arXiv:hep-ph/0404123 v1 15 Apr 2004

Heavy and Light Pentaquark Chiral Lagrangian

Y.-R. Liu, A. Zhang, P.-Z. Huang, W.-Z. Deng, X.-L. Chen Department of Physics, Peking University, BEIJING 100871, CHINA

Shi-Lin Zhu^∗ Department of Physics, Peking University, BEIJING 100871, CHINA and COSPA, Department of Physics, National Taiwan University, Taipei 106, Taiwan, R.O.C. (Dated: April 15, 2004)

Using the SU(3) flavor symmetry, we construct the chiral Lagrangians for the light and heavy pentaquarks. The correction from the nonzero quark is taken into account perturbatively. We derive the Gell-Mann−Okubo type relations for various pentaquark multiplet masses and Coleman- Glashow relations for anti-sextet heavy pentaquark magnetic moments. We study possible decays of pentaquarks into conventional hadrons. We also study the interactions between and within various pentaquark multiplets and derive their coupling constants in the symmetry limit. Possible kinematically allowed pionic decay modes are pointed out.

PACS numbers: 12.39.Mk, 12.39.-x Keywords: Pentaquark, Chiral Symmetry

I. INTRODUCTION

Since LEPS Collaboration announced the discovery of the exotic baryon with very narrow width Θ^+(1540) [1], many other groups have claimed the observation of this state [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. NA49 observed a new pentaquark Ξ^{−−}(1862) [13], which needs confirmation from other groups [14]. Recently, H1 Collaboration claimed the discovery of a heavy pentaquark around 3099 MeV with the quark content ududc̄ [15]. It is interesting to note that several groups reported negative results [16, 17, 18].

There is preliminary evidence that the Θ^+ is an iso-scalar because no enhancement was observed in the pK^+ invariant mass distribution [4, 6, 7, 12]. Most of the theoretical models assume that Θ^+ is in SU (3)_f ¯10 representation.

The parity of Θ pentaquark remains unknown. Theoretical approaches advocating positive parity include the chiral soliton model (CSM) [19], the diquark model [20], some quark models [21, 22, 23, 24, 25], a lattice calculation [26]. On the other hand, some other theoretical approaches tend to favor negative parity such as two lattice QCD simulations [27, 28], QCD sum rule approaches [29, 30], several quark model study [31, 32, 33], and proposing stable diamond structure for Θ^+ [34].

The narrow width of Θ pentaquark is another puzzle. All the experiments can only determine the upper bound of the pentaquark widths up to the detector resolution. The reanalysis of previous pion kaon scattering data indicates the decay width of Θ^+ should be one or two MeV or less [35], which makes the theoretical interpretation very difficult.

There have appeared several attempts to explain the narrow width. One possibility is the mismatch between the spin-flavor wave functions of the initial and final state when Θ pentaquark decays through the fall-apart mechanism [23, 36, 37, 38].

Another possible interpretation of the narrow width puzzle is the possible mismatch between the spatial wave functions of final and initial states [34]. The reason is simple. The Θ^+ pentaquark with the stable diamond structure and bound by non-planar flux tubes is hard to decay into hadrons bound by planar flux tubes [34]. But this scheme has not been studied quantitatively.

In the chiral soliton model, the narrowness of Θ^+ results from the cancellation of the coupling constants at different N_c orders [39]. It is suggested that one of two nearly degenerate pentaquarks sharing the same dominant decay mode can be arranged to decouple from the decay channel after diagonalizing the mixing mass matrix via kaon nucleon loop [40].

Recently heavy pentaquarks have received much attention [20, 21, 28, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51]. In the heavy quark limit, the heavy anti-quark decouples and acts as a spectator. The pentaquark system simplifies significantly. In fact, the heavy pentaquark system can be used as a test-ground of the various models developed for the light pentaquarks.

∗Electronic address: zhusl@th.phy.pku.edu.cn

Model calculation has shown that the anti-decuplet and the even-parity pentaquark octet lie close to each other and ideal mixing occurs if quantum number allows [20]. The odd-parity pentaquark nonet is several hundred MeV lower than the anti-decuplet and even-parity octet. Strong transitions between different pentaquark multiplets may occur [52].

At present the underlying dynamics which binds four quarks and one anti-quark into a narrow resonance above threshold is still a mystery. We will explore the strong interactions between pentaquark multiplets using the SU (3) flavor symmetry as the guide. Chiral Lagrangians have been used to study the strong decay modes of pentaquarks [49, 52, 53, 54, 55].

In Section II, we will construct the chiral Lagrangian involving light and heavy pentaquark multiplets. Then we discuss the mass splitting from the current quark mass correction within the same multiplet. In Section IV, we derive the coupling constants of the pentaquark interactions and discuss possible strong decay modes. The final section is a short discussion.

II. CHIRAL LAGRANGIAN

A. Notation

The approximate chiral symmetry and its spontaneous breaking have played an important role in hadron physics. Through the nonlinear realization of spontaneous chiral symmetry breaking, we may study the interaction between the chiral field and hadrons, which always involves the derivative of the chiral field. The nonzero current quark mass breaks the chiral symmetry explicitly. These corrections are taken into account perturbatively together with the chiral loop correction. Generally speaking, chiral symmetry provides a natural framework to organize the hadronic strong interaction associated with the light quarks.

In writing down the pentaquark chiral Lagrangians, we follow the standard notation in the chiral perturbation theory. First the eight Goldstone bosons are introduced exponentially. We use the short-hand notation π to denote them.

Σ ≡ ξ^2 ≡ exp( 2iπ F_π ) , (1)

π = π^0√

2 +^{η0√}_6 π^+ K^+

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

where F_π = 92.4 MeV is the pion decay constant.

Under the SU (3)_L × SU (3)_R chiral transformation, Σ(x) and ξ(x) transform as Σ(x) → LΣ(x)R^†, ξ(x) → Lξ(x)U^†(x) = U (x)ξ(x)R^† (3) where L ∈ SU (3)_L, R ∈ SU (3)_R, U (x) is a non-linear function of π(x) and L, R.

The chiral connection V_μ and the axial vector field A_μ are defined as

V_μ = 1 2 (ξ^†∂_μξ + ξ∂_μξ^†), A_μ = i 2 (ξ^†∂_μξ − ξ∂_μξ^†). (4) The vector V_μ and axial vector A_μ transform under chiral SU (3) as

V_μ → U V_μU^† + U ∂_μU^†,

A_μ → U A_μU^†. (5)

With the chiral connection, we can construct the chirally covariant derivative D_μ. For the matter field ϕ which is in the fundamental representation, we have

D_μϕ = (∂_μ + V_μ) ϕ,

D_μ → U D_μU^†. (6)

For the matter field in the adjoint representation like the nucleon octet B, we have

D_μB = ∂_μB + [V_μ, B] (7)

where the octet baryon field reads

(B^i_j ) =

Σ^0√

2 +^{Λ√}_6 Σ^+ p Σ^− −^{Σ0√}_2 +^{Λ√}_6 n Ξ^− Ξ^0 −^{2Λ√}_6 . (8)

For the Δ^{++} decuplet, the chirally covariant derivative reads D_μD^{ijk} = ∂_μD^{ijk} + V^i_{μ, a}D^{ajk} + V^j_{μ, a}D^{iak} + V^k_{μ, a}D^{ija}. (9)

B. Matter fields

In Jaffe and Wilczek’s diquark model [20], the color wave function of the two diquarks within the pentaquark must be antisymmetric 3_C. In order to get an exotic anti-decuplet, the two scalar diquarks combine into the symmetric SU(3) ¯6_F : [ud]^2, [ud][ds]_+, [su]^2, [su][ds]_+, [ds]^2, and [ds][ud]_+. Bose statistics demands symmetric total wave function of the diquark-diquark system, which leads to the antisymmetric spatial wave function with one orbital excitation. The resulting anti-decuplet P_{ijk} and octet pentaquarks O^i_{1j} have J^P =^1_2^+,^3_2^+.

Our discussion makes use of the flavor symmetry only. So the results are valid for both J^P =^1_2^+ and^3_2^+. We use J^P =^1_2^+ case to illustrate the formalism.

The members of pentaquark anti-decuplet are P_{333} = Θ^+, P_{133} =^{1√}_3 N^0_{10}, P_{233} = −^{1√}_3 N^+_{10}, P_{113} =^{1√}_3 Σ^−_{10}, P_{123} = −^{1√}_6 Σ^0_{10}, P_{223} =^{1√}_3 Σ^+_{10}, P_{111} = Ξ^{−−}_{10} , P_{112} = −^{1√}_3 Ξ^−_{10}, P_{122} =^{1√}_3 Ξ^0_{10} and P_{222} = −Ξ^+_{10}.

Later, we pointed out [52] that lighter pentaquarks can be formed if the two scalar diquarks are in the antisymmetric SU (3)_F 3 representation: [ud][su]_−, [ud][ds]_−, and [su][ds]_−, where [q_1q_2][q_3q_4]_− =

√_1 2 ([q_1q_2][q_3q_4] − [q_3q_4][q_1q_2]). No orbital excitation is needed to ensure the symmetric total wave function of two diquarks since the spin-flavor-color part is symmetric. The total angular momentum of these pentaquarks is^1_2 and the parity is negative. There is no accompanying J =^3_2 multiplet. The two diquarks combine with the antiquark to form a SU (3)_F pentaquark octet O^i_{1j} and singlet Λ_1.

Replacing the light anti-quark by one anti-charm or anti-bottom quark in Jaffe and Wilczek’s model leads to one even parity anti-sextet S_{ij} [20, 47] and one odd parity triplet T^i [46, 48]. In Karliner and Lipkin’s diquark tri-quark model, there is an additional even parity heavy pentaquark triplet [47]. In the following discussion, we only make use of the flavor symmetry to write down the chiral Lagrangian. Hence the results are not limited to Jaffe and Wilczek’s model only. The heavy pentaquark multiplets are

(S^c_{ij}) =

Ξ^{−−}_{5c} −^{1√}_2 Ξ^−_{5c}^{1√}_2 Σ^−_{5c} −^{1√}_2 Ξ^−_{5c} Ξ^0_{5c} −^{1√}_2 Σ^0_{5c} 1√ 2 Σ^−_{5c} −^{1√}_2 Σ^0_{5c} Θ^0_{5c} ,

(S^b_{ij}) =

Ξ^−_{5b} −^{1√}_2 Ξ^0_{5b}^{1√}_2 Σ^0_{5b} −^{1√}_2 Ξ^0_{5b} Ξ^+_{5b} −^{1√}_2 Σ^+_{5b} 1√ 2 Σ^0_{5b} −^{1√}_2 Σ^+_{5b} Θ^+_{5b} ,

(T^i_c ) =

Σ^{′0}_{5c} Σ^{′−}_{5c} Ξ^{′−}_{5c} , (10)

(T^i_b ) =

Σ^{′+}_{5b} Σ^{′0}_{5b} Ξ^{′0}_{5b} . (11)

In writing down the chiral Lagrangians, we need the pseudoscalar heavy meson triplet Q̄^i in the fundamental representation:

(Q_i) = ( Qū, Qd̄, Qs̄ ) . (12)

Under chiral transformation, the matter fields transform as B^i_j → U^i_aB^a_b U^{†b}_j , D^{ijk} → U^i_aU^j_b U^k_c D^{abc}, O^i_{1j} → U^i_aO^a_{1b}U^{†b}_j , O^i_{2j} → U^i_aO^a_{2b}U^{†b}_j , Λ_1 → Λ_1, P_{ijk} → P_{abc}U^{†a}_i U^{†b}_j U^{†c}_k , Q̄^i → U^i_aQ̄^a, S_{ij} → S_{ab}U^{†a}_i U^{†b}_j , T^i → U^i_aT^a. (13) The chirally covariant derivatives of these matter fields have the same transformation as the matter fields. They are D_μB^i_j = ∂_μB^i_j + V^i_{μ, a}B^a_j − B^i_aV^a_{μ, j} , D_μO^i_{1j} = ∂_μO^i_{1j} + V^i_{μ, a}O^a_{1j} − O^i_{1a}V^a_{μ, j} , D_μO^i_{2j} = ∂_μO^i_{2j} + V^i_{μ, a}O^a_{2j} − O^i_{2a}V^a_{μ, j} , D_μP_{ijk} = ∂_μP_{ijk} + P_{ija}V^{†a}_{μ, k} + P_{iak}V^{†a}_{μ, j} + P_{ajk}V^{†a}_{μ, i} , D_μQ̄^i = ∂_μQ̄^i + V^i_{μ, j}Q̄^j , D_μS_{ij} = ∂_μS_{ij} + S_{ia}V^{†a}_{μ, j} + S_{aj} V^{†a}_{μ, i} , D_μT^i = ∂_μT^i + V^i_{μ, j}T^j . (14)

The current quark mass matrix m = diag(m̂, m̂, m_s) transforms as m → LmR^† = RmL^† under SU (3)_L × SU (3)_R chiral transformation, where we have ignored the isospin breaking effect and adopt m_u = m_d = m̂. Hence, the following combination of m and ξ transforms as the matter field: (ξmξ + ξ^†mξ^†) → U (ξmξ + ξ^†mξ^†)U^†. (15)

C. Mass, kinetic term and interaction with the chiral field

With these matter fields and their corresponding transformations under chiral transformation, we first write down the chiral Lagrangian involving mass term, kinematic terms, and interaction terms between the matter field and the chiral field.

L = L_Σ + L_B + L_P + L_{O1} + L_{O2} + L_{Λ1} + L_Q + L_S + L_T + L_{int}, (16) where

L_Σ =

F^2_π 4 Tr [ ∂_μΣ^†∂^μΣ − 2μm(Σ + Σ^†) ] , (17a) L_B = Tr B(iD/ − m_B )B −D_B Tr Bγ^μγ_5{A_μ, B} − F_B Tr Bγ^μγ_5[A_μ, B], (17b) L_D = D̄(iD/ − m_D )D + G_DDγ_5A/D, (17c) L_P = P (iD/ − m_P )P + G_P P γ_5A/P, (17d) L_{O1} = Tr O_1(iD/ − m_{O1} )O_1

−D_{O1} Tr O_1γ^μ γ_5{A_μ, O_1} − F_{O1} Tr O_1γ^μγ_5[A_μ, O_1], (17e) L_{O2} = Tr O_2(iD/ − m_{O2} )O_2

−D_{O2} Tr O_2γ^μ γ_5{A_μ, O_2} − F_{O2} Tr O_2γ^μγ_5[A_μ, O_2], (17f) L_{Λ1} = Λ_1i∂/Λ_1 + m_{Λ1} Λ_1Λ_1, (17g) L_Q = (D_μQ)(D^μQ̄) − m^2_QQQ̄, (17h) L_S = S(iD/ − m_S )S + G_S Sγ_5A/S, (17i) L_T = T (iD/ − m_T )T + G_T T γ_5A/T. (17j) In the above equations, m_B , m_P etc are hadrons masses in the chiral limit.

Keeping the flavor indices explicitly, we get

L_Σ =

F^2_π 4 [ (∂_μΣ^{†i}_j )(∂^μΣ^j_i ) − 2μm^i_j (Σ^j_i + Σ^{†j}_i ) ] , (18a) L_B = B^i_j (i∂/ − m_B )B^j_i + iB^i_j γ^μV^j_{μ, k}B^k_i − iB^i_jγ^μB^j_kV^k_{μ, i} +(D_B + F_B)B^i_aγ_5γ^μA^a_{μ, b}B^b_i + (D_B − F_B )B^i_aγ_5γ^μB^a_b A^b_{μ, i}, (18b) L_D = D̄_{ijk}(i∂/ − m_D )D^{ijk} + iD_{ijk}γ^μD^{ija}V^k_{μ, a} + iD_{ijk}γ^μD^{iak}V^j_{μ, a} + iD_{ijk}γ^μD^{ajk}V^i_{μ, a} +G_DD_{ija}γ_5γ^μA^a_{μ, b}D^{bij} , (18c) L_P = P^{ijk}(i∂/ − m_P )P_{ijk} + iP^{ijk}γ^μP_{ija}V^{†a}_{μ, k} + iP^{ijk}γ^μP_{iak}V^{†a}_{μ, j} + iP^{ijk}γ^μP_{ajk}V^{†a}_{μ, i} +G_P P^{ija}γ_5γ^μA^b_{μ, a}P_{bij} (18d) L_{O1} = O_1^i_j (i∂/ − m_{O1} )O_1^j_i + iO_1^i_j γ^μV^j_{μ, k}O_1^k_i − iO_1^i_j γ^μO_1^j_kV^k_{μ, i}

+(D_{O1} + F_{O1} )O_1^i_aγ_5γ^μA^a_{μ, b}O_1^b_i + (D_{O1} − F_{O1} )O_1^i_aγ_5γ^μO_1^a_b A^b_{μ, i} (18e) L_{O2} = O_2^i_j (i∂/ − m_{O2} )O_2^j_i + iO_2^i_j γ^μV^j_{μ, k}O_2^k_i − iO_2^i_j γ^μO_2^j_kV^k_{μ, i}

+(D_{O2} + F_{O2} )O_2^i_aγ_5γ^μA^a_{μ, b}O_2^b_i + (D_{O2} − F_{O2} )O_2^i_aγ_5γ^μO_2^a_b A^b_{μ, i} (18f) L_{Λ1} = Λ_1i∂/Λ_1 + m_{Λ1} Λ_1Λ_1 (18g) L_Q = (∂_μQ_i)(∂^μQ̄^i) + ∂_μQ_iV^{μ, i}_j Q̄^j + Q_iV^{†i}_{μ, j}∂^μQ̄^j + Q_iV^{†i}_{μ, a}V^{μ, a}_j Q̄^j − m^2_QQ_iQ̄^i, (18h) L_S = S^{ij}(i∂/ − m_S )S_{ij} + iS^{ij}γ^μS_{ia}V^{†a}_{μ, j} + iS^{ij} γ^μS_{aj} V^{†a}_{μ, i} +G_S S^{ia}γ_5γ^μA^b_{μ, a}S_{bi} (18i) L_T = T_i(i∂/ − m_T )T^i + iT_iV/^i_jT^j + G_T T_iγ_5γ^μA^i_{μ, j}T^j . (18j)

D. Interaction between different matter fields

The interaction part of the chiral Lagrangians between different matter fields reads L_{P AB} = C_{P AB} ( P Γ_P A/B + BΓ_P A/P ) , (19a) L_{O1AD} = C_{O1AD}O_1A^μD_μ + h.c., (19b) L_{O2AD} = C_{O2AD}O_2iγ_5A^μD_μ + h.c., (19c) L_{O1AB} = C_{O1AB} Tr ( O_1 γ_5γ^μ{A_μ, B} + B γ_5γ^μ{A_μ, O_1} ) +H_{O1 AB}Tr ( O_1 γ_5γ^μ[A_μ, B] + B γ_5γ^μ[A_μ, O_1] ) , (19d) L_{O1AP} = C_{O1AP} ( O_1Γ_P A/P + P Γ_P A/O_1 ) , (19e) L_{O2AB} = C_{O2AB} Tr ( O_2γ^μ{A_μ, B} + Bγ^μ{A_μ, O_2} ) +H_{O2 AB}Tr ( O_2γ^μ[A_μ, B] + Bγ^μ[A_μ, O_2] ) , (19f) L_{O2AP} = C_{O2AP} ( O_2Γ_P γ_5A/P + P Γ_P γ_5A/O_2 ) , (19g) L_{O2AO1} = C_{O2AO1} Tr ( O_2γ^μ{A_μ, O_1} + O_1γ^μ {A_μ, O_2} ) +H_{O2 AO1} Tr ( O_2γ^μ[A_μ, O_1] + O_1γ^μ [A_μ, O_2] ) , (19h) L_{Λ1AB} = C_{Λ1AB}Tr ( Λ_1Γ_{Λ1} A/B + BΓ_{Λ1} A/Λ_1 ) , (19i) L_{Λ1AO1} = C_{Λ1AO1} Tr ( Λ_1Γ_{Λ1} A/O_1 + O_1Γ_{Λ1} A/Λ_1 ) , (19j) L_{Λ1AO2} = C_{Λ1AO2} Tr ( Λ_1Γ_{Λ1} γ_5A/O_2 + O_2Γ_{Λ1} γ_5A/Λ_1 ) , (19k) L_{SQB} = C_{SQB}SΓ_SQ̄B + h.c, (19l) L_{SQP} = C_{SQP} SΓ_{SP} Q̄P + h.c, (19m) L_{SQO1} = C_{SQO1} SΓ_SQ̄O_1 + h.c, (19n) L_{SQO2} = C_{SQO2} SΓ_S γ_5Q̄O_2 + h.c, (19o) L_{T QB} = C_{T QB}T Γ_T BQ̄ + h.c, (19p) L_{T QO1} = C_{T QO1} T Γ_T O_1Q̄ + h.c, (19q) L_{T QO2} = C_{T QO2} T Γ_T γ_5O_2Q̄ + h.c, (19r) L_{T QΛ1} = C_{T QΛ1} T Γ_T Q̄Λ_1 + h.c, (19s) L_{T AS} = C_{T AS} (T Γ_{T S} A/S + SΓ_{T S} A/T ), (19t) where D^μ is the Rarita-Schwinger spinor for the Δ decuplet, the subscripts P, S, T are the parities of pentaquarks (anti-decuplet, anti-sextet, triplet, respectively), and the subscript SP is the product of S and P . Γ_+ = γ_5, and Γ_− = 1.

With explicit flavor indices we have L_{P AB} = C_{P AB} P^{ijk}Γ_P A/^a_i B^b_j ϵ_{abk} + h.c., (20a) L_{O1AD} = C_{O1 AD}O_1^a_i A^b_{μj} D^{μijk}ϵ_{abk} + h.c., (20b) L_{O2AD} = C_{O2 AD}O_2^a_i iγ_5A^b_{μj} D^{μijk}ϵ_{abk} + h.c., (20c) L_{O1AB} = (C_{O1 AB} + H_{O1 AB})O_1^i_aγ_5γ^μA^a_{μ, b}B^b_i

+(C_{O1 AB} − H_{O1 AB})O_1^i_aγ_5γ^μB^a_b A^b_{μ, i} + h.c., (20d) L_{O1 AP} = C_{O1 AP} O_1^i_aΓ_P A/^j_bP_{ijk}ϵ^{abk} + h.c., (20e) L_{O2AB} = (C_{O2 AB} + H_{O2 AB})O_2^i_aγ^μA^a_{μ, b}B^b_i +(C_{O2 AB} − H_{O2 AB})O_2^i_aγ^μB^a_b A^b_{μ, i} + h.c., (20f) L_{O2 AP} = C_{O2 AP} O_2^i_aΓ_P γ_5A/^j_bP_{ijk}ϵ^{abk} + h.c., (20g) L_{O2AO1} = (C_{O2 AO1} + H_{O2AO1} )O_2^i_aγ^μ A^a_{μ, b}O_1^b_i +(C_{O2 AO1} − H_{O2 AO1} )O_2^i_aγ^μO_1^a_b A^b_{μ, i} + h.c, (20h) L_{Λ1AB} = C_{Λ1AB} Λ_1Γ_{Λ1} A/^i_j B^j_i + h.c, (20i) L_{Λ1AO1} = C_{Λ1AO1} Λ_1Γ_{Λ1} A/^i_j O_1^j_i + h.c., (20j) L_{Λ1AO2} = C_{Λ1AO2} Λ_1Γ_{Λ1} γ_5A/^i_j O_2^j_i + h.c., (20k) L_{SQB} = C_{SQB} S^{ij}Γ_SQ̄^aB^b_j ϵ_{iab} + h.c, (20l) L_{SQP} = C_{SQP} S^{ij}Γ_{SP} Q̄^kP_{ijk} + h.c, (20m) L_{SQO1} = C_{SQO1} S^{ij}Γ_SQ̄^aO_1^b_j ϵ_{iab} + h.c, (20n) L_{SQO2} = C_{SQO2} S^{ij}Γ_S γ_5Q̄^aO_2^b_j ϵ_{iab} + h.c, (20o) L_{T QB} = C_{T QB} T_iΓ_T Q̄^jB^i_j + h.c, (20p) L_{T QO1} = C_{T QO1} T_iΓ_T Q̄^jO_1^i_j + h.c, (20q) L_{T QO2} = C_{T QO2} T_iΓ_T γ_5Q̄^jO_2^i_j + h.c, (20r) L_{T QΛ1} = C_{T QΛ1} T_iΓ_T Q̄^iΛ_1 + h.c, (20s) L_{T AS} = C_{T AS} T_iΓ_{T S} A/^a_b S_{aj} ϵ^{ibj} + h.c. . (20t)

III. MASS AND MAGNETIC MOMENT RELATIONS

A. Mass relations

We include the nonzero current quark mass correction, which induces mass splitting in the multiplet. These symmetry breaking terms for various pentaquark multiplets are L_P = α_P P (ξmξ + ξ^†mξ^†)P, (21) L_{O1} = α_{O1} Tr ( d_1O_1{ξmξ + ξ^†mξ^†, O_1} + f_1O_1[ξmξ + ξ^†mξ^†, O_1] ) +β_{O1} Tr(O_1O_1)Tr(mΣ + Σ^†m), (22) L_{O2} = α_{O2} Tr ( d_2O_2{ξmξ + ξ^†mξ^†, O_2} + f_2O_2[ξmξ + ξ^†mξ^†, O_2] ) +β_{O2} Tr(O_2O_2)Tr(mΣ + Σ^†m), (23) L_S = α_S S(ξmξ + ξ^†mξ^†)S. (24)

Expanding Eq. (21), we get the mass splittings Δm_i ≡ m_i − m_{penta} for pentaquark anti-decuplet P Δm_Θ = 2α_P m_s, (25a) Δm_{N10} = 2 3 α_P (m̂ + 2m_s) , (25b)

Δm_{Σ10} = 2 3 α_P (2m̂ + m_s) , (25c) Δm_{Ξ10} = 2 α_P m̂. (25d) From the above mass splittings, we can derive the following mass relations. m_{N10} − m_{Σ10} = m_Θ − m_{N10} , (26a) m_{Σ10} − m_{Ξ10} = m_{N10} − m_{Σ10} . (26b) These relations have already been derived using the chiral soliton model [19] and chiral Lagrangian approach [53, 54]. The equal splitting for anti-decuplet pentaquark was also discussed in Ref. [32].

Similarly, for the pentaquark octet O_2 Δm_{N82} = [2β_{O2} + α_{O2} (d + f)](2m̂) + [β_{O2} + α_{O2} (d − f)](2m_s), (27a) Δm_{Σ82} = (β_{O2} + α_{O2} d)(4m̂) + 2β_{O2} m_s, (27b) Δm_{Ξ82} = [2β_{O2} + α_{O2} (d − f)](2m̂) + [β_{O2} + α_{O2} (d + f)](2m_s), (27c) Δm_{Λ82} = (β_{O2} + 1 3 α_{O2} d)(4m̂) + (β_{O2} + 4 3 α_{O2} d)(2m_s). (27d)

Hence we have the mass relation 2M_{N8} + 2M_{Ξ8} = 3M_{Λ8} + M_{Σ8} , (28) which was first derived in Ref. [52]. The pentaquark octet O_1 has similar expression. The mass relations for ideally mixed pentaquark anti-decuplet P and pentaquark octet O_1 have been discussed in Ref. [53].

For the heavy pentaquark anti-sextet S_c and S_b we get Δm_{Ξ5Q} = 2α_{SQ} m̂, (29a) Δm_{Σ5Q} = α_{SQ} (m̂ + m_s), (29b) Δm_{Θ5Q} = 2α_{SQ} m_s. (29c)

M_{Ξ5Q} − M_{Σ5Q} = M_{Σ5Q} − M_{Θ5Q} . (30) The heavy pentaquark mass splittings have been discussed in Refs [20, 21, 47, 49]. Especially in the diquark model it is very simple to derive this mass relation with the Hamiltonian H_s = M + n_s(m_s + α).

B. Heavy pentaquark magnetic moment relations

As in Refs. [52, 56, 57], we can derive the magnetic moment relations of heavy pentaquark anti-sextet [47] in Jaffe and Wilczek’s model. Interested readers are referred to Refs. [47, 52, 58, 59, 60] for details. Here we list the results only.

μ_Ξ0_{5c} + μ_Ξ−−_{5c} = 2μ_Ξ−_{5c} , (31a) 3μ_Θ0_c − μ_Σ0_{5c} − 2μ_Σ−_{5c} = μ_Ξ0_{5c} − μ_Ξ−−_{5c} , (31b) μ_Ξ+_{5b} + μ_Ξ−_{5b} = 2μ_Ξ0_{5b} , (31c) 3μ_Θ+_b − μ_Σ+_{5b} − 2μ_Σ0_{5b} = μ_Ξ+_{5b} − μ_Ξ−_{5b} . (31d)

These relations hold for both J^P =^1_2^+ and J^P =^3_2^+ anti-sextet in JW’s model.

The magnetic moments of J^P =^1_2^− heavy pentaquark triplet in the diquark model are all identical because they come from heavy anti-quark only.

IV. POSSIBLE STRONG DECAYS AND COUPLING CONSTANTS

Besides the possible decays of pentaquarks into conventional hadrons, we also consider the strong interactions and possible transitions between pentaquark multiplets. If pentaquarks are bound by flux tubes and have the nonplanar diamond structure as suggested in [34], then the possible transitions between pentaquarks might get enhanced because of the special stable structure although the decay phase space is smaller. Expanding the interaction terms in the previous section we obtain the coupling constants for different decay modes. We present the results up to one pseudoscalar meson field. Since some interaction terms have similar flavor structure, it’s enough to consider the following pieces: L_{Λ1AO1} , L_{O1AP} , L_{O2AO1} , L_{SQO1} , L_{SQP} , L_{T QB} and L_{T AS} .

A. Possible strong decays of anti-decuplet pentaquark Pijk

SU (3) symmetry forbids the anti-decuplet to decay into the Δ decuplet and pion octet or the Λ_1π. The chiral Lagragian and couplings of the anti-decuplet with pseudoscalar meson octet M and nucleon octet B can be found in Refs. [53, 55].

The anti-decuplet pentaquarks P_{ijk} and the octet O_1 pentaquarks lie close to each other [20]. Especially some states are nearly degenerate and mix ideally. So the strong interaction between these two multiplets is very important. One example is the identification of N (1440) and N (1710) as nucleon-like pentaquarks in the diquark model [20]. Such a big mass splitting after the diagonalization of the mixing mass matrix will allow the pionic transition to occur kinematically. We collect the couplings of the pentaquark anti-decuplet with even-parity pentaquark octet and pseudoscalar octet in Table I.

We want to emphasize that the odd-parity pentaquark octet O_2 lies much lower than the anti-decuplet. Pionic decay modes P → O_2π are allowed kinematically in many channels. The coupling constants can also be found from Table I.

Replacing the octet O_1^i_j with corresponding B^i_j in Table I, one gets the coupling constants of pentaquark antidecuplet with nucleon octet and pseudoscalar meson octet. We note that there is a sign difference in some terms compared with those in Ref. [53].

B. Possible strong decays of light pentaquark octet O1,2

The couplings of light pentaquark octet O_{1,2} with pseudoscalar meson octet M and nucleon octet B can be found in Ref. [52, 53].

The even-parity and odd-parity octet pentaquarks can also decay into the Δ decuplet and the pseudoscalar meson octet. Jaffe and Wilczek pointed out that the decay mode Ξ^−_5 → Ξ^{∗0}π^− observed by NA49 Collaboration may indicate the possible existence of the even-parity octet [20]. Since these decay modes can be measured in the near future, we present the couplings of the octet pentaquarks O_{1,2} with the decuplet baryon and the pion octet in Table II.

Similarly, since the odd-parity octet O_2 is lower than the even-parity octet O_1, pionic decay modes O_1 → O_2π are allowed kinematically in some channels. The couplings are collected in III. One can also get the coupling constants of pentaquark octet with nucleon octet and pseudoscalar meson octet from Table III with special b and proper replacement [52, 53].

It’s straightforward to derive the coupling of pentaquark singlet Λ_1 with pentaquark octet O_1^i_j and pseudoscalar meson octet π^i_j:

L_{Λ1AO1} = − 1 F_π C_{Λ1AO1} Λ_1Γ_{Λ1} (∂/π^0Σ^0_{8,1} + ∂/π^+Σ^−_{8,1} + ∂/π^−Σ^+_{8,1}

+∂/K^+Ξ^−_{8,1} + ∂/K^0Ξ^0_{8,1} + ∂/K^−p_{8,1} + ∂/K̄^0n_{8,1}) + h.c. . (32)

C. Possible strong decays of heavy pentaquarks

The interaction of heavy pentaquarks with the heavy vector meson and nucleon octet has the same flavor structure as in the case of heavy pseudoscalar mesons. It is interesting to note that the heavy pentaquark observed by H1 Collaboration sits right on the threshold of Δ and D meson. One may wonder whether this resonance is affected largely by the threshold behavior. However, in the SU (3) symmetry limit the heavy pentaquark anti-sextet can not decay into an decuplet and a heavy pseudoscalar meson. In other words, this state can not be explained as a coupled channel effect between D^{∗−}p and DΔ through t-channel pion exchange. The anti-sextet will not decay into Λ_1 plus a heavy meson. Similarly, the heavy triplet will not decay into the Δ decuplet plus a heavy meson or the anti-decuplet plus a heavy meson.

The interaction between heavy pentaquarks, nucleon octet B and pseudoscalar meson octet M are discussed in [48, 49]. In Jaffe and Wilczek’s diquark model, the odd-parity heavy pentaquark triplet is much lower than the even-parity heavy sextet. Pionic decays S → T π may happen in many channels. It will be very interesting to explore this kind of decay process experimentally. Now the heavy quark acts as a spectator. We collect the relevant coupling constants in Table IV.

We list the couplings of the heavy pentaquark sextet with the light pentaquark octet O_{1,2} and the heavy pseudoscalar mesons in Table V, those of the sextet with anit-decuplet and heavy mseon triplet in Table VI. The couplings of the heavy pentaquark triplet with light pentaquark octet O_{1,2} and heavy meson triplet are presented in Table VII. All these processes might be forbidden by kinematics.

D. Interaction of pentaquarks within the same multiplet

For completeness, we also consider the interaction within the same pentaquark multiplet arising from these terms: G_P P̄ γ_5A/P , (D_O + F_O)Tr(Oγ_5γ^μA_μO) + (D_O − F_O )Tr(Oγ_5γ^μOA_μ), G_SS̄γ_5A/S and G_T T̄ γ_5A/T . The coupling constants for pentaquark octet O_1 or O_2 can be found in Table III through simple replacement. We collect other couplings in Table VIII-X.

E. Decay widths

There are four types of interaction terms corresponding to four kinds of Lorentz structures depending on the parities of the pentaquarks. a_1F̄_1γ_5γ^μ∂_μM F_2 a_2F̄_1γ^μ∂_μM F_2

a_3F̄_1γ^5Q̄F_2 a_4F̄_1Q̄F_2, (33) where F_1, F_2 denotes initial and final fermions respectively, M and Q̄ are the pseudoscalar mesons. The corresponding decay widths are

Γ_1 = |p^∗| 8πm^2_1 a^2_1(m_1 + m_2)^2 [(m_1 − m_2)^2 − m^2_M ]

Γ_2 = |p^∗| 8πm^2_1 a^2(m_1 − m_2)^2 [(m_1 + m_2)^2 − m^2_M ]

Γ_3 = |p^∗| 8πm^2_1 a^2_3 [(m_1 − m_2)^2 − m^2_Q]

Γ_4 = |p^∗| 8πm^2_1 a^2_4 [(m_1 + m_2)^2 − m^2_Q], (34)

where p^∗ is the meson momentum in the parent particle F_1 rest frame.

|p^∗|^2 = 1 4m^2_1

[m^2_1 − (m_2 + m_M )^2][m^2_1 − (m_2 − m_M )^2]. (35)

For example, Θ^+ width reads Γ_Θ+ = 2Γ_Θ+_{→K}+_n = 2Γ_Θ+_{→K}0_p = C^2_{P AB} |p_1| 4πF^2_π m^2_Θ

(m_Θ + m_N )^2 [(m_Θ − m_N )^2 − m^2_K ]. (36)

If the mass of Λ_1 is around 1405 MeV [52], it decays into πΣ only. Its width is Γ_{Λ1} = 3Γ_{Λ1→π}+_Σ− = 3C^2_{Λ1AB}|p_2| 8πF^2_π m^2_{Λ1}

(m_{Λ1} − m_Σ)^2 [(m_{Λ1} + m_Σ)^2 − m^2_π ]. (37)

Even with |C_{Λ1AB} | = 10|C_{P AB}|, hence Γ_{Λ1} /Γ_Θ+ ≈ 43, Λ_1 is still not a broad resonance assuming the current experimental upper bound of Θ^+ width.

The ratio BR[Ξ^{−−}_{10} → Σ^−K^−]/BR[Ξ^{−−}_{10} → Ξ^−π^−] are different for positive and negative parity pentaquark, which is independent of models. This property has been proposed to determine the parity of pentaquark anti-decuplet in Ref. [55]. If we assume Γ ( Ξ^{−−}_{10} → Ξ^−_{8,2}π^− ) is significantly smaller than Γ ( Ξ^{−−}_{10} → Σ^−K^− ) and Γ ( Ξ^{−−}_{10} → Ξ^−π^− ) because of phase space suppression, then the ratio Γ_Ξ−−_{10} /Γ_Θ+ is about 4.1 for positive parity and 2.0 for negative parity with m_Ξ−− = 1862 MeV. If their widths can be measured accurately, the parity of the anti-decuplet can be determined [55].

V. SUMMARY AND DISCUSSIONS

We have constructed the chiral Lagrangian involving six SU (3)_f pentaquark multiplets. In the framework of Jaffe and Wilczek’s diquark model, these pentaquark muptiplets include one even-parity anti-decuplet, one even-parity octet, one odd-parity octet, one odd-parity singlet, one even-parity heavy anti-sextet, and one heavy triplet. However our discussion relies on the SU (3) symmetry only. Therefore the results are general and not limited to this particular model.

After taking into account of the symmetry breaking correction from the non-zero quark mass, we have derived the Gell-Mann−Okubo mass relations for different pentaquark multiplets. Similarly, we have also derived the Coleman- Glashow relations for heavy pentaquark magnetic moments. We have discussed the couplings of pentaquarks with other pentaquarks and pseudoscalar mesons. We have also investigated the possible decays of pentaquarks into the Δ decuplet and pseudoscalar mesons.

If symmetry and kinematics allow, the most efficient decay mechanism of pentaquarks is for the four quarks and one anti-quark to regroup with each other into a three-quark baryon and a meson. This is in contrast to the^3P_0 decay models for the ordinary hadrons. This regrouping is coined as the ”fall-apart” mechanism, which leads to selection rules in the octet pentaquark decays. This ”fall-apart” decay mechanism can be taken care of in the chiral Lagrangian formalism through keeping the flavor indices explicitly [52, 53]. The couplings of two octet baryons with a pseudoscalar mesons with the general F/D flavor structure is presented in Table III. It is pointed out that the ”fallapart” mechanism requires b =^1_3 for the even-parity pentaquark octet decays into nucleon octet and pseudoscalar meson [53]. In contrast, this mechanism requires b = −1 for the odd-parity pentaquark octet decays into nucleon octet and pseudoscalar meson [52].

We collect all the possible decay modes of Θ^+, Ξ^{−−}_{10} and Θ^0_c in Table XI with corresponding coupling constants in JW’s model. We find that Ξ^{−−}_{10} can also decay into Ξ^−_{8,2} via the emission of a π^−. The heavy pentaquark Θ^0_c has four decay channels, D^−p, D̄^0n, D^{∗−}p and D̄^{∗0}n. The decay modes and couplings of the other exotic anti-decuplet members and anti-sextet are also included in the table. Using the the mass of Θ^0_c from H1 experiment as a constraint, we have updated our old mass estimate of heavy pentaquarks in [47] and use the new values to analyze the possible decay modes in Table XI. Hopefully our present study may help the future experimental discovery of those missing pentaquarks.

S.L.Z. thanks Prof W.-Y. P. Hwang and COSPA center at National Taiwan University for the hospitality. This project was supported by the National Natural Science Foundation of China under Grant 10375003, Ministry of Education of China, FANEDD and SRF for ROCS, SEM.

[1] T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003). [2] V. V. Barmin et al., hep-ex/0304040. [3] S. Stepanyan et al., hep-ex/0307018. [4] J. Barth et al., hep-ph/0307083.

[5] A. E. Aratayn, A. G. Dololenko and M. A. Kubantsev, hep-ex/0309042. [6] V. Kubarovsky et al., hep-ex/0311046. [7] A. Airapetian et al., hep-ex/0312044. [8] A. Aleev et al., hep-ex/0401024.

[9] COSY-TOF Collaboration, hep-ex/0403011. [10] P. A. Aslanyan et al., hep-ex/0403044. [11] ZEUS Collaboration, hep-ex/0403051. [12] S. V. Chekanov, hep-ex/0404007.

[13] NA49 Collaboration, Phys. Rev. Lett. 92, 042003 (2004). [14] H. G. Fischer and S. Wenig, hep-ex/0401014.

[15] H1 Collaboration, hep-ex/0403017. [16] J.Z. Bai et al., hep-ex/0402012 [17] K. T. Knopfle et. al., hep-ex/0403020. [18] C. Pinkenburg, nucl-ex/0404001.

[19] D. Diakonov, V. Petrov, and M. Ployakov, Z. Phys. A 359, 305 (1997). [20] R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003); hep-ph/0312369. [21] M. Karliner and H. J. Lipkin, hep-ph/0307243.

[22] F. Stancu and D. O. Riska, hep-ph/0307010; A. Hosaka, hep-ph/0307232. [23] C. E. Carlson et al, hep-ph/0312325. [24] T. D. Cohen, hep-ph/0309111, hep-ph/0312191. [25] Y.-X. Liu, J.-S. Li, C.-G. Bao, hep-ph/0401197. [26] T.-W. Chiu, T.-H. Hsieh, hep-ph/0403020.

[27] F.Csikor, Z. Fodor, S.D. Katz, T.G. Kovacs, hep-lat/0309090. [28] S. Sasaki, hep-lat/0310014.

[29] Shi-Lin Zhu, Phys. Rev. Lett. 91, 232002 (2003). [30] J. Sugiyama, T. Doi, M. Oka, hep-ph/0309271. [31] F.Huang, Z.Y.Zhang, Y.W.Yu, B.S.Zou, hep-ph/0310040.

[32] C. E. Carlson et al., Phys. Lett. B 573,101 (2003), Phys. Lett. B 579,52 (2004). [33] B. Wu and B.-Q. Ma, hep-ph/0311331. [34] X.-C. Song and Shi-Lin Zhu, hep-ph/0403093.

[35] S. Nussinov, hep-ph/0307357; R. A. Arndt, I. I. Strakovsky, R. L. Workman, Phys. Rev. C 68, 042201 (R) (2003), nucl-th/0311030; J. Haidenbauer and G. Krein, hep-ph/0309243; R. N. Cahn and G. H. Trilling, hep-ph/0311245.

[36] B.Jennings and K.Maltman, hep-ph/0308286. [37] F. E. Close and J. J. Dudek, hep-ph/0401192. [38] F.Buccella and P.Sorba, hep-ph/0401083. [39] J. Ellis et al., hep-ph/0410127.

[40] M. Karliner and H. J. Lipkin, hep-ph/0401072.

[41] J. L. Rosner, hep-ph/0312269; S. Armstrong, B. Mellado, S. L. Wu, hep-ph/0312344; T. E. Browder, hep-ph/0401115; [42] J.J. Dudek and F.E. Close, Phys. Lett. B 583, 278 (2004). [43] P. Bicudo, hep-ph/0403295.

[44] J. Leandri and B. Silvestre-Brac, Phys. Rev. D 40, 2340 (1989). [45] F. Stancu, Phys. Rev. D 58, 111501 (1998). [46] K. Cheung, hep-ph/0308176.

[47] P.Z. Huang, Y.R. Liu, W.Z. Deng, X.L. Chen, Shi-Lin Zhu, hep-ph/0401191 [48] I. Stewart, M. Wssling and M. Wise, hep-ph/0402076. [49] X.-G. He and X.-Q. Li, hep-ph/0403191. [50] T. W. Chiu and T. H. Hsieh, hep-ph/0404007. [51] H.-Y. Cheng et al., hep-ph/0403232.

[52] A. Zhang, Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen and Shi-Lin Zhu, hep-ph/0403210. [53] Y. Oh, H. Kim, and S. H. Lee, hep-ph/0310117;S. H. Lee, H. Kim, and Y. Oh, hep-ph/0402135. [54] P. Ko, J. Lee, T. Lee, and J. Park, hep-ph/0312147. [55] T. Mehen, C. Schat, hep-ph/0401107.

[56] S. Coleman and S. L. Glashow, Phys. Rev. Lett. 6, 423 (1961). [57] R. Bijker, M.M. Giannini and E. Santoponto, hep-ph/0403029. [58] P.-Z. Huang, W.-Z. Deng, X.-L. Chen, Shi-Lin Zhu, Phys. Rev. D 69, 074004 (2004). [59] Y.R. Liu, P.Z. Huang, W.Z. Deng, X.L. Chen and Shi-Lin Zhu, Phys. Rev. C 69, 035205 (2004). [60] W. W. Li, Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen and Shi-Lin Zhu, hep-ph/0312362, HEP & NP (in press).

Θ^+ N^+_{10} N^0_{10} Σ^+_{10} K^+n8,1 1 π^+n8,1 −^{1√}_3 π^0 n8,1^{1√}_6 π^+ Λ8,1^{1√}_2 K^0p8,1 −1 π^0p8,1 −^1√_6 π^−p8,1 −^1√_3 π^+ Σ^0_{8,1} −^1√_6 η0p8,1^{1√}_2 η0 n8,1^{1√}_2 π^0 Σ^+_{8,1}^{1√}_6 K^+Λ8,1 −^1√_2 K^+Σ^−_{8,1}^1√_3 η0Σ^+_{8,1} −^1√_2 K^+Σ^0_{8,1}^{1√}_6 K^0Λ8,1 −^{1√}_2 K^+Ξ^0_{8,1} −^{1√}_3 K^0Σ^+_{8,1}^1√_3 K^0Σ^0_{8,1} −^1√_6 K̄^0p8,1^1√_3 Σ^0_{10} Σ^−_{10} Ξ^+_{10} Ξ^0_{10} π^+Σ^−_{8,1} −^1√_6 π^0 Σ^−_{8,1}^1√_6 π^+ Ξ^0_{8,1} 1 π^+ Ξ^−_{8,1} −^1√_3 π^0 Λ8,1 −^{1√}_2 π^−Λ8,1 −^{1√}_2 K̄^0Σ^+_{8,1} −1 π^0 Ξ^0_{8,1} −

√_2 3 π^− Σ^+_{8,1}^1√_6 π^−Σ^0_{8,1} −^1√_6 K̄^0Σ^0_{8,1}

√_2 3 η0Σ^0_{8,1}^1√_2 η0 Σ^−_{8,1}^1√_2 K^−Σ^+_{8,1}^1√_3 K^+Ξ^−_{8,1}^{1√}_6 K^0Ξ^−_{8,1}^{1√}_3 K^0Ξ^0_{8,1} −^1√_6 K^−n8,1 −^1√_3 K̄^0n_{8,1}^1_{√6} K^−p8,1 −^1√_6

Ξ^−_{10} Ξ^{−−}_{10} π^0Ξ^−_{8,1}

√_2 3 π^−Ξ^−_{8,1} 1 π^− Ξ^0_{8,1} −^{1√}_3 K^−Σ^−_{8,1} −1 K̄^0Σ^−_{8,1}^1_{√3} K^−Σ^0_{8,1} −

√_2 3

TABLE I: Couplings of the pentaquark anti-decuplet Pijk with the pentaquark octet O1^i_j and pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} CO_1 AP is omitted.

Ξ^−_{8,1} Ξ^0_{8,1} p8,1 n8,1 π^− Ξ^{0 1}√_3 π^+ Ξ^− −^1√_3 π^0Δ^+

√_2 3 π^0 Δ^0

√_2 3 π^0 Ξ^− −^1√_6 π^0Ξ^0 −^1√_6 π^+Δ^{0 1}√_3 π^−Δ^+ −^1√_3 η0Ξ^{− 1√}_2 η0Ξ^0 −^{1√}_2 π^−Δ^{++} −1 π^+Δ^− 1 K̄^0Σ^− −^1_{√3} K^−Σ^{+ 1}_{√3} K^+Σ^{0 1}_{√6} K^0Σ^0 −^1_{√6} K^−Σ^0 −^{1√}_6 K̄^0Σ^{0 1√}_6 K^0Σ^+ −^{1√}_3 K^+Σ^{− 1√}_3 K^0Ω^− 1 K^+Ω^− −1

Σ^0_{8,1} Σ^+_{8,1} Σ^−_{8,1} Λ8,1 π^+ Σ^{− 1}√_6 π^+Σ^0 −^1√_6 π^− Σ^{0 1}√_6 π^+Σ^− −^1√_2 π^− Σ^{+ 1√}_6 π^0Σ^+ −^{1√}_6 π^0 Σ^− −^{1√}_6 π^0 Σ^0 −^{1√}_2 η0Σ^{0 1}√_2 η0Σ^+ −^1√_2 η0Σ^{− 1}√_2 π^−Σ^{+ 1}√_2 K^0Ξ^{0 1√}_6 K^+Ξ^0 −^{1√}_3 K^−Δ^0 −^{1√}_3 K^0Ξ^{0 1√}_2 K^−Δ^+ −

√_2

3 K^−Δ^{++} 1 K^0Ξ^{− 1}√_3 K^+Ξ^− −^1√_2 K̄^0Δ^0 −

√_2 3 K̄^0Δ^{+ 1}_{√3} K̄^0Δ^− −1 K^+Ξ^{− 1√}_6

TABLE II: Couplings of the pentaquark octet O1^i_j with the baryon decuplet D^{ijk} and pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} CO_1 AD is omitted. Except the universal coupling constant, the couplings of O2 is the same.

Ξ^−_{8,1} Ξ^0_{8,1} p8,1 n8,1 π^−Ξ^0_{8,2} 1 − b π^+ Ξ^−_{8,2} 1 − b π^0p8,2^1√_2 (1 + b) π^0n8,2 −^1√_2 (1 + b) π^0 Ξ^−_{8,2}^{1√}_2 (1 − b) π^0 Ξ^0_{8,2} −^{1√}_2 (1 − b) π^+n8,2 1 + b π^− p8,2 1 + b η0 Ξ^−_{8,2} −^1√_6 (3b + 1) η0 Ξ^0_{8,2} −^1√_6 (3b + 1) η0p8,2^1√_6 (3b − 1) η0n8,2^1√_6 (3b − 1) K̄^0Σ^−_{8,2} 1 + b K^−Σ^+_{8,2} 1 + b K^+Σ^0_{8,2}^1_{√2} (1 − b) K^0Σ^0_{8,2} −^1_{√2} (1 − b) K^−Σ^0_{8,2}^{1√}_2 (1 + b) K̄^0Σ^0_{8,2} −^{1√}_2 (1 + b) K^0Σ^+_{8,2} 1 − b K^+Σ^−_{8,2} 1 − b K^−Λ8,2^1√_6 (3b − 1) K̄^0Λ8,2^1√_6 (3b − 1) K^+Λ8,2 −^1√_6 (3b + 1) K^0Λ8,2 −^1√_6 (3b + 1) Σ^0_{8,1} Σ^+_{8,1} Σ^−_{8,1} Λ8,1 π^+ Σ^−_{8,2} √ 2b π^+ Σ^0_{8,2} − √ 2b π^−Σ^0_{8,2} √ 2b π^− Σ^+_{8,2}

√_2 3 π^−Σ^+_{8,2} − √ 2b π^0 Σ^+_{8,2} √ 2b π^0 Σ^−_{8,2} − √ 2b π^+Σ^−_{8,2}

√_2 3 π^0Λ8,2

√_2 3 η0 Σ^+_{8,2}

√_2

3 η0Σ^−_{8,2}

√_2 3 π^0Σ^0_{8,2}

√_2 3 η0 Σ^0_{8,2}

√_2 3 π^+Λ8,2

√_2

3 π^−Λ8,2

√_2 3 η0 Λ8,2 −

√_2 3 K^−p8,2^1√_2 (1 − b) K^+Ξ^0_{8,2} 1 + b K^0Ξ^−_{8,2} 1 + b K^+Ξ^−_{8,2}^1√_6 (3b − 1) K̄^0n_{8,2} −^1_{√2} (1 − b) K̄^0p_{8,2} 1 − b K^−n_{8,2} 1 − b K^0Ξ^0_{8,2}^1_{√6} (3b − 1) K^+Ξ^−_{8,2}^{1√}_2 (1 + b) K^−p8,2 −^{1√}_6 (3b + 1) K^0Ξ^0_{8,2} −^1√_2 (1 + b) K̄^0n8,2 −^1√_6 (3b + 1)

TABLE III: Couplings of the pentaquark octet O1^i_j with the pentaquark octet O2^i_j and pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} CO_2 AO_1 is omitted. The constant b = HO_2AO_1 /CO_2 AO_1 .

Ξ^{−−}_{5c} (Ξ^−_{5b}) Ξ^−_{5c}(Ξ^0_{5b}) Ξ^0_{5c}(Ξ^+_{5b}) K^−Σ^{′−}_{5c} (Σ^{′0}_{5b}) 1 K^−Σ^{′0}_{5c}(Σ^{′+}_{5b} )^1√_2 π^+ Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) 1 π^− Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −1 K̄^0Σ^{′−}_{5c} (Σ^{′0}_{5b}) −^{1√}_2 K̄^0Σ^{′0}_{5c}(Σ^{′+}_{5b} ) −1 π^0 Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −1 Σ^−_{5c}(Σ^0_{5b}) Σ^0_{5c}(Σ^+_{5b}) Θ^0_{5c}(Θ^+_{5b}) π^− Σ^{′0}_{5c}(Σ^{′+}_{5b} )^1√_2 π^0 Σ^{′0}_{5c}(Σ^{′+}_{5b} )^1_2 K^0Σ^{′0}_{5c}(Σ^{′+}_{5b} ) 1 π^0 Σ^{′−}_{5c} (Σ^{′0}_{5b}) −^1_2 η0 Σ^{′0}_{5c}(Σ^{′+}_{5b} ) −^{√3}_2 K^+Σ^{′−}_{5c} (Σ^{′0}_{5b}) −1 η0 Σ^{′−}_{5c} (Σ^{′0}_{5b}) −^{√3}_2 π^+ Σ^{′−}_{5c} (Σ^{′0}_{5b})^{1√}_2 K^0Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −^1√_2 K^+Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −^1√_2

TABLE IV: Couplings of the heavy pentaquark anti-sextet Sij with the heavy pentaquark triplet T^i and pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} CT AS is omitted.

Ξ^{−−}_{5c} (Ξ^−_{5b}) Ξ^−_{5c}(Ξ^0_{5b}) Ξ^0_{5c}(Ξ^+_{5b}) D^−(B^0)Ξ^−_{8,1} 1 D̄^0(B^+)Ξ^−_{8,1}^1√_2 D̄^0(B^+)Ξ^0_{8,1} −1 D^−_s (B^0_s )Σ^−_{8,1} −1 D^−(B^0)Ξ^0_{8,1} −^{1√}_2 D^−_s (B^0_s )Σ^+_{8,1} 1 D^−_s (B^0_s )Ξ^0_{8,1} −1 Σ^−_{5c}(Σ^0_{5b}) Σ^0_{5c}(Σ^+_{5b}) Θ^0_{5c}(Θ^+_{5b}) D̄0(B^+)Σ^−_{8,1} 1_{√2} D̄0(B^+)Σ^0_{8,1} 1_2 D̄0(B^+)n_{8,1} 1 D^−(B^0 )Σ^0_{8,1} −^1_2 D̄^0(B^+ )Λ8,1 −^{√3}_2 D^−(B^0)p8,1 −1 D^−(B^0)Λ8,1 −^{√3}_2 D^−(B^0)Σ^+_{8,1}^{1√}_2 D^−_s (B^0_s )n8,1 −^1√_2 D^−_s (B^0_s )p8,1 −^1√_2

TABLE V: Couplings of the heavy pentaquark anti-sextet Sij with the light pentaquark octet O1^i_j and heavy flavor pseudoscalar meson triplet Q̄^i. The universal coupling constant CSQO_1 is omitted.

Ξ^{−−}_{5c} (Ξ^−_{5b}) Ξ^−_{5c}(Ξ^0_{5b}) Ξ^0_{5c}(Ξ^+_{5b}) D̄0(B^+ )Ξ^{−−}_{10} 1 D̄0(B^+)Ξ^−_{10}

√_2 3 D̄0(B^+)Ξ^0_{10} 1_{√3}

D^−(B^0)Ξ^−_{10} −^{1√}_3 D^−(B^0)Ξ^0_{10} −

√_2 3 D^−(B^0 )Ξ^+_{10} −1 D^−_s (B^0_s )Σ^−_{10}^1√_3 D^−_s (B^0_s )Σ^0_{10}^1√_3 D^−_s (B^0_s )Σ^+_{10}^1√_3 Σ^−_{5c}(Σ^0_{5b}) Σ^0_{5c}(Σ^+_{5b}) Θ^0_{5c}(Θ^+_{5b}) D̄0(B^+)Σ^−_{10}

√_2 3 D̄0(B^+)Σ^0_{10}^1_{√3} D̄0(B^+ )N^0_{10}^1_{√3} D^−(B^0 )Σ^0_{10} −^1√_3 D^−(B^0)Σ^+_{10} −

√_2 3 D^−(B^0)N^+_{10} −^1√_3 D^−_s (B^0_s )N^0_{10}

√_2

3 D^−_s (B^0_s )N^+_{10}

√_2 3 D^−_s (B^0_s )Θ^+ 1

TABLE VI: Couplings of the heavy pentaquark anti-sextet Sij with the pentaquark anti-decuplet Pijk and heavy flavor pseudoscalar meson triplet Q̄^i. The universal coupling constant CSQP is omitted.

Σ^{′0}_{5c}(Σ^{′+}_{5b} ) Σ^{′−}_{5c} (Σ^{′0}_{5b}) Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) D̄0(B^+ )Σ^0_{8,1} 1_{√2} D̄0(B^+)Σ^−_{8,1} 1 D̄0(B^+ )Ξ^−_{8,1} 1 D̄0(B^+)Λ_{8,1}^1_{√6} D^−(B^0)Σ^0_{8,1} −^1_{√2} D^−(B^0)Ξ^0_{8,1} 1 D^−(B^0)Σ^+_{8,1} 1 D^−(B^0)Λ8,1^{1√}_6 D^−_s (B^0_s )Λ8,1 −

√_2 3 D^−_s (B^0_s )p8,1 1 D^−_s (B^0_s )n8,1 1

TABLE VII: Couplings of the heavy pentaquark triplet T^i with the pentaquark octet O1^i_j and heavy flavor pseudoscalar meson triplet Q̄^i . The universal coupling constant CT QO_1 is omitted.

Θ^+ N^+_{10} N^0_{10} Σ^+_{10} K^+N^0_{10}^1√_3 π^+N^0_{10} −^1_3 π^0 N^0_{10}^1_3√_2 π^+ Σ^0_{10} −^{√2}_3 K^0N^+_{10} −^1√_3 π^0N^+_{10} −^1_3√_2 π^−N^+_{10} −^1_3 π^0 Σ^+_{10} −^{√2}_3 η0 Θ^+ −^{2√}_6 η0N^+_{10} −^{1√}_6 η0N^0_{10} −^{1√}_6 K^+Ξ^0_{10}^1_3 K^+Σ^0_{10}^{√2}_3 K^+Σ^−_{10}^2_3 K^0Ξ^+_{10} −^1√_3 K^0Σ^+_{10} −^2_3 K^−Θ^{+ 1√}_3 K̄^0N^+_{10} −^2_3 K̄ 0Θ^+ − 1_{√3} K^0Σ^0_{10} −^√2_3 Σ^0_{10} Σ^−_{10} Ξ^+_{10} Ξ^0_{10} π^+Σ^−_{10} −^{√2}_3 π^0 Σ^−_{10}^{√2}_3 π^+ Ξ^0_{10} −^1√_3 π^+ Ξ^−_{10} −^2_3 π^− Σ^+_{10} −^{√2}_3 π^−Σ^0_{10} −^{√2}_3 π^0 Ξ^+_{10} −^{1√}_2 π^0 Ξ^0_{10} −^1_3^√_2 K^+Ξ^−_{10}^{√2}_3 K^+Ξ^{−−}_{10}^1√_3 η0 Ξ^+_{10}^1√_6 η0 Ξ^0_{10}^1√_6 K^−N^+_{10}^{√2}_3 K^0Ξ^−_{10} −^1_3 K̄^0Σ^+_{10} −^{1√}_3 π^−Ξ^+_{10} −^{1√}_3 K^0Ξ^0_{10} −^{√2}_3 K^−N^0_{10}^2_3 K̄^0Σ^0_{10} −^{√2}_3 K̄^0N^0_{10} −^{√2}_3 K^−Σ^+_{10}^1_3 Ξ^−_{10} Ξ^{−−}_{10} π^+ Ξ^{−−}_{10} −^1√_3 π^0 Ξ^{−−}_{10}^1√_2 π^0Ξ^−_{10}^1_3^√_2 π^−Ξ^−_{10} −^{1√}_3 π^− Ξ^0_{10} −^2_3 η0 Ξ^{−−}_{10}^1√_6 η0Ξ^−_{10}^{1√}_6 K^−Σ^−_{10}^{1√}_3 K̄^0Σ^−_{10} −^1_3 K^−Σ^0_{10}^{√2}_3

TABLE VIII: Couplings of the pentaquark anti-decuplet Pijk with pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} GP is omitted.

Ξ^{−−}_{5c} (Ξ^−_{5b}) Ξ^−_{5c}(Ξ^0_{5b}) Ξ^0_{5c}(Ξ^+_{5b}) π^0 Ξ^{−−}_{5c} (Ξ^−_{5b})^{1√}_2 π^+ Ξ^{−−}_{5c} (Ξ^−_{5b}) −^{1√}_2 π^+ Ξ^−_{5c}(Ξ^0_{5b}) −^{1√}_2 π^− Ξ^−_{5c}(Ξ^0_{5b}) −^1√_2 π^− Ξ^0_{5c}(Ξ^+_{5b}) −^1√_2 π^0 Ξ^0_{5c}(Ξ^+_{5b}) −^1√_2 η0 Ξ^{−−}_{5c} (Ξ^−_{5b})^{1√}_6 η0Ξ^−_{5c}(Ξ^0_{5b})^{1√}_6 η0 Ξ^0_{5c}(Ξ^+_{5b})^{1√}_6 K^−Σ^−_{5c}(Σ^0_{5b})^1√_2 K̄^0Σ^−_{5c}(Σ^0_{5b}) −^1_2 K̄^0Σ^0_{5c}(Σ^+_{5b}) −^1√_2 K^−Σ^0_{5c}(Σ^+_{5b})^1_2 Σ^−_{5c}(Σ^0_{5b}) Σ^0_{5c}(Σ^+_{5b}) Θ^0_{5c}(Θ^+_{5b}) π^0 Σ^−_{5c}(Σ^0_{5b})^1_2^√_2 π^+ Σ^−_{5c}(Σ^0_{5b}) −^1_2 K^+Σ^−_{5c}(Σ^0_{5b})^{1√}_2 π^−Σ^0_{5c}(Σ^+_{5b}) −^1_2 π^0 Σ^0_{5c}(Σ^+_{5b}) −^1_2√_2 K^0Σ^0_{5c}(Σ^+_{5b}) −^1√_2 η0Σ^−_{5c}(Σ^0_{5b}) −^1_2√_6 η0Σ^0_{5c}(Σ^+_{5b}) −^1_2√_6 η0 Θ^0_{5c}(Θ^+_{5b}) −^2√_6 K^+Ξ^{−−}_{5c} (Ξ^−_{5b})^{1√}_2 K^+Ξ^−_{5c}(Ξ^0_{5b})^1_2 K^0Ξ^−_{5c}(Ξ^0_{5b}) −^1_2 K^0Ξ^0_{5c}(Ξ^+_{5b}) −^1√_2 K^−Θ^0_{5c}(Θ^+_{5b})^{1√}_2 K̄^0Θ^0_{5c}(Θ^+_{5b}) −^{1√}_2

TABLE IX: Couplings of the heavy pentaquark anti-sextet Sij with pseudoscalar meson octet π^i_j . The universal coupling constant −^1_{Fπ} GS is omitted.

Σ^{′0}_{5c}(Σ^{′+}_{5b} ) Σ^{′−}_{5c} (Σ^{′0}_{5b}) Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) π^+Σ^{′−}_{5c} (Σ^{′0}_{5b}) 1 π^0 Σ^{′−}_{5c} (Σ^{′0}_{5b}) −^1√_2 η0Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −^2√_6 π^0Σ^{′0}_{5c}(Σ^{′+}_{5b} )^{1√}_2 η0 Σ^{′−}_{5c} (Σ^{′0}_{5b})^{1√}_6 K̄^0Σ^{′−}_{5c} (Σ^{′0}_{5b}) 1 η0Σ^{′0}_{5c}(Σ^{′+}_{5b} )^1√_6 π^−Σ^{′0}_{5c}(Σ^{′+}_{5b} ) 1 K^−Σ^{′0}_{5c}(Σ^{′+}_{5b} ) 1 K^0Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) 1 K^0Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) 1

TABLE X: Couplings of the heavy pentaquark triplet T^i with pseudoscalar meson octet π^i_j . The universal coupling constant GT AT is omitted.

Θ^+ Ξ^{−−}_{10} Θ^0_c (Θ^+_b ) K^+n −^1_{Fπ} CP AB Y π^−Ξ^− −^1_{Fπ} CP AB Y D^−(B^0 )p −CSQB Y(Y) K^0p^1_{Fπ} CP AB Y K^−Σ^{− 1}_{Fπ} CP AB Y D̄^0(B^+)n CSQB Y(Y) K^+N^0_{10} −^1√_3 (^1_{Fπ} GP ) N π^−Ξ^−_{10}^1√_3 (^1_{Fπ} GP ) N D^−(B^0 )N^+_{10} −^1√_3 CSQP N(N) K^0N^+_{10}^1√_3 (^1_{Fπ} GP ) N π^0 Ξ^{−−}_{10} −^1√_2 (^1_{Fπ} GP ) N D̄^0(B^+)N^0_{10}^1√_3 CSQP N(N) η0 Θ^{+ 2√}_6 (^1_{Fπ} GP ) N η0 Ξ^{−−}_{10} −^{1√}_6 (^1_{Fπ} GP ) N D^−_s (B^0_s )Θ^+ CSQP N(N) K^+n8,1 −^1_{Fπ} CO_1AP N K^−Σ^−_{10} −^1√_3 (^1_{Fπ} GP ) N D^−(B^0 )p8,1 −CSQO_1 N(N) K^0p8,1^1_{Fπ} CO_1AP N π^−Ξ^−_{8,1} −^1_{Fπ} CO_1 AP * D̄^0(B^+)n8,1 CSQO_1 N(N) K^+n8,2 −^1_{Fπ} CO_2AP N K^−Σ^−_{8,1}^1_{Fπ} CO_1AP N D^−(B^0 )p8,2 −CSQO_2 N(N) K^0p8,2^1_{Fπ} CO_2AP N π^−Ξ^−_{8,2} −^1_{Fπ} CO_2 AP Y D̄^0(B^+)n8,2 CSQO_2 N(N) K^−Σ^−_{8,2}^1_{Fπ} CO_2AP * K^+Σ^−_{5c} −^{1√}_2 (^1_{Fπ} GS ) N K^0Σ^0_{5c}^1√_2 (^1_{Fπ} GS ) N η0Θ^0_c^{2√}_6 (^1_{Fπ} GS ) N K^0Σ^{′0}_{5c} −^1_{Fπ} CT AS * K^+Σ^{′−}_{5c}^1_{Fπ} CT AS * Ξ^+_{10} Ξ^{−−}_{5c} (Ξ^−_{5b}) Ξ^0_{5c}(Ξ^+_{5b}) π^+ Ξ^0 −^1_{Fπ} CP AB Y D^−(B^0)Ξ^− CSQB Y(Y) D̄^0(B^+)Ξ^0 −CSQB Y(Y) K̄^0Σ^{+ 1}_{Fπ} C_{P AB} Y D^−_s (B^0_s )Σ^− −C_{SQB} Y(Y) D^−_s (B^0_s )Σ^+ C_{SQB} Y(Y) π^+Ξ^0_{10}^1√_3 (^1_{Fπ} GP ) N D̄^0(B^+ )Ξ^{−−}_{10} CSQP N(N) D̄^0(B^+)Ξ^0_{10}^1√_3 CSQP N(N) π^0Ξ^+_{10}^1√_2 (^1_{Fπ} GP ) N D^−(B^0)Ξ^−_{10} −^1√_3 CSQP N(N) D^−(B^0)Ξ^+_{10} −CSQP N(N) η0Ξ^+_{10} −^1√_6 (^1_{Fπ} GP ) N D^−_s (B^0_s )Σ^−_{10}^1√_3 CSQP N(N) D^−_s (B^0_s )Σ^+_{10}^1√_3 CSQP N(N) K̄^0Σ^+_{10}^1_{√3} (^1_{Fπ} G_P ) N D^−(B^0)Ξ^−_{8,1} C_{SQO1} N(N) D̄^0(B^+)Ξ^0_{8,1} −C_{SQO1} N(N) π^+ Ξ^0_{8,1} −^1_{Fπ} CO_1AP * D^−_s (B^0_s )Σ^−_{8,1} −CSQO_1 N(N) D^−_s (B^0_s )Σ^+_{8,1} CSQO_1 N(N) K̄^0Σ^+_{8,1}^1_{Fπ} C_{O1AP} N D^−(B^0)Ξ^−_{8,2} C_{SQO2} Y(*) D̄^0(B^+)Ξ^0_{8,2} −C_{SQO2} Y(*) π^+ Ξ^0_{8,2} −^1_{Fπ} CO_2AP Y D^−_s (B^0_s )Σ^−_{8,2} −CSQO_2 Y(Y) D^−_s (B^0_s )Σ^+_{8,2} CSQO_2 Y(Y) K̄^0Σ^+_{8,2}^1_{Fπ} C_{O2AP} * π^0 Ξ^{−−}_{5c} (Ξ^−_{5b}) −^1_{√2} (^1_{Fπ} G_S ) N π^+Ξ^−_{5c}(Ξ^0_{5b})^1_{√2} (^1_{Fπ} G_s) N π^−Ξ^−_{5c}(Ξ^0_{5b})^1√_2 (^1_{Fπ} GS ) N π^0Ξ^0_{5c}(Ξ^+_{5b})^1√_2 (^1_{Fπ} Gs) N η0 Ξ^{−−}_{5c} (Ξ^−_{5b}) −^{1√}_6 (^1_{Fπ} GS ) N η0Ξ^0_{5c}(Ξ^+_{5b}) −^{1√}_6 (^1_{Fπ} Gs) N K^−Σ^−_{5c}(Σ^0_{5b}) −^1√_2 (^1_{Fπ} GS ) Y K̄^0Σ^0_{5c}(Σ^+_{5b})^1√_2 (^1_{Fπ} Gs) Y K^−Σ^{′−}_{5c} (Σ^{′0}_{5b}) −^1_{Fπ} CT AS Y K̄^0Σ^{′0}_{5c}(Σ^{′+}_{5b} )^1_{Fπ} CT AS Y π^−Ξ^{′−}_{5c} (Ξ^{′0}_{5b})^1_{Fπ} CT AS Y π^+Ξ^{′−}_{5c} (Ξ^{′0}_{5b}) −^1_{Fπ} CT AS Y

TABLE XI: Strong decay modes of the three observed pentaquarks and other exotic pentaquarks with corresponding coupling constants. Y or N represents the decay mode which is kinematically allowed or forbidden in JW’s model with the masses estimated in Ref. [20, 47, 48, 52]. Y or N in the parentheses corresponds to the case of the heavy pseudoscalar meson being replaced by the heavy vector meson. Whenever the pentaquark lies very close to the threshold of the final state, we indicate this case with *.