab 1. The weight diagram of this representation is a hexagon with three layers as shown in Fig. 1. In our definitions S^{ABCD}_1

Fig. 1. Weight diagram of the 27 flavor representation.

denotes the only one central point which is the inner layer, S^{ABCD}_{2···8} denote the six points in the intermediate layer

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 3

together with another point in the inner layer, and S^{ABCD}_{9···27} denote others twelve points in the outer layer together with

other six points in the intermediate layer and one point in the inner layer. They satisfy the normalization conditions: ∑ A ∑ B ∑ C ∑ D |S^{ABCD} U |^2 = 1 , (3)

and the following commutation and orthogonality relations: S^{ABCD} U = S^{BACD}_U = S^{ABDC}_U , (4) ∑ A ∑ B ∑ C ∑ D |S^{ABCD} U S^{ABCD} V | = 0 , for U ≠ V .

Table 1. Non-zero components of S^{ABCD}_U . U ABCD S^{ABCD}_U ABCD S^{ABCD}_U ABCD S^{ABCD}_U ABCD S^{ABCD}_U 1 1111, 2222 1/ √ 30 3333 √ 3/10 1212 1/ √ 120 1313,2323 − √ 3/40

2 1112,1222 1/ √ 20 1323 −1/ √ 5 3 1111,2323 1/ √ 10 2222,1313 −1/ √ 10 4 1211,2212 1/ √ 20 2313 −1/ √ 5 5 1113 √ 2/15 1333 − √ 3/10 1223 1/ √ 30 6 2223 √ 2/15 2333 − √ 3/10 1213 1/ √ 30 7 2322 √ 2/15 3323 − √ 3/10 1312 1/ √ 30 8 1311 √ 2/15 3313 − √ 3/10 2312 1/ √ 30 9 1122 1

10 1112 1/2 1222 −1/2

11 1111,2222 1/ √ 6 1212 −1/ √ 6 12 1211 1/2 2212 −1/2

13 2211 1

14 1123 1/ √ 2 15 1113 1/ √ 6 1223 −1/ √ 6 16 2223 −1/ √ 6 1213 1/ √ 6 17 2213 1/ √ 2 18 1322 1/ √ 2 19 2322 −1/ √ 6 1312 1/ √ 6 20 1311 1/ √ 6 2312 −1/ √ 6 21 2311 1/ √ 2 22 1133 1

23 1233 1/ √ 2 24 2233 1

25 3322 1

26 3312 1/ √ 2 27 3311 1

We can explicitly write down all the tetraquark flavor representations shown in Eq. (2) using these definitions and notations. We do this according to the flavor symmetries of diquarks and antidiquarks:

1. When the diquark and the antidiquark both have the antisymmetric flavor structure, i.e., the flavor representation of (qq)(q̄q̄) is ¯3 ⊗ 3, the flavor representations of tetraquark can be singlet (S_1) and octet (O^N_1 ):

S_1 = ϵ^{ABE}ϵ^{CDE} (q_Aq_B )(q̄_Cq̄_D) (5)

4 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

= (q_Aq_B )(q̄_Aq̄_B − q̄_Bq̄_A) , O^N_1 = ( δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N − δ^{AD} λ^{CB}_N + δ^{BD} λ^{CA}_N ) × × (q_Aq_B )(q̄_Cq̄_D) = δ^{AC} λ^{DB}_N (q_Aq_B − q_B q_A)(q̄_Cq̄_D − q̄_Dq̄_C ) .

2. When the diquark has the antisymmetric flavor structure and the antidiquark has the symmetric structure (¯3(qq)⊗ ¯6(q̄q̄)), the flavor representations of tetraquark can be octet (O^N_2 ) and anti-decuplet (D^P ):

O^N_2 = ( δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N + δ^{AD} λ^{CB}_N − δ^{BD} λ^{CA}_N ) × × (q_Aq_B )(q̄_Cq̄_D) = δ^{AC} λ^{DB}_N (q_Aq_B − q_B q_A)(q̄_Cq̄_D + q̄_Dq̄_C ) , (6)

D^P = ϵ^{ABE}S^{CDE}_P (q_Aq_B )(q̄_Cq̄_D) .

3. When the diquark has the symmetric flavor structure and the antidiquark has the antisymmetric structure (6(qq)⊗ 3(q̄q̄)), the flavor representations of tetraquark can be octet (O^N_3 ) and decuplet (D^P ):

O^N_3 = ( δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N − δ^{AD} λ^{CB}_N − δ^{BD} λ^{CA}_N ) × × (q_Aq_B )(q̄_Cq̄_D) = δ^{AC} λ^{DB}_N (q_Aq_B + q_B q_A)(q̄_Cq̄_D − q̄_Dq̄_C ) , (7) D^P = S^{ABE}_P ϵ^{CDE} (q_Aq_B )(q̄_Cq̄_D) .

4. When the diquark and the antidiquark both have the symmetric flavor structure (6(qq) ⊗ ¯6(q̄q̄)), the flavor representations of tetraquark can be singlet (S_2), octet (O^N_4 ) and 27_f (T^U ):

S_2 = (δ^{AC} δ^{BD} + δ^{AD} δ^{BC} )(q_Aq_B )(q̄_Cq̄_D) = (q_Aq_B )(q̄_Aq̄_B + q̄_Bq̄_A) , (8) O^N_4 = ( δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N + δ^{AD} λ^{CB}_N + δ^{BD} λ^{CA}_N ) × × (q_Aq_B )(q̄_Cq̄_D) = δ^{AC} λ^{DB}_N (q_Aq_B + q_B q_A)(q̄_Cq̄_D + q̄_Dq̄_C ) , T^U = S^{ABCD} U (q_Aq_B )(q̄_Cq̄_D) .

3 Chiral Structure of Tetraquark

Compared with its flavor structure, the chiral structure of the tetraquark is more complicated: ( (3, 1) ⊕ (1, 3)

)_2 ⊗ ( (¯3, 1) ⊕ (1, ¯3)

)_2 (9) = ( (¯3, 1) ⊕ (1, ¯3) ⊕ (6, 1) ⊕ (1, 6) ⊕ (3, 3) ⊕ (3, 3) ) ⊗ ( (3, 1) ⊕ (1, 3) ⊕ (¯6, 1) ⊕ (1, ¯6) ⊕ (¯3, ¯3) ⊕ (¯3, ¯3) )

We show its full expression in Tab 2, where q_L and q_R denote the left-handed and right-handed quarks, respectively. We note that the chiral structure of the tetraquark is always like [(A, B) + (B, A)], since “left” and “right” can be interchanged in the QCD sector.

Using the same definitions and notations shown in the previous section, we can explicitly write down these chiral representations. Their explicit forms are shown in several tables. The flavor singlet tetraquarks are shown in Tab 3, the flavor decuplet, anti-decuplet and 27_f tetraquarks are shown in Tab 4, and the flavor octet tetraquarks are shown in Tab 5. In these tables there are many exotic chiral multiplets, such as the [(15, 3) ⊕ (3, 15)] chiral multiplet. In this paper we shall not study these multiplets, but concentrate on the “non-exotic” [(¯3, 3) ⊕ (3, ¯3)] and [(8, 1) ⊕ (1, 8)] chiral multiplets as well as their mirror multiplets, which have the same chiral representations as the lowest level q̄q mesons.

From Tabs 3 and 5 we find that there are altogether two [(3, ¯3) ⊕ (¯3, 3)] chiral multiplets T^{(3,¯3)}_{1,2} and three [(¯3, 3) ⊕ (3, ¯3)] multiplets T^{(¯3,3)}_{3,4,5} . Each contains one singlet and one octet tetraquarks:

T^{(3,¯3)/(¯3,3)} i = (S_i , O_i)^T . (10)

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 5

Table 2. The chiral structure of tetraquarks.

Tetraquark Chirality Chiral Multiplets Diquark Symmetry (qq ⊗ q̄q̄)

qLqLq̄Lq̄L + qRqRq̄Rq̄R [(1, 1) ⊕ (1, 1)] , [(8, 1) ⊕ (1, 8)] [(8, 1) ⊕ (1, 8)] , [(10, 1) ⊕ (1, 10)] [(8, 1) ⊕ (1, 8)] , [(10, 1) ⊕ (1, 10)] [(1, 1) ⊕ (1, 1)], [(8, 1) ⊕ (1, 8)], [(27, 1) ⊕ (1, 27)]

(¯3, 1) ⊗ (3, 1) ⊕ (1, ¯3) ⊗ (1, 3) (¯3, 1) ⊗ (¯6, 1) ⊕ (1, ¯3) ⊗ (1, ¯6) (6, 1) ⊗ (3, 1) ⊕ (1, 6) ⊗ (1, 3) (6, 1) ⊗ (¯6, 1) ⊕ (1, 6) ⊗ (1, ¯6) qLqLq̄Lq̄R + qRqRq̄Rq̄L [(3, ¯3) ⊕ (¯3, 3)] , [(¯6, ¯3) ⊕ (¯3, ¯6)] [(3, ¯3) ⊕ (¯3, 3)] , [(15, ¯3) ⊕ (¯3, 15)]

(¯3, 1) ⊗ (¯3, ¯3) ⊕ (1, ¯3) ⊗ (¯3, ¯3) (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3)

qLqLq̄Rq̄R + qRqRq̄Lq̄L [(¯3, 3) ⊕ (3, ¯3)] [(¯3, ¯6) ⊕ (¯6, ¯3)] [(6, 3) ⊕ (3, 6)] [(6, ¯6) ⊕ (¯6, 6)]

(¯3, 1) ⊗ (1, 3) ⊕ (1, ¯3) ⊗ (3, 1) (¯3, 1) ⊗ (1, ¯6) ⊕ (1, ¯3) ⊗ (¯6, 1) (6, 1) ⊗ (1, 3) ⊕ (1, 6) ⊗ (3, 1) (6, 1) ⊗ (1, ¯6) ⊕ (1, 6) ⊗ (¯6, 1) qLqRq̄Lq̄L + qRqLq̄Rq̄R [(¯3, 3) ⊕ (3, ¯3)] , [(6, 3) ⊕ (3, 6)] [(¯3, 3) ⊕ (3, ¯3)] , [(15, 3) ⊕ (3, 15)]

(3, 3) ⊗ (3, 1) ⊕ (3, 3) ⊗ (1, 3) (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6) qLqRq̄Lq̄R + qRqLq̄Rq̄L [(1, 1) ⊕ (1, 1)] , [(8, 1) ⊕ (1, 8)] [(1, 8) ⊕ (8, 1)] , [(8, 8) ⊕ (8, 8)]

(3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)

Table 3. The flavor singlet tetraquarks and their chiral structures.

Tetraquarks Total Expression Chiral Rep. Diquark Symmetry (qq ⊗ q̄q̄) S^{(1,1)} ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_L q̄^C_L q̄^D_L + q^A_R q^B_R q̄^C_R q̄^D_R ) [(1, 1) + (1, 1)] (¯3, 1) ⊗ (3, 1) ⊕ (1, ¯3) ⊗ (1, 3) S^{(1,1)} ( δ^{AC} δ^{BD} + δ^{AD}δ^{BC} )( q^A_L q^B_L q̄^C_L q̄^D_L + q^A_R q^B_R q̄^C_R q̄^D_R ) [(1, 1) + (1, 1)] (6, 1) ⊗ (¯6, 1) ⊕ (1, 6) ⊗ (1, ¯6) S^{(1,1)} δ^{AC} δ^{BD} ( q^A_L q^B_R q̄^C_L q̄^D_R + q^A_R q^B_L q̄^C_R q̄^D_L ) [(1, 1) + (1, 1)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3) S^{(8,8)} λ^{AC}_N λ^{BD}_N ( q^A_L q^B_R q̄^C_L q̄^D_R + q^A_R q^B_L q̄^C_R q̄^D_L ) [(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3) S^{(3,¯3)} ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_R q̄^D_L ) [(3, ¯3) + (¯3, 3)] (¯3, 1) ⊗ (¯3, ¯3) ⊕ (1, ¯3) ⊗ (¯3, ¯3) S^{(3,¯3)} ( δ^{AC} δ^{BD} + δ^{BC} δ^{AD} )( q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_R q̄^D_L ) [(3, ¯3) + (¯3, 3)] (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3) S^{(¯3,3)} ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_L q̄^C_R q̄^D_R + q^A_R q^B_R q̄^C_L q̄^D_L ) [(¯3, 3) + (3, ¯3)] (¯3, 1) ⊗ (1, 3) ⊕ (1, ¯3) ⊗ (3, 1) S^{(¯3,3)} ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_R q̄^C_L q̄^D_L + q^A_R q^B_L q̄^C_R q̄^D_R ) [(¯3, 3) + (3, ¯3)] (3, 3) ⊗ (3, 1) ⊕ (3, 3) ⊗ (1, 3) S^{(¯3,3)} ( δ^{AC} δ^{BD} + δ^{AD}δ^{BC} )( q^A_L q^B_R q̄^C_L q̄^D_L + q^A_R q^B_L q̄^C_R q̄^D_R ) [(¯3, 3) + (3, ¯3)] (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6) S^{(6,¯6)} ( δ^{AC} δ^{BD} + δ^{AD}δ^{BC} )( q^A_L q^B_L q̄^C_R q̄^D_R + q^A_R q^B_R q̄^C_L q̄^D_L ) [(6, ¯6) + (¯6, 6)] (6, 1) ⊗ (1, ¯6) ⊕ (1, 6) ⊗ (¯6, 1)

The singlet and octet tetraquarks contain both the left-handed and right-handed parts which can be written in the following way in order to specify representations of the chiral group SU(3)_L⊗SU(3)_R for simplicity, i.e., T = T_L +T_R → ( T_L T_R ) , similarly to q = q_L + q_R → ( q_L q_R ) [13]:

S_1 = ϵ^{ABE} ϵ^{CDE} [ q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_Rq̄^D_L ] → ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_L q̄^C_L q̄^D_R q^A_R q^B_R q̄^C_Rq̄^D_L ) , (11)

O_1 = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_R q^A_R q^B_R q̄^C_Rq̄^D_L ) , (12)

S_2 = (δ^{AC} δ^{BD} + δ^{BC} δ^{AD}) ( q^A_L q^B_L q̄^C_L q̄^D_R q^A_R q^B_R q̄^C_Rq̄^D_L ) , (13)

O_2 = (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_R q^A_R q^B_R q̄^C_Rq̄^D_L ) , (14) S_3 = ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_L q̄^C_Rq̄^D_R q^A_R q^B_R q̄^C_L q̄^D_L ) , (15)

6 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

Table 4. The flavor decuplet, anti-decuplet and 27_f tetraquarks and their chiral structures.

Tetraquarks Total Expression Chiral Rep. Diquark Symmetry (qq ⊗ q̄q̄) D^{(10,1)} S^{ABE}_P ϵ^{CDE} ( q^A_L q^B_L q̄^C_L q̄^D_L + q^A_R q^B_R q̄^C_Rq̄^D_R ) [(10, 1) + (1, 10)] (6, 1) ⊗ (3, 1) ⊕ (1, 6) ⊗ (1, 3) D^{(15,¯3)} S^{ABE}_P ϵ^{CDE} ( q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_Rq̄^D_L ) [(15, ¯3) + (¯3, 15)] (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3) D^{(6,3)} S^{ABE}_P ϵ^{CDE} ( q^A_L q^B_L q̄^C_R q̄^D_R + q^A_R q^B_R q̄^C_L q̄^D_L ) [(6, 3) + (3, 6)] (6, 1) ⊗ (1, 3) ⊕ (1, 6) ⊗ (3, 1) D^{(6,3)} S^{ABE}_P ϵ^{CDE} ( q^A_L q^B_R q̄^C_L q̄^D_L + q^A_R q^B_L q̄^C_Rq̄^D_R ) [(6, 3) + (3, 6)] (3, 3) ⊗ (3, 1) ⊕ (3, 3) ⊗ (1, 3) D^{(8,8)} S^{ABE}_P ϵ^{CDE} ( q^A_L q^B_R q̄^C_L q̄^D_R + q^A_R q^B_L q̄^C_Rq̄^D_L ) [(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3) D^{(10,1)} ϵ^{ABE} S^{CDE}_P ( q^A_L q^B_L q̄^C_L q̄^D_L + q^A_R q^B_R q̄^C_Rq̄^D_R ) [(10, 1) + (1, 10)] (¯3, 1) ⊗ (¯6, 1) ⊕ (1, ¯3) ⊗ (1, ¯6) D^{(¯6,¯3)} ϵ^{ABE} S^{CDE}_P ( q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_Rq̄^D_L ) [(¯6, ¯3) + (¯3, ¯6)] (¯3, 1) ⊗ (¯3, ¯3) ⊕ (1, ¯3) ⊗ (¯3, ¯3) D^{(¯3,¯6)} ϵ^{ABE} S^{CDE}_P ( q^A_L q^B_L q̄^C_R q̄^D_R + q^A_R q^B_R q̄^C_L q̄^D_L ) [(¯3, ¯6) + (¯6, ¯3)] (¯3, 1) ⊗ (1, ¯6) ⊕ (1, ¯3) ⊗ (¯6, 1) D^{(15,3)} ϵ^{ABE} S^{CDE}_P ( q^A_L q^B_R q̄^C_L q̄^D_L + q^A_R q^B_L q̄^C_Rq̄^D_R ) [(15, 3) + (3, 15)] (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6) D^{(8,8)} ϵ^{ABE} S^{CDE}_P ( q^A_L q^B_R q̄^C_L q̄^D_R + q^A_R q^B_L q̄^C_Rq̄^D_L ) [(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3) T^{(27,1)} S^{ABCD}_U ( q^A_L q^B_L q̄^C_L q̄^D_L + q^A_R q^B_R q̄^C_Rq̄^D_R ) [(27, 1) + (1, 27)] (6, 1) ⊗ (¯6, 1) ⊕ (1, 6) ⊗ (1, ¯6) T^{(15,¯3)} S^{ABCD}_U ( q^A_L q^B_L q̄^C_L q̄^D_R + q^A_R q^B_R q̄^C_Rq̄^D_L ) [(15, ¯3) + (¯3, 15)] (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3) T^{(15,3)} S^{ABCD}_U ( q^A_L q^B_R q̄^C_L q̄^D_L + q^A_R q^B_L q̄^C_Rq̄^D_R ) [(15, 3) + (3, 15)] (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6) T^{(8,8)} S^{ABCD}_U ( q^A_L q^B_R q̄^C_L q̄^D_R + q^A_R q^B_L q̄^C_Rq̄^D_L ) [(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)

O_3 = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N − δ^{AD}λ^{CB}_N + δ^{BD}λ^{CA}_N ) ( q^A_L q^B_L q̄^C_Rq̄^D_R q^A_R q^B_R q̄^C_L q̄^D_L ) , (16) S_4 = ϵ^{ABE} ϵ^{CDE} ( q^A_L q^B_R q̄^C_L q̄^D_L q^A_R q^B_L q̄^C_Rq̄^D_R ) , (17)

O_4 = (δ^{AC} λ^{DB}_N − δ^{AD}λ^{CB}_N ) ( q^A_L q^B_R q̄^C_L q̄^D_L q^A_R q^B_L q̄^C_Rq̄^D_R ) , (18)

S_5 = (δ^{AC} δ^{BD} + δ^{AD}δ^{BC} ) ( q^A_L q^B_R q̄^C_L q̄^D_L q^A_R q^B_L q̄^C_Rq̄^D_R ) , (19)

O_5 = (δ^{AC} λ^{DB}_N + δ^{AD}λ^{CB}_N ) ( q^A_L q^B_R q̄^C_L q̄^D_R q^A_R q^B_L q̄^C_Rq̄^D_L ) . (20)

Again we find that the “left” and “right” can be interchanged here.

The chiral multiplet T^{(3,¯3)/(¯3,3)}

1,2,4,5 all contain one pair of quark and antiquark which has the same chirality and can

be combined to be a chiral singlet. This is just like adding one chiral singlet quark-antiquark pair (q̄^A_L q^A_L + q̄^A_R q^A_R ) to the lowest level q̄q chiral multiplet belonging to the representations [(3, ¯3) ⊕ (¯3, 3)] and [(¯3, 3) ⊕ (3, ¯3)]. In contrast, all the quark-antiquark pairs contained in T^{(¯3,3)}_3 have the opposite chirality, and so can not be chiral singlet. This makes T^{(¯3,3)}

3 much different from others.

We do the same procedures and find there are altogether five [(8, 1) ⊕ (1, 8)] chiral multiplets T^{(8,1)}_{1···5} and one [(1, 8) ⊕ (8, 1)] multiplet T^{(1,8)}_6 :

T^{(8,1)} 1,N = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N − δ^{AD} λ^{CB}_N + δ^{BD} λ^{CA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_L q^A_R q^B_R q̄^C_Rq̄^D_R ) , (21)

T^{(8,1)} 2,N = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N + δ^{AD} λ^{CB}_N − δ^{BD} λ^{CA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_L q^A_R q^B_R q̄^C_Rq̄^D_R ) , (22)

T^{(8,1)} 3,N = (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N − δ^{AD} λ^{CB}_N − δ^{BD} λ^{CA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_L q^A_R q^B_R q̄^C_Rq̄^D_R ) , (23)

T^{(8,1)} 4,N = (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N + δ^{AD} λ^{CB}_N + δ^{BD} λ^{CA}_N ) ( q^A_L q^B_L q̄^C_L q̄^D_L q^A_R q^B_R q̄^C_Rq̄^D_R ) , (24)

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 7

Table 5. The flavor octet tetraquarks and their chiral structures.

Tetraquarks Total Expression Chiral Rep. Diquark Symmetry (qq ⊗ q̄q̄) O(8,1) (_{δAC λDB} N − δ BC λDA N − δ AD λCB N + δ BD λCA N )(_{qA} L q B L q̄ C L q̄ D L + q A R q B R q̄ C R q̄ D R )_{[(8, 1) + (1, 8)] (¯3, 1) ⊗ (3, 1) ⊕ (1, ¯3) ⊗ (1, 3)} O(8,1) (_{δAC λDB} N − δBC λDA N + δAD λCB N − δBD λCA N )(_{qA} L qB L q̄C L q̄D L + qA R qB R q̄C R q̄D R )_{[(8, 1) + (1, 8)] (¯3, 1) ⊗ (¯6, 1) ⊕ (1, ¯3) ⊗ (1, ¯6)} O(8,1) (_{δAC λDB} N + δBC λDA N − δAD λCB N − δBD λCA N )(_{qA} L qB L q̄C L q̄D L + qA R qB R q̄C R q̄D R )_{[(8, 1) + (1, 8)] (6, 1) ⊗ (3, 1) ⊕ (1, 6) ⊗ (1, 3)} O(8,1) (_{δAC λDB} N + δBC λDA N + δAD λCB N + δBD λCA N )(_{qA} L qB L q̄C L q̄D L + qA R qB R q̄C R q̄D R )_{[(8, 1) + (1, 8)] (6, 1) ⊗ (¯6, 1) ⊕ (1, 6) ⊗ (1, ¯6)} O(3, ¯3) (_{δAC λDB} N − δBC λDA N )(_{qA} L qB L q̄C L q̄D R + qA R qB R q̄C R q̄D L )_{[(3, ¯3) + (¯3, 3)] (¯3, 1) ⊗ (¯3, ¯3) ⊕ (1, ¯3) ⊗ (¯3, ¯3)} O( ¯6,¯3) (_{δAC λDB} N − δBC λDA N − 2δAD λCB N + 2δBD λCA N )(_{qA} L qB L q̄C L q̄D R + qA R qB R q̄C R q̄D L )_{[(¯6, ¯3) + (¯3, ¯6)] (¯3, 1) ⊗ (¯3, ¯3) ⊕ (1, ¯3) ⊗ (¯3, ¯3)} O(3, ¯3) (_{δAC λDB} N + δBC λDA N )(_{qA} L qB L q̄C L q̄D R + qA R qB R q̄C R q̄D L )_{[(3, ¯3) + (¯3, 3)] (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3)} O(15, ¯3) (_{δAD λCB} N + δBD λCA N )(_{qA} L qB L q̄C L q̄D R + qA R qB R q̄C R q̄D L )_{[(15, ¯3) + (¯3, 15)] (6, 1) ⊗ (¯3, ¯3) ⊕ (1, 6) ⊗ (¯3, ¯3)} O( ¯3,3) (_{δAC λDB} N − δBC λDA N − δAD λCB N + δBD λCA N )(_{qA} L qB L q̄C R q̄D R + qA R qB R q̄C L q̄D L )_{[(¯3, 3) + (3, ¯3)] (¯3, 1) ⊗ (1, 3) ⊕ (1, ¯3) ⊗ (3, 1)} O( ¯3,¯6) (_{δAC λDB} N − δBC λDA N + δAD λCB N − δBD λCA N )(_{qA} L qB L q̄C R q̄D R + qA R qB R q̄C L q̄D L )_{[(¯3, ¯6) + (¯6, ¯3)] (¯3, 1) ⊗ (1, ¯6) ⊕ (1, ¯3) ⊗ (¯6, 1)} O(6,3) (_{δAC λDB} N + δBC λDA N − δAD λCB N − δBD λCA N )(_{qA} L qB L q̄C R q̄D R + qA R qB R q̄C L q̄D L )_{[(6, 3) + (3, 6)] (6, 1) ⊗ (1, 3) ⊕ (1, 6) ⊗ (3, 1)} O(6, ¯6) (_{δAC λDB} N + δBC λDA N + δAD λCB N + δBD λCA N )(_{qA} L qB L q̄C R q̄D R + qA R qB R q̄C L q̄D L )_{[(6, ¯6) + (¯6, 6)] (6, 1) ⊗ (1, ¯6) ⊕ (1, 6) ⊗ (¯6, 1)} O( ¯3,3) (_{δAC λDB} N − δAD λCB N )(_{qA} L qB R q̄C L q̄D L + qA R qB L q̄C R q̄D R )_{[(¯3, 3) + (3, ¯3)] (3, 3) ⊗ (3, 1) ⊕ (3, 3) ⊗ (1, 3)} O(6,3) (_{δAC λDB} N − δAD λCB N − 2δBC λDA N + 2δBD λCA N )(_{qA} L qB R q̄C L q̄D L + qA R qB L q̄C R q̄D R )_{[(6, 3) + (3, 6)] (3, 3) ⊗ (3, 1) ⊕ (3, 3) ⊗ (1, 3)} O( ¯3,3) (_{δAC λDB} N + δAD λCB N )(_{qA} L qB R q̄C L q̄D L + qA R qB L q̄C R q̄D R )_{[(¯3, 3) + (3, ¯3)] (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6)}

O(15,3) (_{δBC λDA} N + δBD λCA N )(_{qA} L qB R q̄C L q̄D L + qA R qB L q̄C R q̄D R )_{[(15, 3) + (3, 15)] (3, 3) ⊗ (¯6, 1) ⊕ (3, 3) ⊗ (1, ¯6)} O(8,1) δBD λCA N (_{qA} L qB R q̄C L q̄D R + qA R qB L q̄C R q̄D L )_{[(8, 1) + (1, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)} O(1,8) δAC λDBN (_{qA} L q B R q̄ C L q̄ D R + q A R q B L q̄ C R q̄ D L )_{[(1, 8) + (8, 1)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)} O(8,8) δAD λCB N (_{qA} L qB R q̄C L q̄D R + qA R qB L q̄C R q̄D L )_{[(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)} O(8,8) δBC λDA N (_{qA} L qB R q̄C L q̄D R + qA R qB L q̄C R q̄D L )_{[(8, 8) + (8, 8)] (3, 3) ⊗ (¯3, ¯3) ⊕ (3, 3) ⊗ (¯3, ¯3)}

T^{(8,1)} 5,N = δ^{BD} λ^{CA}_N ( q^A_L q^B_R q̄^C_L q̄^D_R

q^A_R q^B_L q̄^C_Rq̄^D_L ) , (25)

T^{(1,8)} 6,N = δ^{AC} λ^{DB}_N ( q^A_L q^B_R q̄^C_L q̄^D_R

q^A_R q^B_L q̄^C_Rq̄^D_L ) . (26)

All these six multiplets contain one pair of quark and antiquark which has the same chirality and can be combined to

be a chiral singlet.

4 Chiral Transformation

4.1 Chiral Transformation of Mesons

Under the U(1)_V , U(1)_A, SU(3)_V and SU(3)_A chiral transformations, the quark, q = ( q_L q_R ) , transforms as

U(1)_V : q → exp(ia^0)q = q + δq ,

SU(3)_V : q → exp(iλ · a)q = q + δ^aq , (27)

U(1)_A : q → exp(iγ_5b^0)q = q + δ_5q ,

SU(3)_A : q → exp(iγ_5λ · b)q = q + δ^b_5 q ,

8 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

where λ are the eight Gell-Mann matrices; a^0 is an infinitesimal parameter for the U(1)_V transformation, a the octet of SU(3)_V group parameters, b^0 an infinitesimal parameter for the U(1)_A transformation, and b the octet of the chiral transformations; the γ_5 matrix is diagonal in the chiral (Weyl) representations [13]:

γ_5 = ( −1 0 0 1 ) . (28)

In this subsection we study the chiral transformation properties of quark-antiquark mesons. The chiral (flavor) structure of quark-antiquark mesons can be

M^{(1,1)}_1 = q^A_L q̄^A_L + q^A_Rq̄^A_R → δ^{AB} ( q^A_L q̄^B_L q^A_Rq̄^B_R ) , (29)

M^{(8,1)}_{2,N} = λ^{BA}_N ( q^A_L q̄^B_L q^A_Rq̄^B_R ) , (30)

M^{(3,¯3)}_3 = (S , O)^T , (31)

where S = δ^{AB} ( q^A_L q̄^B_R q^A_Rq̄^B_L ) , (32) O_N = λ^{BA}_N ( q^A_L q̄^B_R q^A_Rq̄^B_L ) . (33)

The mesons M^{(1,1)}_1 , M^{(8,1)}_{2,N} and M^{(3,¯3)}_3 belong to the chiral representations [(1, 1) ⊕ (1, 1)], [(8, 1) ⊕ (1, 8)] and [(3, ¯3) ⊕ (¯3, 3)], respectively.

The U(1)_V chiral transformation is trivial which counts the quark number δM_i = 0. The other chiral transformation equations are:

δ_5M^{(1,1)}_1 = 0 , δ^aM^{(1,1)}_1 = 0 , δ^b_5 M^{(1,1)}_1 = 0 .

(34)

δ_5M^{(8,1)}_{2,M} = 0 , δ^aM^{(8,1)}_{2,M} = 2a^N f_{NMO} M^{(8,1)}_{2,O} , δ^b_5 M^{(8,1)}_{2,M} = 2ib^N f_{NMO}γ_5M^{(8,1)}_{2,O} .

(35)

δ_5S = 2ib^0γ_5S , δ^aS = 0 , δ^b_5 S = 2iγ_5b^N O_N .

(36)

δ_5O_M = 2ib^0γ_5O_M , δ^aO_M = 2a^N f_{NMO} O_O , δ^b_5 O_M = 2ib^N d_{NMO} γ_5O_O +^4_3 b^M γ_5S .

(37)

We note that these chiral transformation equations are different from those of the relevant meson currents (fields), but their coefficients are similar. For example, the singlet meson field η ≡ q̄^a_Aγ_5q^a_A, belonging to the chiral representation [(3, ¯3) ⊕ (¯3, 3)], transforms as

δ_5η = 2ib^0q̄^a_Aq^a_A , δ^aη = 0 , δ^b_5 η = 2ib^Nq̄^a_Aλ^{AB}_N q^a_B ,

(38)

where the coefficients 2ib^0, 0 and 2ib^N are similar to those of Eqs. (36).

4.2 Chiral Transformation of Tetraquarks

In this subsection we study the chiral transformation properties of tetraquarks belonging to the “non-exotic” [(¯3, 3) ⊕ (3, ¯3)] and [(8, 1) ⊕ (1, 8)] chiral representations. The calculations are straightforward and so we only show the final

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 9

results here. The U(1)_V chiral transformation is again trivial which counts the quark number δT_i = 0. The chiral transformations of T^{(3,¯3)}_{1,2} are the same, while T^{(¯3,3)}_{4,5} transform like their mirror fields:

δ_5S_1 = 2ib^0γ_5S_1 , δ^aS_1 = 0 , δ^b_5 S_1 = 2iγ_5b^N O^N_1 .

(39)

δ_5O^M_1 = 2ib^0γ_5O^M_1 , δ^aO^M_1 = 2a^N f_{NMO}O^O_1 , δ^b_5 O^M_1 = 2ib^N d_{NMO} γ_5O^O_1 +^4_3 b^M γ_5S_1 .

(40)

δ_5S_2 = 2ib^0γ_5S_2 , δ^aS_2 = 0 , δ^b_5 S_2 = 2iγ_5b^N O^N_2 .

(41)

δ_5O^M_2 = 2ib^0γ_5O^M_2 , δ^aO^M_2 = 2a^N f_{NMO}O^O_2 , δ^b_5 O^M_2 = 2ib^N d_{NMO} γ_5O^O_2 +^4_3 b^M γ_5S_2 .

(42)

δ_5S_4 = −2ib^0γ_5S_4 , δ^aS_4 = 0 , δ^b_5 S_4 = −2iγ_5b^N O^N_4 .

(43)

δ_5O^M_4 = −2ib^0γ_5O^M_4 , δ^aO^M_4 = 2a^N f_{NMO}O^O_4 , δ^b_5 O^M_4 = −2ib^N d_{NMO} γ_5O^O_4 −^4_3 b^M γ_5S_4 .

(44)

δ_5S_5 = −2ib^0γ_5S_5 , δ^aS_5 = 0 , δ^b_5 S_5 = −2iγ_5b^N O^N_5 .

(45)

δ_5O^M_5 = −2ib^0γ_5O^M_5 , δ^aO^M_5 = 2a^N f_{NMO}O^O_5 , δ^b_5 O^M_5 = −2ib^N d_{NMO} γ_5O^O_5 −^4_3 b^M γ_5S_5 .

(46)

These chiral transformation equations are the same as those of (σ, π) belonging to the [(¯3, 3) ⊕ (3, ¯3)] chiral representation, or its mirror representation (Eqs. (36) and (37)). While the chiral transformation equations of T^{(¯3,3)}_3 are different

δ_5S_3 = 4ib^0γ_5S_3 , δ^aS_3 = 0 , δ^b_5 S_3 = 2iγ_5b^N O^N_3 .

(47)

δ_5O^M_3 = 4ib^0γ_5O^M_3 , δ^aO^M_3 = 2a^N f_{NMO}O^O_3 , δ^b_5 O^M_3 = −2ib^N d_{NMO} γ_5O^O_3 +^4_3 b^M γ_5S_3 .

(48)

We note that this is the only case which has a non-exotic chiral representation but transforms differently from others under chiral transformations. To obtain these equations we need to use the following relation:

λ^{AC}_N λ^{BD}_M (49) = − 1 12 δ_{NM} δ^{AC} δ^{BD} + 1 4 δ_{NM} δ^{AD} δ^{BC} − 2 5 d_{NMO} δ^{AC} λ^{BD}_O + ( 3 5 d_{NMO} − i 3 f_{NMO})δ^{AD} λ^{BC}_O +( 3 5 d_{NMO} + i 3 f_{NMO} )δ^{BC} λ^{AD}_O − 2 5 d_{NMO} δ^{BD} λ^{AC}_O +(T^N_{8×10})_{MP} ϵ^{ABE} S^{CDE}_P + (T^N_{8×10})^∗_{MP} ϵ^{CDE}S^{ABE}_P +(T^N_{8×27})_{MU} S^{ABCD}_U ,

where T^N_{8×10} and T^N_{8×27} are the transition matrices satisfying (T^N_{8×10})_{MP} = −(T^M_{8×10})_{NP} . We show their explicit forms in Appendix A.

10 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

The chiral transformations of T^{(8,1)}_{1···5} are the same, while T^{(1,8)}_6 transform like their mirror fields:

δ_5T^{(8,1)}_{1···5,M} = 0 , δ^aT^{(8,1)}_{1···5,M} = 2a^N f_{NMO}T^{(8,1)}_{1···5,O} , δ^b_5 T^{(8,1)}_{1···5,M} = 2ib^N f_{NMO} γ_5T^{(8,1)}_{1···5,O} .

(50)

δ_5T^{(1,8)}_{6,M} = 0 , δ^aT^{(1,8)}_{6,M} = 2a^N f_{NMO} T^{(1,8)}_{6,O} , δ^b_5 T^{(1,8)}_{6,M} = −2ib^N f_{NMO} γ_5T^{(1,8)}_{6,O} .

(51)

These chiral transformations properties are the same as those of (ρ, a_1) belonging to the [(8, 1) ⊕ (1, 8)] chiral representation, or its mirror representation (Eqs. (35)).

5 Tetraquark Currents of J^{P C} = 1^{−+}

In the previous sections we have studied the chiral (flavor) structure of tetraquarks. Those obtained flavor matrices and chiral transformation equations can be used to construct tetraquark currents and study their chiral transformation properties. We note that the chiral (flavor) structure of tetraquark currents is much more complicated than their color and Lorentz structures, and so the construction of tetraquark currents becomes easy (much easier) based on the studies of previous sections. As an example, in this section we show how to construct tetraquark currents of exotic quantum numbers J^{P C} = 1^{−+}, but belonging to the “non-exotic” chiral multiplet [(¯3, 3) ⊕ (3, ¯3)].

The tetraquark currents of J^{P C} = 1^{−+} have been listed in Ref. [30], and so we just need to add the flavor matrices properly. The chiral multiplets T^{(3,¯3)}_1 and T^{(¯3,3)}_4 both contain the diquark and antidiquark having the antisymmetry flavor structure ¯3_f (qq) ⊗ 3_f (q̄q̄), i.e., the flavor matrix ϵ^{ABE}ϵ^{CDE} . Inserting this matrix into Eqs. (2) of Ref. [15], we obtain two independent flavor singlet tetraquark currents (the superscript A is used to denote the antisymmetric flavor structure): S^A_{1μ} = ϵ^{ABE}ϵ^{CDE} [ q^{aT}_A Cγ_5q^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D − q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C γ_5Cq̄^{bT}_D − q̄^b_C γ_5Cq̄^{aT}_D ) ] , S^A_{2μ} = ϵ^{ABE}ϵ^{CDE} [ q^{aT}_A Cγ^ν q^b_B (q̄^a_C σ_{μν} Cq̄^{bT}_D + q̄^b_C σ_{μν} Cq̄^{aT}_D ) + q^{aT}_A Cσ_{μν} q^b_B (q̄^a_C γ^ν Cq̄^{bT}_D + q̄^b_C γ^ν Cq̄^{aT}_D ) ] , (52)

where the sum over repeated indices (A, B, · · · for flavor indices, a, b, · · · for color indices, and μ, ν, · · · for Dirac spinor indices) is taken. C is the charge-conjugation matrix, q^a_A and q^b_B represent quarks, and q^c_C and q^d_D represent antiquarks. We can write them using the left- and right-handed quark fields q_L =^{1−γ5}_2 q and q_R =^{1+γ5}_2 q: S^A_{1μ} = ϵ^{ABE} ϵ^{CDE} [ 2q^{aT}_{LA}Cq^b_{LB} (q̄^a_{LC} γ_μCq̄^{bT}_{RD} − q̄^b_{LC} γ_μCq̄^{aT}_{RD} ) + 2q^{aT}_{RA}Cq^b_{RB} (q̄^a_{RA}γ_μCq̄^{bT}_{LB} − q̄^b_{RA}γ_μCq̄^{aT}_{LB} ) +2q^{aT}_{LA}Cγ_μq^b_{RB} (q̄^a_{LC} Cq̄^{bT}_{LD} − q̄^b_{LC} Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cγ_μq^b_{LB} (q̄^a_{RC} Cq̄^{bT}_{RD} − q̄^b_{RC} Cq̄^{aT}_{RD} ) ] , (53) S^A_{2μ} = ϵ^{ABE} ϵ^{CDE} [ 2q^{aT}_{LA}Cγ^ν q^b_{RB} (q̄^a_{LC} σ_{μν} Cq̄^{bT}_{LD} + q̄^b_{LC} σ_{μν} Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cγ^ν q^b_{LB} (q̄^a_{RC} σ_{μν} Cq̄^{bT}_{RD} + q̄^b_{RC} σ_{μν} Cq̄^{aT}_{RD} ) +2q^{aT}_{LA}Cσ_{μν} q^b_{LB}(q̄^a_{LC} γ^ν Cq̄^{bT}_{RD} + q̄^b_{LC} γ^ν Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cσ_{μν} q^b_{RB} (q̄^a_{RC} γ^ν Cq̄^{bT}_{LD} + q̄^b_{RC} γ^ν Cq̄^{aT}_{LD}) ] , from which we find that these two currents belong to both T^{(3,¯3)}_1 and T^{(¯3,3)}_4 . This is because these two chiral multiplets are related by the charge-conjugation transformation, and so if we want to construct tetraquark currents having a definite charge-conjugation parity, we need to use their combinations.

Inserting the flavor matrix (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N ) into Eqs. (2) of Ref. [15], we obtain two flavor octet tetraquark currents which also belong to both T^{(3,¯3)}_1 and T^{(¯3,3)}_4 : O^A_{1μ,N} = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N ) [ q^{aT}_A Cγ_5q^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D − q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C γ_5Cq̄^{bT}_D − q̄^b_C γ_5Cq̄^{aT}_D ) ] , O^A_{2μ,N} = (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N ) [ q^{aT}_A Cγ^ν q^b_B (q̄^a_C σ_{μν} Cq̄^{bT}_D + q̄^b_C σ_{μν} Cq̄^{aT}_D ) + q^{aT}_A Cσ_{μν} q^b_B (q̄^a_C γ^ν Cq̄^{bT}_D + q̄^b_C γ^ν Cq̄^{aT}_D ) ] . (54)

We can verify that S^A_{1μ} and O^A_{1μ,N} belong to the same chiral multiplet, while S^A_{2μ} and O^A_{2μ,N} belong to another chiral multiplet.

The chiral multiplet T^{(3,¯3)}_2 and T^{(¯3,3)}_5 contains the diquark and the antidiquark having the symmetry flavor structure 6_f (qq) ⊗ ¯6_f (q̄q̄), i.e., the flavor matrix (δ^{AC} δ^{BD} + δ^{BC} δ^{AD} ), and they are also related by the chargeconjugation transformation. Inserting this matrix into Eqs. (1) of Ref. [15], we obtain two independent flavor singlet tetraquark currents (the superscript S is used to denote the symmetric flavor structure):

S^S_{1μ} = (δ^{AC} δ^{BD} + δ^{BC} δ^{AD}) [ q^{aT}_A Cγ_5q^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D + q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C γ_5Cq̄^{bT}_D + q̄^b_C γ_5Cq̄^{aT}_D ) ] , S^S_{2μ} = (δ^{AC} δ^{BD} + δ^{BC} δ^{AD}) [ q^{aT}_A Cγ^ν q^b_B (q̄^a_C σ_{μν} Cq̄^{bT}_D − q̄^b_C σ_{μν} Cq̄^{aT}_D ) + q^{aT}_A Cσ_{μν} q^b_B (q̄^a_C γ^ν Cq̄^{bT}_D − q̄^b_C γ^ν Cq̄^{aT}_D ) ] . (55)

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 11

They can be written as S^S_{1μ} = ϵ^{ABE} ϵ^{CDE} [ 2q^{aT}_{LA}Cq^b_{LB} (q̄^a_{LC} γ_μCq̄^{bT}_{RD} + q̄^b_{LC} γ_μCq̄^{aT}_{RD} ) + 2q^{aT}_{RA}Cq^b_{RB} (q̄^a_{RA}γ_μCq̄^{bT}_{LB} + q̄^b_{RA}γ_μCq̄^{aT}_{LB} ) +2q^{aT}_{LA}Cγ_μq^b_{RB} (q̄^a_{LC} Cq̄^{bT}_{LD} + q̄^b_{LC} Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cγ_μq^b_{LB} (q̄^a_{RC} Cq̄^{bT}_{RD} + q̄^b_{RC} Cq̄^{aT}_{RD} ) ] , (56) S^S_{2μ} = ϵ^{ABE} ϵ^{CDE} [ 2q^{aT}_{LA}Cγ^ν q^b_{RB} (q̄^a_{LC} σ_{μν} Cq̄^{bT}_{LD} − q̄^b_{LC} σ_{μν} Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cγ^ν q^b_{LB} (q̄^a_{RC} σ_{μν} Cq̄^{bT}_{RD} − q̄^b_{RC} σ_{μν} Cq̄^{aT}_{RD} ) +2q^{aT}_{LA}Cσ_{μν} q^b_{LB}(q̄^a_{LC} γ^ν Cq̄^{bT}_{RD} − q̄^b_{LC} γ^ν Cq̄^{aT}_{LD}) + 2q^{aT}_{RA}Cσ_{μν} q^b_{RB} (q̄^a_{RC} γ^ν Cq̄^{bT}_{LD} − q̄^b_{RC} γ^ν Cq̄^{aT}_{LD}) ] , from which we find that these two currents belong to both T^{(3,¯3)}_2 and T^{(¯3,3)}_5 .

Inserting the flavor matrix (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N ) into Eqs. (1) of Ref. [15], we obtain two flavor octet tetraquark currents which also belong to both T^{(3,¯3)}_2 and T^{(¯3,3)}_5 : O^S_{1μ,N} = (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N ) [ q^{aT}_A Cγ_5q^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D + q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C γ_5Cq̄^{bT}_D + q̄^b_C γ_5Cq̄^{aT}_D ) ] , O^S_{2μ,N} = (δ^{AC} λ^{DB}_N + δ^{BC} λ^{DA}_N ) [ q^{aT}_A Cγ^ν q^b_B (q̄^a_C σ_{μν} Cq̄^{bT}_D − q̄^b_C σ_{μν} Cq̄^{aT}_D ) + q^{aT}_A Cσ_{μν} q^b_B (q̄^a_C γ^ν Cq̄^{bT}_D − q̄^b_C γ^ν Cq̄^{aT}_D ) ] . (57)

We can verify that S^S_{1μ} and O^S_{1μ,N} belong to the same chiral multiplet, while S^S_{2μ} and O^S_{2μ,N} belong to another chiral multiplet.

The chiral multiplet T^{(3,¯3)}_3 contains the diquark and the antidiquark having the antisymmetry flavor structure ¯3_f (qq) ⊗ 3_f (q̄q̄). However, after inserting the flavor matrix ϵ^{ABE} ϵ^{CDE} into Eqs. (2) of Ref. [15], we obtain the same

tetraquark currents as Eqs. (52). We have verified that these two currents belonging to T^{(3,¯3)}_1 and T^{(¯3,3)}_4 . Therefore, there are no tetraquark currents belonging to the chiral multiplet T^{(3,¯3)}_3 , which have been proved to transform in an exotic way under chiral transformations (see Eqs. (47) and (48)).

The chiral transformation properties of tetraquark currents are different from those equations obtained in Sec. 4 for the chiral space only, but their coefficients are similar. For example, the chiral transformation equations of S^A_{1μ} are: δ_5S^A_{1μ} = 2ib^0 × ϵ^{ABE} ϵ^{CDE} [ q^{aT}_A Cq^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D − q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C Cq̄^{bT}_D − q̄^b_C Cq̄^{aT}_D ) ] = 2ib^0S^{′A}_{1μ} ,

δ^aS^A_{1μ} = 0 , (58)

δ^b_5 S^A_{1μ} = 2ib^N × (δ^{AC} λ^{DB}_N − δ^{BC} λ^{DA}_N ) [ q^{aT}_A Cq^b_B (q̄^a_C γ_μγ_5Cq̄^{bT}_D − q̄^b_C γ_μγ_5Cq̄^{aT}_D ) + q^{aT}_A Cγ_μγ_5q^b_B (q̄^a_C Cq̄^{bT}_D − q̄^b_C Cq̄^{aT}_D ) ] , = 2ib^N O^{′A}_{1μ,N} , where S^{′A}_{1μ} and O^{′A}_{1μ,N} are the tetraquark currents having quantum numbers J^{P C} = 1^{++} and belonging to the chiral

representation [(3, ¯3) ⊕ (¯3, 3)] (indeed they also belong to the chiral multiplets T^{(3,¯3)}_1 and T^{(¯3,3)}_4 ). Therefore, we have shown that the formulae obtained in Sec. 4 can be easily applied to calculate the chiral transformation equations of the relevant tetraquark currents. Moreover, since we have verified that there are no local tetraquark currents of J^{P C} = 1^{−+} belonging to the chiral multiplet T^{(3,¯3)}_3 , we arrive at a conclusion that all the local tetraquark currents of J^{P C} = 1^{−+} and [(3, ¯3) ⊕ (¯3, 3)] transform in the way similarly to the relevant quark-antiquark mesons of [(3, ¯3) ⊕ (¯3, 3)].

Since in this paper we concentrate on the chiral (flavor) structure of tetraquarks, we do not discuss tetraquark currents any more. We just note that these tetraquark currents can be used in the methods of Lattice QCD and QCD sum rule, and we shall also use them in our future QCD sum rule studies.

6 Conclusion and Summary

We have systematically investigated the chiral (flavor) structure of tetraquarks, and found all the chiral multiplets. We only consider the chiral (flavor) structure and other degrees of freedom remain undetermined. Then we concentrate on the tetraquarks belonging to the “non-exotic” [(¯3, 3) ⊕ (3, ¯3)] and [(8, 1) ⊕ (1, 8)] chiral multiplets as well as their mirror multiplets, which have the same representations as the lowest level q̄q chiral multiplets. We have studied their behaviors under the U(1)_V , U(1)_A, SU(3)_V and SU(3)_A chiral transformations. We find that most of them contain one pair of quark and antiquark which have the same chirality and can be combined to be a chiral singlet, and so they can be constructed by adding one chiral singlet quark-antiquark pair to the lowest level q̄q chiral multiplets. Consequently, under chiral transformations they transform exactly like the lowest level [(¯3, 3) ⊕ (3, ¯3)] chiral multiplet (σ, π) and the [(8, 1) ⊕ (1, 8)] chiral multiplet (ρ, a_1). There is only one exception, T^{(¯3,3)}_3 , whose quark-antiquark pairs all have the opposite chirality, and it transforms differently from other [(¯3, 3) ⊕ (3, ¯3)] chiral multiplets.

12 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

The flavor matrices and chiral transformation equations obtained in the chiral (flavor) space of tetraquarks can be used to construct tetraquark currents and study their chiral transformation properties. As an example, we construct tetraquark currents of exotic quantum numbers J^{P C} = 1^{−+}, but belonging to the “non-exotic” chiral multiplet [(¯3, 3) ⊕ (3, ¯3)]. We also calculate the chiral transformation equations of one tetraquark current S^A_{1μ}, and find the coefficients of these equations (Eqs. (58)) are similar to those for tetraquarks belonging to the same chiral multiplet [(¯3, 3) ⊕ (3, ¯3)], but obtained in the chiral space only (Eqs. (39)).

Since there are always multi-quark components in the Fock space expansion of physical hadron states, it is worth studying what remains unchanged in this expansion. In this paper we have shown that as long as the tetraquark and the q̄q meson belong to the same chiral representation and the tetraquark contains one quark and one antiquark having the same chirality (q̄_Lq_L + q̄_Rq_R), they transform in the same way under chiral transformations. We find that among the five [(¯3, 3) ⊕ (3, ¯3)] and six [(8, 1) ⊕ (1, 8)] tetraquark chiral multiplets shown in Tabs 3 and 5, ten of them satisfy this condition.

This study is for the tetraquark case, the pentaquark case is also interesting, which we shall study in the future. We shall also perform chiral transformations on other exotic tetraquarks in order to make a complete analysis, which is more complicated and takes more time.

Acknowledgments

This work is partly supported by the National Natural Science Foundation of China under Grant No. 11147140, and the Scientific Research Foundation for the Returned Overseas Chinese Scholars, State Education Ministry.

A Transition Matrices

Since it takes much more space to show the transition matrices T^N_{8×10}, we show the conjugate-transpose ones T^{N†}_{8×10} here

T^{1†}_{8×10} =

0 0 0^1_2 −^i_2 0 0 0 0 0 0 0 0^1_2^√_3 −^i_2^√_3 0 0 0 0 −^1_2^√_3^i_2^√_3 0 0 0 0 0 0 0 0 −^1_2^i_2 0 0 0 −^1_2^√_3 0 0 0 0 −^1_2 0 −^{i√}_6 0 0 0 0 0 0 0 0 −^1_2^√_3 0 0 0 0^1_2 0 0 0 −^1_2^√_3 −^i_2^√_3 0 0 0 0 0 0 0 0^1_2^√_3^i_2^√_3 0 0 0 0 0 0 0 0 0

,

T^{2†}_{8×10} =

0 0 0 −^i_2 −^1_2 0 0 0 0 0 0 0 0 −^i_2^√_3 −^1_2^√_3 0 0 0 0 −^i_2^√_3 −^1_2^√_3 0 0 0 0 0 0 0 0 −^i_2 −^1_2 0 0 0^i_2^√_3 0 0 0 0^i_2 i√ 6 0 0 0 0 0 0 0 0 0 −^i_2^√_3 0 0 0 0^i_2 0 0 0^i_2^√_3 −^1_2^√_3 0 0 0 0 0 0 0 0^i_2^√_3 −^1_2^√_3 0 0 0 0 0 0 0 0 0

,

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 13

T^{3†}_{8×10} =

0 0 0 0 0 0 0 0 0 0 0 −^{1√}_3^{i√}_3 0 0 0 0 0 0 0 0 −^{1√}_3^{i√}_3 0 0 0 0 0 0 0 0 0 1 2 √ 3 −^i_2^√_3 0 0 0 0 0 0 0 0 0 0 0 0 0^{1√}_2 1 2 √ 3 i 2 √ 3 0 0 0 0 0 0 0 0 0 0 0^1_2^√_3^i_2^√_3 0 0 0 0^1_2^√_3^i_2^√_3 0 0 0 0 0 0 0 0 0 0 0

,

T^{4†}_{8×10} =

−^1_2^i_2 0 0 0 0 0 0 0 0^{1√}_3 0 0 0 0 0 1 2 √ 3 i 2 √ 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −^1_2^√_3 −^i_2^√_3 0 0 0 0 0^{i√}_6 0 0 0 0 0 0 0 0 −^1_2^√_3^i_2^√_3 0 1 2 √ 3 −^i_2^√_3 0 0 0 0 0 0 0 0 −^1_2^√_3 0 0 0 0^1_2 0 0 0 0 0^1_2^i_2 0

,

T^{5†}_{8×10} =

i 2 1 2 0 0 0 0 0 0 0 0 −^{i√}_3 0 0 0 0 0 −^i_2^√_3^1_2^√_3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0^i_2^√_3 −^1_2^√_3 0 0 0 0 −^{i√}_6 0 0 0 0 0 0 0 0 0 −^i_2^√_3 −^1_2^√_3 0 i 2 √ 3 1 2 √ 3 0 0 0 0 0 0 0 0 −^i_2^√_3 0 0 0 0^i_2 0 0 0 0 0^i_2 −^1_2 0

,

T^{6†}_{8×10} =

0 0 0 0 0 0 0 0 −^1_2^√_3^i_2^√_3 0 0 0 0 0 0 0 0^{1√}_3 0 0 0 0 0 1 2 i 2 0 0 0 0 0 0 0 0 0^1_2^√_3 −^i_2^√_3 0 0 0 0 0 0 0 0 0 −^{i√}_6 0 0 0 0^1_2^√_3^i_2^√_3 0 0 0 0 0 −^1_2^√_3 0 0 0 0 −^1_2 −^1_2^√_3 −^i_2^√_3 0 0 0 0 0 0 0 0 0 −^1_2 −^i_2 0 0 0

,

14 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

T^{7†}_{8×10} =

0 0 0 0 0 0 0 0 i 2 √ 3 1 2 √ 3 0 0 0 0 0 0 0 0 −^{i√}_3 0 0 0 0 0 −^i_2^1_2 0 0 0 0 0 0 0 0 0^i_2^√_3^1_2^√_3 0 0 0 0 0 0 0 0^{i√}_6 0 0 0 0 0 −^i_2^√_3^1_2^√_3 0 0 0 0 0 −^i_2^√_3 0 0 0 0 −^i_2 −^i_2^√_3^1_2^√_3 0 0 0 0 0 0 0 0 0 −^i_2^1_2 0 0 0

,

T^{8†}_{8×10} =

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 −^i_2 0 0 0 0 0 0 0 0 −^{1√}_2 0 0 0 0 0 −^1_2 −^i_2 0 0 0 0 0 0 0 0 0 0 0^1_2^i_2 0 0 0 0 −^1_2 −^i_2 0 0 0 0 0 0 0 0 0 0 0

.

Since it takes much more space to show the transition matrices T^N_{8×27}, we show the conjugate-transpose ones T^{N†}_{8×27} here

T^{1†}_{8×27} =

1√ 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0

√_3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

√_3 5 0 0 0 0 0^{1√}_{30}^{i√}_{30} 0 0 0 0^{1√}_{30}^{i√}_{30} 0 0 0 0 0 0^{1√}_{30} −^{i√}_{30} 0 0 0 0 0 0 0 0^{1√}_{30} −^{i√}_{30} 0 1 i 0 0 0 0 0 0 0 0 1 0 0 0 0 0 − √_2

3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 −i 0 0 0 0 0 0 0 0 0^{1√}_2^{i√}_2 0 0 0 0 0 0 0 0 −^{1√}_6 −^{i√}_6 0 0 0 0^{1√}_6^{i√}_6 0 0 0 0 0 0 0 0^{1√}_2^{i√}_2 0 0 0 0 0 0^{1√}_2 −^{i√}_2 0 0 0 0^{1√}_6 −^{i√}_6 0 0 0 0 0 0 0 0 −^{1√}_6^{i√}_6 0 0 0 0^{1√}_2 −^{i√}_2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

,

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 15

T^{2†}_{8×27} =

0^{1√}_{30} 0 0 0 0 0 0 0 0 0 0 0 0 0 i

√_3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −i

√_3 5 0 0 0 0 0^{i√}_{30} −^{1√}_{30} 0 0 0 0 −^{i√}_{30}^{1√}_{30} 0 0 0 0 0 0^{i√}_{30}^{1√}_{30} 0 0 0 0 0 0 0 0 −^{i√}_{30} −^{1√}_{30} 0 i −1 0 0 0 0 0 0 0 0 i 0 0 0 0 0 0 − √_2 3 0 0 0 0 0 0 0 0 −i 0 0 0 0 0 −i −1 0 0 0 0 0 0 0 0 0^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 −^{i√}_6^{1√}_6 0 0 0 0 −^{i√}_6^{1√}_6 0 0 0 0 0 0 0 0 −^{i√}_2^{1√}_2 0 0 0 0 0 0^{i√}_2^{1√}_2 0 0 0 0^{i√}_6^{1√}_6 0 0 0 0 0 0 0 0^{i√}_6^{1√}_6 0 0 0 0 −^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

,

16 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

T^{3†}_{8×27} =

0 0^{1√}_{30} 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0

√_6 5 0 0 0 0 0 0 0 0 0 0 0^{1√}_{30}^{i√}_{30} 0 0 0 0 0 0 0 0 −^{1√}_{30} −^{i√}_{30} 0 0 0 0 0 0 −^{1√}_{30}^{i√}_{30} 0 0 0 0^{1√}_{30} −^{i√}_{30} 0 0 0 0 0 0 0 0 0 0 0 1 i 0 0 0 0 0 0

0 0 2

√_2 3 0 0 0 0 0 1 −i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0

√_2 3 i √_2 3 0 0 0

0 0 0 0 0

√_2 3 i √_2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0

√_2 3 −i √_2 3 0 0 0 0

√_2 3 −i √_2

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

,

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 17

T^{4†}_{8×27} =

0 0 0 −

√_3 10 0 0 0 0 0 0 0 0 0 −^{1√}_5^{i√}_5 0

0 0 0 −

√_2

5 0 0 0 0 0 0 0 0 0 −^{1√}_5 −^{i√}_5 0 0 0^{1√}_{30} 0 0 0 0^{3√}_{10} 1√ 30 −^{i√}_{30} 0 0 0 0 0 0 1√ 30 i√ 30 0 0 0 0 0 0 0 0^{1√}_{30} 0 0 0 0^{3√}_{10} 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1√ 2 i√ 2 0 0 0 0 0 0 0 0 √_2 3 0 0 0 0 0 1√ 6 −^{i√}_6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1√ 6 i√ 6 0 0 0 0 0 0 0 0 √_2 3 0 0 0 0 0 1√ 2 −^{i√}_2 0 0 0 0 0 0 0 0 0 1 i 0 0 0 0 0 0 0 0^{1√}_2^{i√}_2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0^{1√}_2 −^{i√}_2 0 0 0 0 1 −i 0 0 0

,

18 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

T^{5†}_{8×27} =

0 0 0 0 −

√_3 10 0 0 0 0 0 0 0 0 −^{i√}_5 −^{1√}_5 0

0 0 0 0 −

√_2 5 0 0 0 0 0 0 0 0^{i√}_5 −^{1√}_5 0 0 0^{i√}_{30} 0 0 0 0^{3i√}_{10} i√ 30 1√ 30 0 0 0 0 0 0 −^{i√}_{30}^{1√}_{30} 0 0 0 0 0 0 0 0 −^{i√}_{30} 0 0 0 0 −^{3i√}_{10} 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i√ 2 −^{1√}_2 0 0 0 0 0 0

0 0 i

√_2 3 0 0 0 0 0 i√ 6 1√ 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −^{i√}_6^{1√}_6 0 0 0 0 0 0 0 0 −i √_2 3 0 0 0 0 0 −^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 0 i −1 0 0 0 0 0 0 0 0^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −^{i√}_2 −^{1√}_2 0 0 0 0 −i −1 0 0 0

,

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 19

T^{6†}_{8×27} =

0 0 0 0 0 −

√_3 10 0 0 0 0 0 −^{1√}_5 −^{i√}_5 0 0 0

0 0 0 0 0

√_2 5 0 0 0 0 0 −^{1√}_5^{i√}_5 0 0 0 1√ 30 i√ 30 0 0 0 0 0 0 0 0 −^{1√}_{30} 0 0 0 0^{3√}_{10} 0 0 −^{1√}_{30} 0 0 0 0^{3√}_{10} 1√ 30 −^{i√}_{30} 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −^{1√}_6 −^{i√}_6 0 0 0 0 0 0 0 0 √_2 3 0 0 0 0 0 1√ 2 −^{i√}_2 0 0 0 0 0 0 1√ 2 i√ 2 0 0 0 0 0 0 0 0 √_2 3 0 0 0 0 0 −^{1√}_6^{i√}_6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0^{1√}_2^{i√}_2 0 0 0 0 0 0 0 0 1 i 0 0 0 0 0 0 1 −i 0 0 0 0^{1√}_2 −^{i√}_2 0 0 0 0 0 0 0 0 0 0 0

,

20 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

T^{7†}_{8×27} =

0 0 0 0 0 0 −

√_3 10 0 0 0 0^{i√}_5 −^{1√}_5 0 0 0

0 0 0 0 0 0

√_2 5 0 0 0 0 −^{i√}_5 −^{1√}_5 0 0 0 i√ 30 −^{1√}_{30} 0 0 0 0 0 0 0 0 −^{i√}_{30} 0 0 0 0^{3i√}_{10} 0 0^{i√}_{30} 0 0 0 0 −^{3i√}_{10} −^{i√}_{30} −^{1√}_{30} 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −^{i√}_6^{1√}_6 0 0 0 0 0 0

0 0 i

√_2 3 0 0 0 0 0 i√ 2 1√ 2 0 0 0 0 0 0 −^{i√}_2^{1√}_2 0 0 0 0 0 0 0 0 −i √_2 3 0 0 0 0 0 i√ 6 1√ 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 i −1 0 0 0 0 0 0 −i −1 0 0 0 0 −^{i√}_2 −^{1√}_2 0 0 0 0 0 0 0 0 0 0 0

,

Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark 21

T^{8†}_{8×27} =

0 0 0 0 0 0 0 3

√_3 10 √_3 5 i √_3 5 0 0 0 0 0 0 0 0 √_6 5 0 0 0 0 0 √_3 5 −i √_3 5 0 0 0 0 0 0 0 0 0^{3√}_{10}^{3i√}_{10} 0 0 0 0 0 0 0 0^{3√}_{10}^{3i√}_{10} 0 0 0 0 0 0^{3√}_{10} −^{3i√}_{10} 0 0 0 0^{3√}_{10} −^{3i√}_{10} 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

.

References

1. T. Hatsuda and T. Kunihiro, Phys. Rept. 247, 221 (1994). 2. B. W. Lee, Chiral Dynamics, (Gordon and Breach, New York, 1972).

3. T. D. Lee, Particle Physics and Introduction to Field Theory, (Harwood, Chur, Switzerland, 1981). 4. S. R. Beane and M. J. Savage, Phys. Lett. B 556, 142 (2003).

5. M. Benmerrouche, R. M. Davidson and N. C. Mukhopadhyay, Phys. Rev. C 39, 2339 (1989). 6. H. Haberzettl, arXiv:nucl-th/9812043.

7. T. D. Cohen and L. Y. Glozman, Int. J. Mod. Phys. A 17, 1327 (2002). 8. C. DeTar and T. Kunihiro, Phys. Rev. D 39, 2805 (1989).

9. D. Diakonov, V. Y. Petrov and P. V. Pobylitsa, Nucl. Phys. B 306, 809 (1988). 10. S. Weinberg, Phys. Rev. 177, 2604 (1969); Phys. Rev. Lett. 65, 1177 (1990). 11. K. Nagata, A. Hosaka and V. Dmitrasinovic, Mod. Phys. Lett. A 23, 2381 (2008). 12. D. Jido, T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 84, 3252 (2000). 13. D. Jido, M. Oka and A. Hosaka, Prog. Theor. Phys. 106, 873 (2001). 14. T. D. Cohen and X. D. Ji, Phys. Rev. D 55, 6870 (1997).

15. H. X. Chen, V. Dmitrasinovic, A. Hosaka, K. Nagata and S. L. Zhu, Phys. Rev. D 78, 054021 (2008). 16. D. B. Leinweber, Phys. Rev. D 51, 6383 (1995); D. B. Leinweber, Phys. Rev. D 53, 5115 (1996). 17. R. L. Jaffe, Phys. Rev. D 15, 267 (1977); R. L. Jaffe, Phys. Rev. D 15, 281 (1977); R. L. Jaffe, Phys. Rept. 409, 1 (2005). 18. J. D. Weinstein and N. Isgur, Phys. Rev. Lett. 48, 659 (1982); J. D. Weinstein and N. Isgur, Phys. Rev. D 41, 2236 (1990). 19. F. E. Close and N. A. Tornqvist, J. Phys. G 28, R249 (2002).

20. H. J. Lipkin, Phys. Lett. B 172, 242 (1986); H. J. Lipkin, Phys. Lett. B 580, 50 (2004). 21. A. T. M. Aerts, P. J. Mulders and J. J. De Swart, Phys. Rev. D 21, 1370 (1980). 22. S. J. Brodsky and N. Weiss, Phys. Rev. D 16, 2325 (1977).

23. J. Ping, H. Huang, C. Deng, F. Wang and T. Goldman, Phys. Rev. C 79, 065203 (2009). 24. S. H. Lee and S. Yasui, Eur. Phys. J. C 64, 283 (2009).

25. J. Vijande, A. Valcarce and J. M. Richard, Phys. Rev. D 76, 114013 (2007). 26. M. Oka, Prog. Theor. Phys. 112, 1 (2004). 27. S. L. Zhu, Int. J. Mod. Phys. E 17, 283 (2008).

22 Hua-Xing Chen: The “Closed” Chiral Symmetry and Its Application to Tetraquark

28. J. J. Xie, A. Martinez Torres, E. Oset and P. Gonzalez, Phys. Rev. C 83, 055204 (2011); A. Martinez Torres, K. P. Khemchandani, L. S. Geng, M. Napsuciale and E. Oset, Phys. Rev. D 78, 074031 (2008); C. W. Xiao, M. Bayar and E. Oset, Phys. Rev. D 84, 034037 (2011); A. Martinez Torres, K. P. Khemchandani, D. Jido and A. Hosaka, Phys. Rev. D 84, 074027 (2011).

29. G. S. Adams et al. [E862 Collaboration], Phys. Lett. B 657, 27 (2007); A. Abele et al. [Crystal Barrel Collaboration], Phys.

Lett. B 446, 349 (1999); A. Abele et al. [Crystal Barrel Collaboration], Phys. Lett. B 423, 175 (1998); D. R. Thompson et al. [E852 Collaboration], Phys. Rev. Lett. 79, 1630 (1997); E. I. Ivanov et al. [E852 Collaboration], Phys. Rev. Lett. 86, 3977 (2001); M. Lu et al. [E852 Collaboration], Phys. Rev. Lett. 94, 032002 (2005); J. Kuhn et al. [E852 Collaboration], Phys. Lett. B 595, 109 (2004); A. R. Dzierba et al., Phys. Rev. D 73, 072001 (2006); M. Nozar et al. [CLAS Collaboration], Phys. Rev. Lett. 102, 102002 (2009); M. Alekseev et al. [COMPASS Collaboration], Phys. Rev. Lett. 104, 241803 (2010).

30. H. -X. Chen, A. Hosaka and S. -L. Zhu, Phys. Rev. D 78, 054017 (2008).