Published by Institute of Physics Publishing for SISSA/ISAS Received: October 14, 2004 Revised: November 23, 2004 Accepted: November 25, 2004

Light-front approach for pentaquark strong decays

Hai-Yang Cheng and Chun-Khiang Chua

Institute of Physics, Academia Sinica Taipei, Taiwan 115, Republic of China E-mail: phcheng@ccvax.sinica.edu.tw, ckchua@phys.sinica.edu.tw

Abstract: Assuming the two diquark structure for the pentaquark state as advocated in the Jaffe-Wilczek model, we study the strong decays of light and heavy parity-even pentaquark states using the light-front quark model in conjunction with the spectator approximation. The narrowness of the Θ^+ width is ascribed to the p-wave configuration of the diquark pair. Taking the Θ^+ width as a benchmark, we estimate the rates of the strong decays Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Σ^0_{5c} → D^−_s p, D^{∗−}_{s0} p and Ξ^0_{5c} → D^−_s Σ^+, D^{∗−}_{s0} Σ^+ with Σ_{5c}, Ξ_{5c} being antisextet charmed pentaquarks and D^∗_{s0} a scalar strange charmed meson. The ratio of Γ(P_c → BD^∗_{s0})/Γ(P_c → BD_s) is very useful for verifying the parity of the antisextet charmed pentaquark P_c. It is expected to be of order unity for an even parity P_c and much less than one for an odd parity pentaquark.

Keywords: QCD, Phenomenological Models.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep112004072 /jhep112004072 .pdf

Contents

1. Introduction 1

2. Formalism of a light-front model for pentaquarks 3 2.1 Vertex functions in the light-front approach 3 2.1.1 Vertex functions for mesons 3 2.1.2 Vertex functions for pentaquarks 7 2.2 Pentaquarks strong decays 11 2.2.1 Spectator approximation and the modelling of the ϕϕ → Bq subprocess 11 2.2.2 Even-parity Pentaquark to pseudoscalar and to scalar meson transitions 13

3. Numerical results 17 3.1 Strong decays of pentaquark baryons 17

4. Conclusions 21

A. Clebsch-Gordan coefficients for pentauqrks, octet baryons and mesons 22

1. Introduction

The recent discovery of an exotic Θ^+ baryon with S = +1 by LEPS at SPring-8 [1], subsequently confirmed by many other groups [2]–[11], led to a renewed interest in hadron spectroscopy and promoted a re-examination of the QCD implications for exotic hadrons (for a review of pentaquarks, see [12]). The mass of the Θ^+ is of order 1535 MeV and its width is less than 10 MeV from direct observations and can be as narrow as 1 MeV from the analysis of K-deuteron scattering data [13] and it is most likely an isosinglet. The I = 3/2 exotic pentaquark Ξ^{−−}_{3/2} with a mass of 1862 ± 2 MeV and a width smaller than 18 MeV was observed by NA49 [14] (see also [15] for a critical discussion). In spite of the confirmation of the Θ^+ from several experiments, all current experimental signals are weak and the significance is only of 4–6 standard deviations. Indeed, there exist many null results for the pentaquark search from [16]–[26]. An effort for understanding why the Θ^+ is seen in some experiments but not in others has been made in [27]. The pentaquark candidate signals must be established beyond any doubt by increasing the experimental statistics.

– 1 –

The Θ^+ mass is expected to be of order 1900 MeV for an s-wave ground state with odd parity and 2200 MeV for a p-wave state with even parity in the conventional uncorrelated quark model. The width is at least of order several hundred MeV as the strong decay Θ^+ → KN is Okubo-Zweig-Iizuka (OZI) super-allowed. Therefore, within the naive uncorrelated quark model one cannot understand why Θ^+ is anomalously light and why its width is so narrow. This hints at a possible correlation among various quarks; two or three quarks could form a cluster. Several quark cluster models have been proposed in the past [28]–[30]. For example, Jaffe and Wilczek [28] advocated a two diquark picture in which the Θ^+ is a bound state of an s̄ quark with two (ud) diquarks. The diquark is a highly correlated spin-zero object and is in a flavor anti-triplet and color anti-triplet state. The parity of Θ^+ is flipped from the negative, as expected in the naive quark model, to the positive owing to the orbital angular momentum between two diquarks. The even parity of the Θ^+ is in agreement with the prediction of the chiral soliton model [31]. Note that two of previous lattice calculations imply a negative parity for the Θ^+ [32, 33]. However, based on the Jaffe-Wilczek picture to construct the interpolating operators, a recent quenched lattice QCD calculation with exact chiral symmetry yields a positive parity for the pentaquark states Θ^+, Ξ^{−−}_{3/2} [34] and for charmed pentaquarks to be discussed below [35].

It is natural to consider the heavy flavor analogs Θ^0_c and Θ^+_b of Θ^+ by replacing the s̄ quark in Θ^+ by the heavy antiquark c̄ and b̄, respectively. Whether the mass of the heavy pentaquark state is above or below the strong-decay threshold has been quite controversial. Very recently, a narrow resonance in D^{∗−}p and D^{∗+}p̄ invariant mass distributions was reported by the H1 Collaboration [36]. It has a mass of 3099 ± 3 ± 5 MeV and a gaussian width of 12 ± 3 MeV and can be identified with the spin 1/2 or 3/2 charmed pentaquark baryon. However, there are also several null results reported by ZEUS [37], ALEPH [20] and FOCUS [25]. Although the state observed by H1 is about 300 MeV higher than the DN threshold, it is possible that the observed H1 pentaquark is a chiral partner of the yet undiscovered ground state Θ^0_c with opposite parity and a mass of order 2700 MeV as implied by several model estimates [38]. The latter pentaquark can be discovered only through its weak decay [39]. Note that the theoretical estimates of Θ_c mass are controversial even within the Jaffe-Wilczek picture: The original estimate made by Jaffe and Wilczek is below the D^{(∗)}p threshold [28], while other calculations in [35, 40] that take into account hyperfine interactions between the anti-charmed quark and the two diquarks yield a charmed pentaquark mass above the strong-decay threshold. The latter is also preferred by a recent QCD sum rule calculation [41]. Given the situation, it is therefore interesting to consider the strong decays of charmed pentaquarks as well.

In the Jaffe-Wilczek model, there exist parity-even antisextet and parity-odd triplet heavy pentaquarks containing a single heavy antiquark c̄ or b̄ and they are all truly exotic. The heavy pentaquark baryons in the 3_f representation are lighter than the ¯6_f ones due to the lack of orbital excitation and therefore may be stable against strong decays [42, 35]. Consequently, it becomes important to study the weak decays of triplet heavy pentaquarks [39, 43]. In [39] we have employed the relativistic light-front (LF) approach to study the heavy pentaquark weak decays. It is found that the weak transition form factors thus obtained are consistent with heavy quark symmetry [44]–[47].

– 2 –

The light-front model allows us to study the transition form factors and their momentum dependence. Furthermore, large relativistic effects which may manifest near the maximum large recoil, i.e. q^2 = 0, are properly taken into account in the light-front framework. In this work we shall extend the formalism to pentaquark strong decays. The strong decays of pentaquarks have been studied in [48]–[55] and they can be classified into

(a) P(10) → B(8) + M , (b) P_Q(¯6) → B(8) + M_Q , (1.1)

where P_{(Q)} denotes a generic (heavy) pentaquark baryon, B(8) stands for the usual octet baryon made of three quarks and M_{(Q)} is a (heavy) meson. Examples are Θ^+ → pK^0, Ξ^{−−} → Ξ^−π^−, Σ^−K^−, Σ^0_{5c} → D^−_s p, Ξ^0_{5c} → D^0Ξ^0, D^−_s Σ^+, D^{∗−}_{s0} Σ^+. Of course, whether the above-mentioned strong decays are kinematically allowed or not depends on the (heavy) pentaquark masses. It is interesting to understand why the Θ^+ width is much smaller than a typical strong decay width. We find that the narrowness of the Θ^+ width is most likely ascribed to the p-wave configuration of its constituent diquark pair. It is important to note that the scalar charmed meson D^∗_{s0} is experimentally found to have a mass of order 2317 MeV [56, 57], which is considerably lighter than expected from potential models [58]. Therefore, the D^∗_{s0}B threshold is not far from the D_sB one, rendering the study of the decay P_c → D^∗_{s0}B interesting. Indeed, since the parities of D^∗_{s0} and P_c (in the Jeffe- Wilczek model) are the same, the D^∗_{s0}B final state can be in a s-wave configuration. Thus it is not subject to a suppression near the threshold and hence can have a sizable decay rate compared to P_c → D_sB. This could be useful for measuring the parity of P_c.

The layout of the present paper is organized as follows. In section 2 we present a study of the pentaquark transitions within the light-front quark model and derive the analytic expressions for form factors. Numerical results for form factors and examples of strong decays of light and heavy pentaquark baryons are worked out in section 3. Conclusion is given in section 4 followed by the appendix devoted to various baryon and meson Clebsch- Gordan coefficients.

2. Formalism of a light-front model for pentaquarks

In this section we shall focus on the hadronic strong decays of light and heavy pentaquarks within the light-front approach and the Jaffe-Wilczek model. In this study we need to use pentaquark and meson vertex functions. We shall consider the mesonic case first as it is simpler. Readers who are not interested in the technical details of vertex functions can skip directly to section 2.2.

2.1 Vertex functions in the light-front approach

2.1.1 Vertex functions for mesons

In the conventional light-front approach, a meson bound state consisting of a quark q_1 and an antiquark q̄_2 with the total momentum P and spin J can be written as (see, for

– 3 – example, [59] for odd-parity and [60] for even-parity mesons)

|M(P,^{2S+1}L_J , J_z )⟩ = ∫ {d^3p_1}{d^3p_2} 2(2π)^3δ^3(P̃ − p̃_1 − p̃_2) × (2.1) × ∑ λ_1,λ_2,α,a,b Ψ^{JJz}_{LS} (x_1, x_2, k_{1⊥}, k_{2⊥}) M^b_a|(q^c)^{aα}(p_1, λ_1)(q̄^c)_{bα}(p_2, λ_2)⟩ ,

where a, b are flavor indices,^1 α is the color index, M^b_a is a normalized matrix element characterizing the meson SU_f (3) quantum number (see the appendix for details), p_1, p_2 are the on-mass-shell light-front momenta,

p̃ = (p^+, p_⊥) , p_⊥ = (p^1, p^2) , p^− = m^2 + p^2_⊥ p^+

, (2.2) and {d^3p} ≡ dp^+d^2p_⊥ 2(2π)^3 , |q^c(p_1, λ_1)q̄^c(p_2, λ_2)⟩ = b^†_{λ1} (p_1)d^†_{λ2} (p_2)|0⟩ , {b_λ′ (p^′), b^†_λ(p)} = {d_λ′ (p^′), d^†_λ(p)} = 2(2π)^3 δ^3(p̃^′ − p̃) δ_λ′_λ . (2.3)

Note that we use the charge conjugated fields for quarks. For example, we shall use |c^c(p_1, λ_1)d̄^c(p_2, λ_2)⟩ in eq. (2.1) for the D^− meson. The reason for using the charged conjugated field will become clear later.

In terms of the light-front relative momentum variables (x, p_⊥) defined by

p^+_1 = x_1P^+ , p^+_2 = x_2P^+ , x_1 + x_2 = 1 , p_{1⊥} = x_1P_⊥ + k_{1⊥} , p_{2⊥} = x_2P_⊥ + k_{2⊥} , k_⊥ = k_{1⊥} = −k_{2⊥} , (2.4)

the momentum-space wave-function Ψ^{JJz}_{LS} for a^{2S+1}L_J meson can be expressed as

Ψ^{JJz}_{LS} (x_1, x_2, k_{1⊥}, k_{2⊥}) = 1 √ N_c ⟨LS; L_zS_z|LS; JJ_z ⟩R^{SSz}_{λ1λ2} (x, k_⊥) ψ_{LLz} (x, k_⊥) , (2.5) where x ≡ x_2, φ_{LLz} (x, k_⊥) describes the momentum distribution of the constituent quarks in the bound state with the orbital angular momentum L, ⟨LS; L_zS_z|LS; JJ_z ⟩ is the corresponding Clebsch-Gordan coefficient and R^{SSz}_{λ1λ2} constructs a state of definite spin (S, S_z) out of light-front helicity (λ_1, λ_2) eigenstates. Explicitly [61, 62], R^{SSz}_{λ1λ2} (x, k_⊥)= ∑ s_1,s_2 ⟨λ_1|R^†_M (1−x, k_⊥, m_1)|s_1⟩⟨λ_2|R^†_M (x, −k_⊥, m_2)|s_2⟩ ⟨ 1 2 1 2 ; s_1s_2| 1 2 1 2 ; SS_z ⟩ , (2.6) where |s_i⟩ are the usual Pauli spinors, and R_M is the Melosh transformation operator [61, 62]: ⟨s|R_M (x, k_⊥, m_i)|λ⟩ = ū_D(k_i, s)u(k_i, λ) 2m_i = − v̄(k_i, λ)v_D(k_i, s) 2m_i = (m_i + x_iM̄_0)δ_{sλ} + i⃗σ_{sλ} · ⃗k_⊥ × ⃗n √ (m_i + x_iM_0)^2 + k^2_⊥

, (2.7)

1Note that we use the field convention instead of the particle convention to denote the quantum numbers of the state, i.e. the state quantum number is defined according to the field creating the state.

– 4 – with u_{(D)}, a Dirac spinor in the light-front (instant) form which has the expression u_D(k, s) = k̸ + m √ k^0 + m ( χ_s 0 ) , u(k, λ) = k̸ + m √ 2k^+ γ^+γ^0 ( χ_λ 0 ) , (2.8)

in the Dirac representation, ⃗n = (0, 0, 1), a unit vector in the z-direction, and

M^2_0 = m^2_1 + k^2_⊥ x_1 + m^2 + k^2_⊥ x_2

. (2.9)

Note that u_D(p, s) = u(p, λ)⟨λ|R^†_M |s⟩ and, consequently, the state |q(p, λ)⟩⟨λ|R^†_M |s⟩ transforms like |q(p, s)⟩ under rotation, i.e. its transformation does not depend on its momentum. A crucial feature of the light-front formulation of a bound state, such as the one shown in eq. (2.1), is the frame-independence of the light-front wave function [63, 61]. Namely, the hadron can be boosted to any (physical) (P^+, P_⊥) without affecting the internal variables (x, k_⊥) of the wave function, which is certainly not the case in the instant-form formulation.

In practice it is more convenient to use the covariant form for R^{SSz}_{λ1λ2} [64]: R^{SSz}_{λ1λ2} (x, k_⊥) = 1 √ 2 ~M_0(M_0 + m_1 + m_2) ū(p_1, λ_1)(P̸̄ + M_0)Γ v(p_2, λ_2) , (2.10)

with ~M_0 ≡ √ M^2_0 − (m_1 − m_2)^2 , P̄ ≡ p_1 + p_2 ,

ε^μ(P̄ , ±1) = [ 2 P^+ ⃗ε_⊥(±1) · ⃗P_⊥, 0, ⃗ε_⊥(±1) ] , ⃗ε_⊥(±1) = ∓ (1, ±i) √ 2 , ε^μ(P̄ , 0) = 1 M_0 ( −M^2_0 + P^2_⊥

P^+ , P^+, P_⊥ ) . (2.11)

For the pseudoscalar and vector mesons, we have

Γ_P = γ_5 (pseudoscalar, L = 0, S = 0) , Γ_V = − ε̸(P̄ , S_z) (vector, L = 0, S = 1) , (2.12)

where

M_0 = e_1 + e_2 , e_i = √ m^2_i + k^2_⊥ + k^2_z , k_z = x_1M_0 2 − m^2_1 + k^2_⊥ 2x_1M_0

. (2.13)

Applying equations of motion on spinors to eq. (2.10) leads to

ū(p_1)(P̸̄ + M_0)γ_5 v(p_2) = (M_0 + m_1 + m_2)ū(p_1)γ_5 v(p_2) , ū(p_1)(P̸̄ + M_0) ε̸ v(p_2) = ū(p_1)[(M_0 + m_1 + m_2) ε̸ − ε · (p_1 − p_2)] v(p_2) , (2.14)

and R^{SSz}_{λ1λ2} is reduced to a more familiar form [64]. It is, however, more convenient to use the form shown in eq. (2.10) when extending to the p-wave meson case. Two remarks are in order. First, p_1 + p_2 is not equal to the meson’s four-momentum in the conventional LF

– 5 – approach as both the quark and antiquark are on-shell. Second, the longitudinal polarization 4-vector ε^μ(P̄ , 0) given above is not exactly the same as that of the vector meson and we have ε(P̄ , S_z) · P̄ = 0. We normalize the meson state as

⟨M(P^′, J^′, J^′_z)|M(P, J, J_z )⟩ = 2(2π)^3P^+δ^3(P̃^′ − P̃ )δ_J ′_J δ_J ′_{z Jz} , (2.15)

so that ∫ dx d^2k_⊥ 2(2π)^3 ψ^∗_L′_L′_z (x, k_⊥)ψ_{LLz} (x, k_⊥) = δ_L′_L δ_L′_{z Lz} . (2.16)

Explicitly, we have ψ_{LLz} (x, k_⊥) = √ dk_z dx φ_{LLz} (x, k_⊥) , dk_z dx = e_1e_2 x_1x_2M_0 , φ_{00}(x, k_⊥) = φ(⃗k, β) , φ_{1m}(x, k_⊥) = k_mφ_p(⃗k, β) , (2.17)

where k_m = −⃗ε(m) · ⃗k = ε(P̄ , m) · (p_1 − p_2)/2, or explicitly k_{m=±1} = ±(k_{⊥x} ± ik_{⊥y})/ √ 2, k_{m=0} = −k_z are proportional to the spherical harmonics Y_{1m} in the momentum space, and φ, φ_p are the distribution amplitudes of s-wave and p-wave mesons, respectively. There are several popular phenomenological light-front wave functions that have been employed to describe various hadronic structures in the literature. For a gaussian-like wave function, one has [59, 60] φ(⃗k, β) = 4 ( π β^2 )_{3/4} exp ( − k^2_z + k^2_⊥

2β^2 ) , φ_p(⃗k, β) = √ 2 β^2 φ(⃗k, β) . (2.18) The parameter β is expected to be of order Λ_{QCD} and will be specified later.

It is straightforward to obtain [64, 39]

iR^{00}_{λ1λ2} (x, k_⊥) = i √ 2 ~M_0 ū(p_1, λ_1)γ_5 v(p_2, λ_2) , ⟨1S; L_z S_z|1S; 00⟩ ε(P̄ , L_z) · p_1 − p_2 2 R^{SSz}_{λ1λ2} (x, k_⊥) = − ~M_0 2 √ 6 M_0 ū(p_1, λ_1)v(p_2, λ_2) , (2.19)

where ⟨1S; L_z S_z|1S; 00⟩ ε_μ (P̄ , L_z)ε_ν (P̄ , S_z) = −ε^∗_μ(P̄ , S_z)ε_ν (P̄ , S_z)/ √ 3 have been made.

Note that an overall phase i is assigned to the^1S_0 state to match the usual phase convention. Putting everything together, we have

|M(P, S^1_0, 0)⟩ = i ∫ {d^3p_1}{d^3p_2} 2(2π)^3δ^3(P̃ − p̃_1 − p̃_2) × × ∑ λ_1,λ_2,α M^b_a √ 2N_c ~M_0 ū(p_1, λ_1)γ_5 v(p_2, λ_2)ψ_{00}(x, k_⊥) ×

× |(q^c)^{aα}(p_1, λ_1)(q̄^c)_{bα}(p_2, λ_2)⟩ ,

|M(P, P^3_0, 0)⟩ = − ∫ {d^3p_1}{d^3p_2} 2(2π)^3δ^3(P̃ − p̃_1 − p̃_2) × × ∑ λ_1,λ_2,α ~M_0 M b_a 2 √ 3β^2N_c M_0 ū(p_1, λ_1)v(p_2, λ_2)ψ_{00}(x, k_⊥) ×

×|(q^c)^{aα}(p_1, λ_1)(q̄^c)_{bα}(p_2, λ_2)⟩ . (2.20)

– 6 –

Note that for heavy mesons with the Q̄q flavor content, where Q denotes a heavy quark, they transfer as SU_f (3) triplet states. Wave functions of these states are similar to those in the above equation, except that q^c is replaced by Q^c and M^b_a by M^b.

For the later purpose and for checking the phase convention, we shall consider the meson decay constants. For J = 0 mesons, the decay constants are defined by the matrix elements

⟨0|q̄^c_2γ_μγ_5q^c_1|P (P )⟩ ≡ if_P P_μ , ⟨0|q̄^c_2γ_μq^c_1|S(P )⟩ ≡ −f_SP_μ , (2.21)

where the P and S denote pseudoscalar and scalar q^c_1q̄^c_2 mesons, respectively, and an additional minus sign before f_S is due to charge conjugation. Using the relation

⟨0|(q̄^c)^{b′α′} γ^+(γ_5) q^c_a′_α′ |(q^c)^{aα}(p_1, λ_1)(q̄^c)_{bα}(p_2, λ_2)⟩ = N_cδ^a′ δ^{b′}_b √ p^+_1 p^+_2 v̄(p_2, λ_2)γ^+(γ_5)u(p_1, λ_1) ,

(2.22) and considering V^+ and A^+ matrix elements, we obtain [60]

f_P = 2 √ 2N_c 16π^3 ∫ dx_2d^2k_⊥ 1 √ x_1x_2 ~M_0

(m_1x_2 + m_2x_1) φ(x_2, k_⊥) ,

f_S = 2 √ 2N_c 16π^3 ∫ dx_2d^2k_⊥ ~M_0 2 √ 3x_1x_2M^′_0

(m_1x_2 − m_2x_1) φ_p(x_2, k_⊥) . (2.23)

It is easy to see that for m_1 = m_2, the scalar meson wave function is symmetric with respect to x_1 and x_2, and hence f_S = 0, as it should be [65, 39].

2.1.2 Vertex functions for pentaquarks

We adopt the Jaffe-Wilczek picture [28] for the pentaquark P_{(Q)} which has the quark flavor content q̄[q_1q_2][q_3q_4] (Q̄[q_1q_2][q_3q_4]). Vertex functions for pentaquarks in the lightfront approach is first formulated in [39]. For the purpose of the calculational convenience, we shall treat the antiquark q̄ as a particle q^c instead of an antiparticle, i.e. we shall use the charge conjugated field [39]. The reason for this seemingly odd choice will become clear in later calculations.

The scalar diquark transforms as an anti-triplet in both color and flavor spaces. We use ϕ_{aα}, where a and α are flavor and color indices, respectively, to denote a diquark field. More explicitly, in the sense of color and flavor quantum numbers, we have ϕ_{aα} ∼ ϵ_{αβγ} ϵ_{abc}[q^{bβ} q^{cγ} ] . (2.24) For example, we have ϕ_{3α} ∼ ϵ_{αβγ} [u^β d^γ ]. Note that ϕ is not an extrapolating field constructed from bilinear quark fields, instead it is considered as an effectively fundamental bosonic field to describe the degrees of freedom of the composite diquark system. In the Jaffe-Wilczek picture [28] the diquark pair in the even (odd) parity pentaquark is in a L = 1 (0) configuration.

– 7 –

In the light-front approach, the pentaquark bound state with the total momentum P , spin J = 1/2 and the orbital angular momentum of the diquark pair L = 0, 1 can be written as [39] |P(P, L, S_z )⟩ = ∫ {d^3p_1}{d^3p_2}{d^3p_3}

2(2π)^3 √ P^+ δ^3(P̃ − p̃_1 − p̃_2 − p̃_3) × × ∑ λ_1,α,β,γ,a,b,c Ψ^{Sz}_L (x_1, x_2, x_3, k_{1⊥}, k_{2⊥}, k_{3⊥}, λ_1) C_{αβγ} (F_L)_{abc} × × | |(q^c)^{aα}(p1, λ1)ϕ^{bβ} (p2)ϕ^{cβ}(p3) ⟩ , (2.25)

where α, β, γ and a, b, c are color and flavor indices, respectively, λ denotes helicity, p_1, p_2 and p_3 are the on-mass-shell light-front momenta,

p̃ = (p^+, p_⊥) , p_⊥ = (p^1, p^2) , p^− = m^2 + p^2_⊥ p^+

, (2.26) and {d^3p} ≡ dp^+d^2p_⊥ 2(2π)^3

, δ^3(p̃) = δ(p^+)δ^2(p_⊥) , | |(q_c)(p_1, λ_1)ϕ(p_2)ϕ(p_3)⟩ = d†_{λ1} (p_1)a^†(p2)a^†(p3)√ 2 |0⟩ , [a(p^′), a^†(p)] = 2(2π)^3 δ^3(p̃^′ − p̃), {d_λ′ (p^′), d^†_λ(p)} = 2(2π)^3 δ^3(p̃^′ − p̃) δ_λ′_λ . (2.27)

The coefficient C_{αβγ} = ϵ_{αβγ} / √ 6 is a normalized color factor and (F_L)_{abc} is a normalized flavor coefficient obeying the relation C^{∗α′β′γ′} (F^∗_L)^{a′b′c′} C_{αβγ} (F_L)_{abc} × × ⟨ (q^{′c})_a′_α′ (p^′_1, λ^′_1)ϕ_b′_β′ (p^′_2)ϕ_c′_γ′ (p^′_3) | |(q_c)_{aα}(p_1, λ_1)ϕ_{bβ} (p_2)ϕ_{cγ} (p_3)⟩ = (2.28)

= 2^3(2π)^9 δ^3(p̃^′_1 − p̃_1) 1 2 [δ^3(p̃^′_2 − p̃_2)δ^3(p̃^′_3 − p̃_3) + (−)^Lδ^3(p̃^′_2 − p̃_3)δ^3(p̃^′_3 − p̃_2)]δ_λ′_{1 λ1} .

Note that (F_L)_{abc} is (anti-)symmetric under b ↔ c for L = 1 (0). For example, (F_1)_{333} = 1 is the only non-vanishing element of (F_1)_{abc} in the Θ^+ case and further examples are given in the appendix. The second term on the right-hand-side of the above equation is similar to the first term but with the p_2 ↔ p_3 interchange and an additional (−)^L factor. The factor of (−)^L will be compensated by the corresponding wave function under the p_2 ↔ p_3 interchange (see the discussion after eq. (2.38)).

In terms of the light-front relative momentum variables (x_i, k_{i⊥}) for i = 1, 2, 3 defined by

p^+_i = x_iP^+ , 3∑ i=1 x_i = 1 ,

p_{i⊥} = x_iP_⊥ + k_{i⊥} , 3∑ i=1 k_{i⊥} = 0 , (2.29)

– 8 – the momentum-space wave-function Ψ^{Sz}_L can be expressed as

Ψ^{Sz}_L (x_i, k_{i⊥}, λ_1) = ⟨λ_1|R^†_M (x_1, k_{1⊥}, m_1)|s_1⟩ ⟨ L 1 2 ; ms_1 | |L1 2 ; 1 2 S_z ⟩ × × Φ_{Lm}(x_1, x_2, x_3, k_{1⊥}, k_{2⊥}, k_{3⊥}) , (2.30)

where Φ_{Lm}(x_1, x_2, x_3, k_{1⊥}, k_{2⊥}, k_{3⊥}) describes the momentum distribution of the constituents in the bound state with the subsystem consisting of the particles 2 and 3 in the orbital angular momentum L, L_z = m state, ⟨L^1_2 ; ms_1|1^1_2 ;^1_2 S_z⟩ is the corresponding Clebsch- Gordan coefficient and ⟨λ_1|R^†_M (x_1, k_{1⊥}, m_1)|s_1⟩ is the well normalized Melosh transform matrix element. Its explicit form is given in eq. (2.7). Note that internal variables in this case are defined as

M^2_0 = 3∑ i=1 m^2_i + k^2_{i⊥} x_i , k_i = ( m^2_i + k^2_{i⊥}

x_iM_0 , x_iM_0, k_{i⊥} ) = (e_i − k_{iz}, e_i + k_{iz}, k_{i⊥}) , M_0 = e_1 + e_2 + e_3 , e_i = √ m^2_i + k^2_{i⊥} + k^2_{iz} = x_iM_0 2 + m^2_i + k^2_{i⊥} 2x_iM_0 , k_{iz} = x_iM_0 2 − m^2_i + k^2_{i⊥} 2x_iM_0

. (2.31)

Although the same notation is applied to both meson and pentaquark internal quantities, one should be aware of their differences (cf. eqs. (2.9), (2.13) and (2.31)).

In practice it is more convenient to use the covariant form for the Melosh transform matrix element [39]

⟨λ_1|R^†_M (x_1, k_{1⊥}, m_1)|s_1⟩ ⟨ L 1 2 ; ms_1 | | |L 1 2 ; 1 2 S_z ⟩ = = 1 √ 2(p_1 · P̄ + m_1M_0) ū(p_1, λ_1)Γ_{Lm}u(P̄ , S_z) , (2.32)

with

Γ_{00} = 1 , Γ_{1m} = − 1 √ 3 γ_5 ε̸^∗(P̄ , m) , P̄ ≡ p_1 + p_2 + p_3 ,

ε^μ(P̄ , ±1) = [ 2 P^+ ⃗ε_⊥(±1) · ⃗P_⊥, 0, ⃗ε_⊥(±1) ] , ⃗ε_⊥(±1) = ∓ (1, ±i) √ 2 , ε^μ(P̄ , 0) = 1 M_0 ( −M^2_0 + P^2_⊥

P^+ , P^+, P_⊥ ) , (2.33)

for pentaquark states with L = 0 or L = 1 diquark pairs. It should be remarked that in the conventional LF approach P̄ = p_1 + p_2 + p_3 is not equal to the baryon’s four-momentum as all constituents are on-shell and consequently u(P̄ , S_z) is not equal to u(P, S_z ); they satisfy different equations of motions (P̸̄ − M_0)u(P̄ , S_z) = 0 and (P̸ − M)u(P, S_z) = 0. This is similar to the case of a vector meson bound state where the polarization vectors ε(P̄ , S_z) and ε(P, S_z ) are different and satisfy different equations ε(P̄ , S_z) · P̄ = 0 and ε(P, S_z ) · P = 0 [64]. Although u(P̄ , S_z) is different than u(P, S_z), they satisfy the relation

γ^+u(P̄ , S_z) = γ^+u(P, S_z ) , (2.34)

– 9 – followed from γ^+γ^+ = 0, P̄^+ = P^+, P̄_⊥ = P_⊥. This is again in analogy with the case of ε(P̄ , ±1) = ε(P, ±1). The above relation is useful in extracting transition form factors to be discussed later.

The pentaquark baryon state is normalized as

⟨P(P^′, S^′_z)|P(P, S_z )⟩ = 2(2π)^3P^+δ^3(P̃^′ − P̃ )δ_L′_Lδ_S′_{z Sz} , (2.35)

so that (cf. eqs. (2.25), (2.28) and (2.30)) ∫ ( Π^3_{i=1} dx_i d^2k_{i⊥} 2(2π)^3 ) 2(2π)^3δ ( 1 − ∑ x_i ) δ^2 (∑ k_{i⊥} ) × ×Φ^∗_L′_m′ ({x}, {k_⊥})Φ_{Lm}({x}, {k_⊥}) = δ_L′_Lδ_m′_m . (2.36) Under the constraint of 1 −

∑_3

i=1 x_i =

∑_3

i=1(k_i)_{x,y,z} = 0, we have the expressions Φ_{Lm}({x}, {k_⊥}) = √ ∂(k_{2z} , k_{3z} ) ∂(x_2, x_3) φ_{00}(⃗k_1, β_1) φ_{Lm} ( ⃗k_2 − ⃗k_3 2 , β_{23} ) , ∂(k_{2z} , k_{3z}) ∂(x_2, x_3) = e_1e_2e_3 x_1x_2x_3M_0 , φ_{00}(⃗k, β) = φ(⃗k, β) , φ_{1m}(⃗k, β) = k_mφ_p(⃗k, β) ,(2.37) where k_m = −⃗ε(m)·⃗k = ε(P̄ , m)·p, or explicitly k_{m=±1} = ±(k_{⊥x} ±ik_{⊥y})/ √ 2, k_{m=0} = −k_z, are proportional to the spherical harmonics Y_{1m} in momentum space, and φ, φ_p are the distribution amplitudes of s-wave and p-wave states, respectively. For a gaussian-like wave function, one has eq. (2.18) and [39] Φ_{1m}({x}, {k_⊥}) = √ 2 β^2_3

(k_2 − k_3)_m 2 Φ_{00}({x}, {k_⊥}) . (2.38)

It is easily seen that Φ_{Lm} picks up a factor of (−)^L under the interchange of k_2 ↔ k_3. This will compensate the (−)^L factor appearing in eq. (2.28). By virtue of eq. (2.32) it is straightforward to obtain

⟨λ_1|R^†_M (x_1, k_{1⊥}, m_1)|s_1⟩ ⟨ 1 1 2 ; ms_1 | |11 2 ; 1 2 S_z ⟩ (k_2 − k_3)_m 2 = = 1 2 √ 6(p_1 · P̄ + m_1M_0) ū(p_1, λ_1)γ_5 [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] u(P̄ , S_z) , (2.39)

where the factor of (k_2 − k_3)_m = ε(P̄ , m) · (p_2 − p_3) comes from the wave function eq. (2.38) for the L = 1 case. The state |P(P, L, S_z )⟩ for a pentaquark P in the light-front model can now be obtained by using eqs. (2.25)–(2.39).

Putting everything together we have |P(P, L = 0, S_z)⟩ = ∫ {d^3p_1}{d^3p_2}{d^3p_3}

2(2π)^3 √ P^+ δ^3(P̃ − p̃_1 − p̃_2 − p̃_3) × × ∑ λ_1,α,β,γ,a,b,c Φ_{00}({x}, {k_⊥}) √ 2(p_1 · P̄ + m_1M_0) ū(p_1, λ_1)u(P̄ , S_z) × × C_{αβγ} (F_{L=0})_{abc} | |(q_c)_{aα}(p_1, λ_1)ϕ_{bβ} (p_2)ϕ_{cβ} (p_3)⟩ , (2.40)

– 10 –

Figure 1: Feynman diagram for a typical P_Q → M_QB transition with B being an octet baryon, where the spin-zero diquarks ([qq] = [ud], [us], [ds]) are denoted by dashed lines and the corresponding operator O_{eff} (modelling the diquark pair to the Bq transition as discussed in section 2.2 by •. for pentaquark states with L = 0 diquark pairs, and |P(P, L = 1, S_z)⟩ = ∫ {d^3p_1}{d^3p_2}{d^3p_3}

2(2π)^3 √ P^+ δ^3(P̃ − p̃_1 − p̃_2 − p̃_3) × × ∑ λ_1,α,β,γ,a,b,c Φ_{00}({x}, {k_⊥}) √ 12 β^2_3(p_1 · P̄ + m_1M_0) ×

× ū(p_1, λ_1)γ_5 [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] u(P̄ , S_z) × × C_{αβγ} (F_{L=1})_{abc} | | |(q^c)^{aα}(p1, λ1)ϕ^{bβ} (p2)ϕ^{cβ}(p3) ⟩ , (2.41)

for pentaquark states with L = 1 diquark pairs. Note that these vertex functions have been used to obtain weak transition form factors, which are consistent with the heavy quark symmetry [39].

2.2 Pentaquarks strong decays

2.2.1 Spectator approximation and the modelling of the ϕϕ → Bq sub-process

In a typical pentaquark decay to a meson and a baryon, the anti-quark is common to both pentaquark and the final state meson. To the leading order of the spectator approximation, the anti-quark can be considered as a spectator in the decay process depicted in figure 1. In this picture, there is a ϕϕ → Bq subprocess with ϕϕ being a diquark pair and B a baryon. We use the effective hamiltonian^2

H_{eff} = g_{1eff} M ϵ^{αβγ} ϵ^{abc}B^d_c γ_5(q^c)_{aα}ϕ_{bβ} ϕ_{dγ} + g_{2eff} M^2 ϵ^{αβγ} ϵ^{abc}B^d_c iγ^μγ_5(q^c)_{aα}ϕ_{bβ}∂_μϕ_{dγ} (2.42) to model (or mimic) the ϕϕ → Bq subprocess, where M = O(m_ϕ, m_B) is a characteristic scale of the system. In general, the coupling constants g_{1,2eff} could have momentum

2Note that the γ5 term is needed owing to the parity conservation for strong interactions and the presence of the q^c field.

– 11 – dependence. Since we are considering a soft process, we may regard g_{1,2eff} as averaged and effective coupling constants. Because the constituent quarks in octet baryons are in the s-wave configuration, it is necessary to bring the two diquarks in the pentaquark close together for interactions to induce a strong decay. Therefore, it is plausible to use local operators to approximate the effective hamiltonian.

The strong decay amplitude of a pentaquark can be approximated by M(P → BM) ≈ ⟨BM|H_{eff} |P⟩ = ⟨B| B̄^d_c |0⟩ g_{2eff} M^2 ϵ^{αβγ} ϵ^{abc}⟨M|iγ^μγ_5(q^c)_{aα}ϕ_{bβ}∂_μϕ_{dγ} |P⟩ . (2.43) As we shall see, only the g_{2eff} term in eq. (2.42) is relevant for the strong decays of evenparity pentaquarks under the spectator approximation. The antiquark common to the pentaquark and to the final state meson behaves as a spectator. Eq. (2.43) can be considered as an ansatz. In this work we shall estimate the matrix element ⟨M|(q^c)ϕ∂ϕ|P⟩ using the light-front approach. Once the coupling constant g_{2eff} is extracted from the process such as Θ^+ → KN, we can apply it to estimate other P → MB strong decays.

In eq. (2.43) we have^3 ⟨B| B̄^d_c |0⟩ = ū(P_B, S^′_z)T^d_c , where T^d_c is a traceless 3 × 3 matrix element corresponding to the emitted baryon SU(3) quantum number and its explicit form is given in the appendix. Defining

O_{eff} = iϵ^{αβγ} ϵ^{abc}γ^μγ_5(q^c)_{aα}ϕ_{bβ}∂_μϕ_{dγ} T^d_c . (2.44)

we can recast eq. (2.43) to M(P → MB) = g_{2eff} M^2 ū(P_B, S^′_z)⟨M|O_{eff} |P⟩ . (2.45) From Lorentz covariance and SU(3) symmetry, we have the general expressions

⟨P (8)|O_{eff} |P(10)⟩ = ϵ^{ijk}P_{imn}T^m_j P^n_k f(q^2) iγ_5u(P_P , S_z) , ⟨P_Q(3)|O_{eff} |P_Q(¯6)⟩ = ϵ^{ijk}(P_Q)_{im}T^m_j (P_Q)_k f_Q(q^2) iγ_5u(P_P , S_z) , ⟨S_Q(3)|O_{eff} |P_Q(¯6)⟩ = −ϵ^{ijk}(P_Q)_{im}T^m_j (S_Q)_k g_Q(q^2)u(P_P , S_z) , (2.46)

where f, f_Q, g_Q are form factors with dimension 2, P(10) is an anti-decuplet pentaquark, P_Q(¯6) is a heavy anti-sextet pentaquark, P (8) is an octet pseudoscalar meson, P_Q(3) is a heavy triplet pseudoscalar meson and S_Q(3) is a heavy triplet scalar meson. Note that P_Q (P_Q, S_Q) in right hand side of the above equation is a 3×3 (3×1) matrix characterizing the SU(3) quantum numbers of the corresponding states; that is, P_{ijk} = (F_{L=1})_{ijk}, (P_Q)_{ij} = (F_{L=1})_{ij} , P^l_m = M^l_m, (P_Q)_l = M_l, (S_Q)_l = M_l. Our approach is consistent with the generic SU(3) approach [51]. Armed with the meson and pentaquark (phenomenological) wave functions (cf. eqs. (2.20), (2.40) and (2.41)), we are ready to estimate these form factors. To the end, we will gain more information than that based solely on flavor symmetry. For example, it will be interesting to see how the transition matrix elements involving different final state mesons, such as s-wave and p-wave ones, behave.

3Note that |B⟩ is normalized in the same way as eq. (2.35) and is different from the |q⟩ normalization.

– 12 –

It is interesting to note that in the soft meson limit, the pentaquark decay amplitude can be related to the axial-vector matrix element ⟨B|A_μ|P⟩. According to the action of the axial current there are two possible diagrams: an annihilation diagram and a transition one. The annihilation diagram has been considered in [54] and it is close to the one considered here as depicted in figure 1, while the transition diagram is the analogue of the so-called Z-graph. In the present framework, the Z-diagram is obtained by replacing the ϕϕ → Bq sub-process in figure 1 by the ϕϕq^c → B one. As in [60, 66, 39], we consider the q^+ = 0, q_⊥ ≠ 0 case where the Z-diagram contribution is absent [64, 59].

Note that eq. (2.46) is a spinor equation. The equation applies to each Dirac component. We shall follow [66, 39] to project out various form factors from the transition matrix elements. To extract form factors f, f_Q, g_Q, we apply the relation [67]

ū(P^′, S^′_z)γ^+u(P, S_z ) 2 √ P^+P^{′+} = ū(P̄^′, S^′_z)γ^+u(P̄ , S_z) 2 √ P^+P^{′+} = u(P̄^′, S^′_z)γ^+u(P, S_z) 2 √ P^+P^{′+} = ū(P^′, S^′_z)γ^+u(P̄ , S_z) 2 √ P^+P^{′+}

= δ_S′_{z Sz} , (2.47)

which can be obtained by applying eqs. (2.8) and (2.34), and multiplying ū(P, S_z)γ^+γ_5(= ū(P̄ , S_z)γ^+γ_5) to the first two equations of eq. (2.46) from the left and ū(P, S_z )γ^+(= ū(P̄ , S_z)γ^+) to the last equation of eq. (2.46) from the left. The choice of this projection (or Dirac component) is due to the equality, eq. (2.47).

2.2.2 Even-parity Pentaquark to pseudoscalar and to scalar meson transitions It is easy to derive the relation

⟨(q^c)_a′_α′ (p^′_1, λ^′_1)(q̄^c)^{b′α′} (p^′_2, λ^′_2)|γ_5(q^c)_a′′_α′′ ϕ_{bβ}′′ i∂_μϕ_d′′_γ′′ |(q^c)^{aα}(p_1, λ_1)ϕ^{bβ} (p_2)ϕ^{cγ} (p_3)⟩ = = 2(2π)^3 √ 2p^{′+}_2 p^+_2 p^+_3 γ_5v(p^′_2, λ^′_2)δ^3(p̃^′_1 −p̃_1)δ_{λ1 λ}′_1 δ^{b′}_a′′ δ^α′′ δ^a′ [p_{3μ}δ^b′′ δ^β_{′′} δ^c_d′′ δ^γ_{′′} + p_{2μ}δ^b_d′′ δ^β_{γ′′} δ^c_b′′ δ^γ_{β′′} ], (2.48)

where the 1/ √ 2 factor is ascribed to the identical particles of |ϕϕ⟩ and is included in the initial state as defined in eq. (2.27). Since we do not have an SU_f (3) singlet meson in the final state, a disconnected term, which occurs from the contraction of the final state quark-antiquark pair, is dropped from the above equation. For the even-parity pentaquark decay matrix element, the terms ϵ^{a′′b′′c′′} ϵ^{α′′β′′γ′′} T^{d′′}_c′′ from O_{eff} and C_{αβγ} (F_{L=1})_{abc} from |P⟩ will be contracted with the above equation. Since (F_{L=1})_{abc} and ϵ^{αβγ} are symmetric and anti-symmetric, respectively, in interchanging any of the two indices, we are led to a factor of C_{αβγ} ϵ^{αβγ} (F_{L=1})_a′_b′′_d′′ ϵ^{b′b′′c′′} T^{d′′}_c′′ (p_3 − p_2)_μ after contraction. It can be easily seen that the matrix element will be vanished if ϕϕ rather than ϕ∂ϕ is employed in O_{eff} . This is the reason why only the g_{2eff} term in H_{eff} contributes.

For P(10) → P (8) transitions, we have ⟨P (P^′)|O_{eff} |P(P, S_z )⟩ = −i ∫ {d^3p_1}{d^3p_2} ϵ^{lij} (F_{L=1})_{min}T^n_j M^m_l 2 √ 2 β^2_3(p_1 · P̄ +m_1M_0)P^+p^{′+}_2 p^+_2 p^+_3 N_c ~M^′_0 ×

– 13 –

× (p̸_2−p̸_3)γ_5(p̸^′_2 −m^′_2)γ_5(p̸_1 +m_1)γ_5 [ p̸_2−p̸_3 − P̄ · (p_2 −p_3) M_0 ] × × u(P̄ , S_z) ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) , (2.49)

with p^′_1 = p_1, (p_2 + p_3 − p^′_2 − q)^+ = (p_2 + p_3 − p^′_2 − q)_⊥ = 0, q^+ = 0 or, equivalently,

x^′_1 = x_1 (or x^′_2 = x_2 + x_3) , k^′_{1⊥} − x_1q_⊥ = k_{1⊥}(= −k_{2⊥} − k_{3⊥}) , (2.50)

where C_{αβγ} ϵ^{αβγ} = √ 6 and a relabelling of dummy indices has been made in eq. (2.49).

Likewise, for the case of P_Q(¯6) → P_Q(3) transitions, we have ⟨P_Q(P^′)|O_{eff} |P_Q(P, S_z)⟩ = −i ∫ {d^3p_1}{d^3p_2} × × ϵ^{lij}(F_{L=1})_{im}T^m_j M_l 2 √ 2 β^2_3(p_1 · P̄ + m_1M_0)P^+p^{′+}_2 p^+_2 p^+_3 N_c ~M^′_0 × × (p̸_2− p̸_3)γ_5(p̸^′_2 − m^′_2)γ_5(p̸_1 + m_1)γ_5 × × [ p̸_2− p̸_3 − P̄ · (p_2 − p_3)

M_0 ] × × u(P̄ , S_z) ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) , (2.51)

while for the case of P_Q(¯6) → S_Q(3) transitions,

⟨S_Q(P^′)|O_{eff} |P_Q(P, S_z )⟩ = ∫ {d^3p_1}{d^3p_2} ×

× ϵ^{lij}(F_{L=1})_{im}T^m_j M_l ~M^′_0 4 √ 3 β^2_3β^{′2}(p_1 · P̄ + m_1M_0)P^+p^{′+}_2 p^+_2 p^+_3 N_cM^′_0 × × (p̸_2− p̸_3)γ_5(p̸^′_2 − m^′_2)(p̸_1 + m_1)γ_5 × × [ p̸_2− p̸_3 − P̄ · (p_2 − p_3)

M_0 ] × × u(P̄ , S_z) ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) . (2.52)

Multiplying ū(P, S_z)γ^+γ_5 (ū(P̄ , S_z)γ^+γ_5) to the left (right) hand side of eqs. (2.49) and (2.51) and noting that SU(3) factors in eq. (2.46) and in eqs. (2.49), (2.51) are the same (i.e. ϵ^{ijl}P_{inm}T^n_j P^m_l = ϵ^{lij}(F_{L=1})_{min}T^n_j M^m_l , ϵ^{ijl}(P_Q)_{im}T^m_j (P_Q)_l = ϵ^{lij}(F_{L=1})_{im}T^m_j M_l) and hence can be factored out, we have

f(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 1 8P^+ ~M^′_0 √ 2 β^2_3(p_1 · P̄ + m_1M_0)x^′_2x_2x_3N_c ×

× Tr { (P̸̄ + M_0)γ^+(p̸_2− p̸_3)(p̸^′_2 − m^′_2)(p̸_1 − m_1) [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}),

– 14 – f_Q(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 1 8P^+ ~M^′_0 √ 2 β^2_3(p_1 · P̄ + m_1M_0)x^′_2x_2x_3N_c ×

× Tr { (P̸̄ + M_0)γ^+(p̸_2− p̸_3)(p̸^′_2 − m^′_2)(p̸̄_1 − m_1) [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) . (2.53)

Similarly by multiplying ū(P, S_z)γ^+ (ū(P̄ , S_z)γ^+) to the left (right) hand side of eq. (2.52) and using the fact that ϵ^{ijl}(P_Q)_{im}T^m_j (S_Q)_l = ϵ^{lij}(F_{L=1})_{im}T^m_j M_l, we arrive at

g_Q(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 ~M ′_0 16P^+M^′_0 √ 3 β^2_3β^{′2}(p_1 · P̄ + m_1M_0)x^′_2x_2x_3N_c ×

× Tr { (P̸̄ + M_0)γ^+(p̸_2− p̸_3)(p̸^′_2 + m^′_2)(p̸_1 − m_1) [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) . (2.54)

For a more explicit expression of above form factors we need to work out the corresponding traces. It is straightforward to obtain 1 4P^+ Tr { (P̸̄ + M_0)γ^+(p̸_2− p̸_3)(p̸^′_2 ∓ m^′_2)(p̸_1 − m_1) [ p̸_2− p̸_3 − P̄ · (p_2 − p_3) M_0 ] } = = p^2_3[(p_1 · p^′_2 ± m_1m^′_2) + x^′_2(p_1 · P̄ + m_1M_0) − x_1(p^′_2 · P̄ ∓ m^′_2M_0)] + + 2x_{23}p_{23} · p_1(p^′_2 · P̄ ∓ m^′_2M_0) − 2x_{23}p_{23} · p^′_2(p_1 · P̄ + m_1M_0) + + 2p_{23} · P̄ (x_1p_{23} · p^′_2 − x^′_2p_{23} · p_1) −

P̄ · p_{23} M_0 × × {p_{23} · P̄ (±x_1m^′_2 + x^′_2m_1) + x_{23}[M_0(p_1 · p^′_2 ± m_1m^′_2) − m_1(p^′_2 · P̄ ∓ m^′_2M_0) ∓ ∓ m^′_2(p_1 · P̄ + m_1M_0)] − p_{23} · p_1(±m^′_2 + x^′_2M_0) − p_{23} · p^′_2(m_1 − x_1M_0)} ,(2.55)

where use of p_{23} ≡ p_2 − p_3, x_{23} ≡ x_2 − x_3 has been made. To recast the above expression in terms of internal variables, it is useful to note that p_1 = p^′_1, P̄ − P̄^′ = p_2 + p_3 − p^′_2 = q̄, where q̄^+ = q^+ = 0, q̄_⊥ = q_⊥, and q̄^2 = q^2 = −q^2_⊥, q̄ · (x^{(′)}_i P̄^{(′)} − p^{(′)}_i ) = q_⊥ · k^{(′)}_{i⊥}. We then obtain

P̄ · P̄^′ = 1 2 (M^2_0 + M^{′2}_0 − q^2) , p_1 · p^′_2 ± m_1m^′_2 =

M^{′2}_0 − (m_1 ∓ m^′_2)^2 2 , p_1 · P̄ + m_1M_0 =

(m_1 + x_1M_0)^2 + k^2_{1⊥}

2x_1 , p^′_2 · P̄ ∓ m^′_2M_0 =

(m^′_2 ∓ x^′_2M_0)^2 + (k_{1⊥} + q_⊥)^2 2x^′_2 , p^2_3 = k^2_3 = (k^+_2 − k^+_3 )(k^−_2 − k^−_3 ) − k^2_{3⊥} , P̄ · p_{23} = M_0e_{23} = p_1 · p_{23} + m^2 − m^2_3 , q̄ · p_{23} = −q̄ · (x_{23}P̄ − p_{23}) + x_{23}q̄ · P̄ = −q_⊥ · k_{23⊥} + x_{23} 2 (M^2_0 − M^{′2}_0 + q^2) ,

p^′_2 · p_{23} = (p_2 + p_3 − q̄) · p_{23} =

2q_⊥ · k_{23⊥} − x_{23}(M^2_0 − M^{′2}_0 + q^2) + 2(m^2 − m^2_3) 2 , (2.56)

– 15 – where uses of eq. (2.50), e_{23} ≡ e_2 − e_3 and k_{23} ≡ k_2 − k_3 have been made. Finally putting these together, we obtain

f(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 1 4x^′_2 ~M^′_0 √ β^2_3[(m_1 + x_1M_0)^2 + k^2_{1⊥}]x_1x^′_2x_2x_3N_c ×

× { x_1x^′_2[M^{′2}_0 − (m_1 − m^′_2)^2](k^2_3 − x_{23}M_0e_{23}) + x^′_2[(m_1 + x_1M_0)^2 + k^2_{1⊥}] × × {[k^2_3x^′_2 + x_{23}[−2q_⊥ · k_{23⊥} + x_{23}(M^2_0 − M^{′2}_0 + q^2) −

− 2(m^2 − m^2_3) + m^′_2e_{23}]} + + x_1[(m^′_2 − x^′_2M_0)^2 + (k_{1⊥} + q_⊥)^2] × × [−x_1k^2_3 + 2x_{23}(M_0e_{23} − m^2 + m^2_3) + x_{23}m_1e_{23}] + + x_1x^′_2e_{23}{−2M_0e_{23}(x_1m^′_2 + x^′_2m_1) + + 2(M_0e_{23} − m^2 + m^2_3)(m^′_2 − x^′_2M_0) + + [2q_⊥ · k_{23⊥} − x_{23}(M^2_0 − M^{′2}_0 + q^2) + 2(m^2 − m^2_3)] × × (m_1 + x_1M_0)} } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) , f_Q(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 1 4x^′_2 ~M^′_0 √ β^2_3[(m_1 + x_1M_0)^2 + k^2_{1⊥}]x_1x^′_2x_2x_3N_c ×

× { x_1x^′_2[M^{′2}_0 − (m_1 − m^′_2)^2](k^2_3 − x_{23}M_0e_{23}) + x^′_2[(m_1 + x_1M_0)^2 + k^2_{1⊥}] × × {[k^2_3x^′_2 + x_{23}[−2q_⊥ · k_{23⊥} + x_{23}(M^2_0 − M^{′2}_0 + q^2)

− 2(m^2 − m^2_3) + m^′_2e_{23}]} + + x_1[(m^′_2 − x^′_2M_0)^2 + (k_{1⊥} + q_⊥)^2] × × [−x_1k^2_3 + 2x_{23}(M_0e_{23} − m^2 + m^2_3) + x_{23}m_1e_{23}] + +x_1x^′_2e_{23} × × {−2M_0e_{23}(x_1m^′_2 + x^′_2m_1) + 2(M_0e_{23} − m^2 + m^2_3)(m^′_2 − x^′_2M_0) + + [2q_⊥ · k_{23⊥} −x_{23}(M^2_0 −M^{′2}_0 +q^2)+2(m^2 − m^2_3)](m_1 +x_1M_0)} } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) ,

g_Q(q^2) = − ∫ dx_1d^2k_{1⊥} 2(2π)^3 dx_2d^2k_{2⊥} 2(2π)^3 ~M ′_0 4x^′_2M^′_0 √ 6β^2_3β^{′2}[(m_1 + x_1M_0)^2 + k^2_{1⊥}]x_1x^′_2x_2x_3N_c ×

× { x_1x^′_2[M^{′2}_0 − (m_1 + m^′_2)^2](k^2_3 − x_{23}M_0e_{23}) + x^′_2[(m_1 + x_1M_0)^2 + k^2_{1⊥}] × × {[k^2_3x^′_2 + x_{23}[−2q_⊥ · k_{23⊥} + x_{23}(M^2_0 − M^{′2}_0 + q^2) −

2(m^2 − m^2_3) − m^′_2e_{23}]} + + x_1[(m^′_2 + x^′_2M_0)^2 + (k_{1⊥} + q_⊥)^2] × × [−x_1k^2_3 + 2x_{23}(M_0e_{23} − m^2 + m^2_3) + x_{23}m_1e_{23}] + x_1x^′_2e_{23} × × {2M_0e_{23}(x_1m^′_2 − x^′_2m_1) − 2(M_0e_{23} − m^2 + m^2_3)(m^′_2 + x^′_2M_0) + + [2q_⊥ · k_{23⊥} − x_{23}(M^2_0 − M^{′2}_0 + q^2) + 2(m^2 − m^2_3)](m_1 + x_1M_0)} } × × ψ_{00}(x^′, k^′_⊥) Φ_{00}({x}, {k_⊥}) . (2.57)

– 16 – m_{[ud]} m_{[us]} m_u m_s m_c β_{1c} β_{1s} 0.40 0.56 0.23 0.45 1.3 0.58 0.48 β_{23[qq}′_] β_π β_K β_D β_{Ds} β_D∗_{s0} 0.38 0.35 0.377 0.456 0.478 0.340

Table 1: The pentaquark masses and input parameters m_{[qq}′_], m_q and β’s (in units of GeV) appearing in the gaussian-type wave function (2.18).

F^{P→M} F (0) (GeV^2) Λ_1 (GeV) Λ_2 (GeV) f^{Θ→K} 0.077 2.18 – f^{Ξ3/2→π} 0.065 2.59 – f^{Ξ3/2→K} 0.085 2.56 – f^{Θc→D} c 0.081 2.06 2.39 f^{Σ5c→Ds} c 0.045 2.25 2.40 g^{Σ5c→D∗s0} c 0.024 2.64 2.32 f^{Ξ5c→Ds} c 0.084 2.16 2.55 g^{Ξ5c→D∗s0} c 0.045 2.97 2.23

Table 2: The transition form factors for various pentaquark to meson transitions.

Numerical estimations of these form factors will be given in the next section.

3. Numerical results

3.1 Strong decays of pentaquark baryons

The input parameters m_{[qq}′_], m_q, β_M , β_1 (for the anti-quark) and β_{23} (for the diquark pair) (see eq. (2.37)) that are relevant for our proposes are summarized in table 1. The quark masses and β_M ’s are taken from [60, 68] where the latter are obtained by fitting to the decay constants (cf. eq. (2.23)) as done in [68]. Note that our prediction f_D∗_{s0} = 59 MeV [60] is consistent with the recent experimental result f_D∗_{s0} ≈ 47 − 73 MeV [56, 69]. This supports a smaller value of β_D∗_{s0} as shown in Table 1. Since the diquark pair acts like 3_c, the q̄–{[ud][ud]} system can be regarded as the analog of the heavy meson q̄–q^′. Therefore, it is plausible to assume that β_{1c} : β_{1s} ∼ β_D : β_K [39]. The β_{23[qq}′_] parameter for the diquark pair is taken to be of order Λ_{QCD}. The explicit numerical values of β_{D,K} are taken from [60, 68]. As shown in [39], by using these input parameters, the obtained Σ^′_{5b} → Σ^′_{5c} transition form factors f_1(0), g_1(0) are close to their counterparts (in the sense of SU_f (3) representation) in the Λ_b → Λ_c transition [70].

To proceed, we find that the momentum dependence of the form factors in the spacelike region can be well parameterized and reproduced in the three-parameter form:

F (q^2) =

F (0) 1 − (q^2/Λ^2_1) + (q^2/Λ^2)^2

(3.1)

– 17 – for P → M transitions. The parameters Λ_{1,2}, and F (0) are first determined in the spacelike region. We then employ this parametrization to determine the physical form factors at q^2 ≥ 0.

Table 2 gives various form factors obtained in the light-font approach. The from factors obtained from eqs. (2.53), (2.54) are fitted to the form of eq. (3.1). For pentaquarks, such as Σ^0_{5c}(c̄[ud][us]), in which the two diquarks have different flavors, we need to average over f(q^2) by applying m_2 = m_{ud}, m_3 = m_{us} followed by an interchange of them in eqs. (2.53). We shall fit the form factors to the range of −3 GeV^2 < q^2 ≤ 0 for light pentaquark transitions, and to the range of −7 GeV^2 ≤ q^2 ≤ 0 for heavy pentaquark transitions. Note that for Θ → K and Ξ_{3/2} → π, K transition form factors a monopole form for their momentum dependence is adequate; an inclusion of the Λ_2 term will not affect the fit quality. For the case of heavy pentaquark transitions, since the form factors are fitted to a larger range of q^2, it is necessary to include the Λ_2 term in order to achieve a better fit.

Several remarks are in order: (i) It is interesting to note from table 2 that Θ → K and Θ_c → D form factors are very similar owing to the underlying spectator picture in which s̄ and c̄ are spectators. (ii) It is important to point out that the form factors of interest are indeed small as one can check explicitly that f(q^2)/m^2_P , f_Q(q^2)/m^2_{PQ} , g_Q(q^2)/m^2_{PQ} ≪ 1. The smallness of form factors is ascribed to the p-wave configuration of the two diquarks in an even-parity pentaquarks as it is necessary to bring the two diquarks close together to get involved interactions and produce an ordinary baryon with a s-wave quark configuration. As noted in passing, this phenomenon has been modelled in the present work by applying a local operator O_{eff} for the ϕϕ → Bq transition. The mismatch in the orbital angular momentum configuration is the key physical reason for the smallness of these form factors. (iii) The P_c → D^∗_{s0} form factors are smaller than the P_c → D_s ones by a factor of 2 owing to the smallness of β_D∗_{s0} . (iv) All the form factors are sensitive to β_{23}, for example, f^{Θ→K}(0) = 0.077 GeV^2 (see table 2) will be enhanced by 16 if β_{23} is changed from 0.38 GeV to 0.42 GeV. For pentaquark weak decays considered in [39], diquarks are spectators and hence weak decays are not sensitive to β_{23}. In this work, diquarks are no longer spectators and hence the strong transition form factors are sensitive to β_{23}. However, as the pentaquark decay rates are normalized to the Θ → NK one, the β_{23} dependence will be reduced.

With the numerical results of strong transition form factors given in table 2, we are ready to estimate the corresponding strong decays. The P → BM decay amplitudes are given by A(P → BM) = ū(P_B, S^′_z)(A + iBγ_5)u(P_P , S_z) , (3.2) with (κ ≡ g_{2eff} /M^2)

B[P(10) → BP (8)] = ϵ^{ijk}P_{imn}T^m_j P^n_k κf(m^2_B) , B[P_Q(¯6) → BP_Q(3)] = ϵ^{ijk}(P_Q)_{im}T^m_j (P_Q)_k κf_Q(m^2_B) , A[P_Q(¯6) → BS_Q(3)] = −ϵ^{ijk}(P_Q)_{im}T^m_j (P_Q)_k κg_Q(m^2_B) , A[P(10) → BP (8)] = A[P_Q(¯6) → BP_Q(3)] = B[P_Q(¯6) → BP_Q(3)] = 0 , (3.3)

followed from eqs. (2.43) and (2.46). The explicit expression of the Clebsch-Gordan coefficients in eq. (3.3) can be found in the appendix. For the decay modes under consideration,

– 18 – the non-vanishing amplitudes read

B(Θ → pK^0) = −B(Θ → nK^+) = κf^{Θ→K}(m^2_N ) , B(Ξ^{−−}_{3/2} → Ξ^−π^−) = κf^{Ξ3/2→π}(m^2_Ξ) , B(Ξ^{−−}_{3/2} → Σ^−K^−) = κf^{Ξ3/2→K}(m^2_Σ) ,

B(Θ^0_c → pD^−) = κf^{Θc→D}_c (m^2_p) ,

B(Σ^0_{5c} → pD^−_s ) = − κ √ 2 f^{Σ5c→Ds} c (m^2_p) ,

A(Σ^0_{5c} → pD^{∗−}_{s0} ) = κ √ 2 g^{Σ5c→D∗s0} c (m^2_p) ,

B(Ξ^0_{5c} → Σ^+D^−_s ) = −κf^{Ξ5c→Ds}_c (m^2_Σ) , A(Ξ^0_{5c} → Σ^+D^{∗−}_{s0} ) = κg^{Ξ5c→D∗s0}_c (m^2_Σ) , (3.4)

where the quark flavor content of the sextet charmed pentaquarks is explained in [39]. The decay rate can be evaluated via [70] Γ(P → BM) = p_c 8π [ (m_P + m_B)^2 − m^2_M m^2_P

|A|^2 +

(m_P − m_B)^2 − m^2_M m^2_P |B|^2 ] , (3.5)

where p_c is the c.m. momentum of the final state in the pentaquark rest frame.

By fitting to Γ(Θ → pK^0) =^1_2 Γ(Θ) ≃ 0.5 MeV, we obtain κf(m^2_N ) ≃ 0.97. Using the result of f(m^2_N ) = 0.095 GeV^2 from table 2, it follows that κ ≡ g_{2eff} /M^2 ≃ 10.2 GeV^{−2}, where M is a characteristic scale of the ϕϕ → Bq transition. Taking M ≃ 1 GeV, we have g_{2eff} ≃ 10.2, which is slightly smaller than the strong πNN coupling g_{πNN} ∼ 14. This suppression could be understood as the cost to pay for breaking one of the diquarks into two quarks.

With the effective strong coupling in a reasonable size, it is now plausible to ascribe the narrow width of Θ^+ to the suppressed transition form factors (f^{Θ→K}/m^2_Θ ≪ 1). As noted in passing, this suppression arises from bringing the two diquarks in a p-wave configuration close together to form a final state baryon in the s-wave quark configuration. This observation is close to the finding of [52], where the narrowness of the Θ decay width is due to a large tunneling suppression of a quark between a pair of diquarks separated by the p-wave centrifugal potential. Furthermore, based on the Jaffe-Wilczek picture for pentaquarks, it is argued in [54] that a strong dynamical suppression of the pentaquark width requires a rather asymmetric “peanut” structure in which the strange antiquark is in the center while the two extended diquarks rotate around [54]. The decay width is decreasing with the sizes of the diquark. These features are not inconsistent with our picture of treating the diquark as an effective degree of freedom. The p-wave configuration of the diquark pair is very important in resulting a small decay width.^4 In particular, the choice of β_{1s} > β_{23[qq}′_] in table 1 corresponds to the “peanut” structure advocated in [54]. Furthermore, although we take the diquark as an effective degree of freedom, it is not necessary to be a point-like

4However, it was proposed recently in [55] that a pentaquark with an internal s-wave structure (an s-wave between two diquarks with different chirality) becomes stable in the chiral limit and hence may explain the tiny decay width.

– 19 –

Figure 2: Decay rates (in units of MeV) for Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Θ^0_c → pD^−, Σ_{5c} → pD^−_s , pD^{∗−}_{s0} and Ξ^0_{5c} → Σ^+D^−_s , Σ^+D^{∗−}_{s0} as a function of the pentaquark mass. These rates are normalized to Γ(Θ^+) = 2Γ(Θ^+ → pK^0) = 1 MeV.

object. In fact, as the size of the diquark increases, it becomes easier to break it into two quarks before fragmenting into the final-state baryon and meson. The narrow pentaquark decay width favors a small-size diquark, which is consistent with our treatment of taking it effectively as a fundamental object.

Treating κ to be approximately universal, we can estimate the strong decay rates of Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Θ^0_c → pD^−, Σ^0_{5c} → pD^−_s , pD^{∗−}_{s0} and Ξ^0_{5c} → Σ^+D^−_s , Σ^+D^{∗−}_{s0} . In figure 2, we show these rates normalized to Γ(Θ) = 2Γ(Θ → pK^0) = 1 MeV as a function of the pentaquark mass.^5 It is clear that Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Σ^0_{5c} → pD^−_s , pD^{∗−}_{s0} and Θ^0_c → pD^− decay rates are of order a few MeV, while Ξ^0_{5c} → Σ^+D^−_s , Σ^+D^{∗−}_{s0} decay rates are of order tens of MeV. In particular, by taking m_{Θc} ≃ 3.1 GeV as observed by H1 collaboration [36], we obtain Γ(Θ^0_c → pD^−) ≃ 3.1 MeV, which is consistent with the observed width of Γ(Θ_c) = 12 ± 3 MeV [36]. Taking m_Ξ−−_{3/2} = 1862 ± 2 MeV as measured by NA49 [14], we obtain Γ(Ξ^{−−}_{3/2} → Σ^−K^−) ≃ 1.07 MeV and Γ(Ξ^{−−}_{3/2} → Ξ^−π^−) ≃ 1.13 MeV, which are again consistent with the observed width of Γ(Ξ^{−−}_{3/2} ) ≤ 18 MeV [14]. Our estimation for the ratio Γ(Ξ^{−−}_{3/2} → Ξ^−π^−)/Γ(Θ^+ → pK^0) ≃ 2.2 is several times smaller than that of [50] but close to the estimate made in [49]. Note that the ratio Γ(Ξ^{−−}_{3/2} → Σ^−K^−)/Γ(Ξ^{−−}_{3/2} → Ξ^−π^−) ≃ 0.94 is 50% larger than that obtained in [49] based solely on the phase space consideration. The enhancement is due to the form factor ratio f^{Ξ3/2→K} (m^2_Σ)/f^{Ξ3/2→π}(m^2_Ξ) = 1.23 (cf. table 2) obtained in the LF calculation.

5In this estimation the dependence of the pentaquark mass in rates are explicitly shown in eq. (3.5) with A and B terms being kept fixed in the mass range under consideration.

– 20 –

So far we have focused only on the strong decays of the pentaquarks into an octet baryon and a pseudoscalar meson. For the decay into a vector meson, it involves an additional unknown tensor coupling which is calculable within our light-front framework. Moreover, in the heavy quark limit P_Q → M_QB and P_Q → M^∗_QB are governed by the same strong coupling constant. Indeed, heavy quark symmetry leads to the relation Γ(P_Q → M^∗_QB) = 3Γ(P_Q → M_QB) [71]. Since Θ_c → D^{∗−}p has been observed by H1 [36], it will be interesting to measure the rate of Θ_c → D^−p to test heavy quark symmetry. Our result Γ(Θ^0_c → pD^−) ≃ 3.1 MeV will imply Γ(Θ^0_c → pD^{∗−}) ∼ 9 MeV. With Γ(Θ^0_c → D^{(∗)0}n) ≃ Γ(Θ^0_c → D^{(∗)−}p) we expect Γ(Θ_c) ≃ 20 GeV. This is in accordance with the observed width of Γ(Θ^0_c ) = 12 ± 3 MeV [36].

It is interesting to note that although the P_c → D^∗_{s0} form factor is smaller than the P_c → D_s one by a factor of 2, the decay rate for the D^∗_{s0} production is comparable to that for D_s. This can be understood from the parity consideration. Since P_c, B, D^∗_{s0} are parity even, the final state BD^∗_{s0} in P_c decay can have a s-wave configuration, while the BD_s state must be in a p-wave or higher odd-wave configuration, whose rate is suppressed near the threshold. However, such a suppression is absent in the final state composed of an evenparity meson and an even-parity baryon and hence the decay P_c → BD^∗_{s0} can have a sizable decay rate even its transition form factor is suppressed. This is the reason why we have Γ(Σ^0_{5c} → pD^{∗−}_{s0} ) ≃ Γ(Σ^0_{5c} → pD^−_s ) and Γ(Ξ^0_{5c} → Σ^+D^{∗−}_{s0} ) ≃ Γ(Ξ^0_{5c} → Σ^+D^−_s ) (see figure 2), provided that these strong decays are kinematically allowed. As this is closely related to the even-parity nature of these pentaquarks, the ratio of Γ(P_c → BD^∗_{s0})/Γ(P_c → BD_s) provides for a useful way for verifying the parity of the charmed pentaquark. For example, a completely opposite pattern — Γ(Σ_{5c} → pD^{∗−}_{s0} ) ≪ Γ(Σ_{5c} → pD_s) and Γ(Ξ_{5c} → ΣD^{∗−}_{s0} ) ≪ Γ(Ξ_{5c} → ΣD_s) – is expected for odd-parity pentaquarks Σ_{5c} and Ξ_{5c}. It should be remarked that m_D∗_{s0} ≃ 2.317 GeV [57, 56] is substantially smaller than expected from the quark model and hence the D^∗_{s0}B threshold is close to the D_sB one, rendering the production of the former easier than naive anticipation.

Finally, it is worth commenting that P_c can be produced in B decays via B → P_cB̄ such as B^+ → Θ^0_cΔ̄^+ and B^0 → Θ^0_cp̄π^+ [72, 73]. Theoretically, it is difficult to estimate their branching ratios. Nevertheless, the measured branching ratios by Belle for charmful baryonic B decays [74], B(B^0 → Λ^+_c p̄) = (2.2^{+0.6}_{−0.5} ± 0.3 ± 0.6) × 10^{−5} and B(B^− → Λ^+_c p̄π^−) = (1.87^{+0.43}_{−0.40}±0.28±0.49)×10^{−4} , provide some useful cue. Since a production of the pentaquark needs one more pair of qq̄ compared to the normal baryon, it is plausible to expect that the branching ratios of B^+ → Θ^0_cΔ̄^+ and B^0 → Θ^0_cp̄π^+ are at most of order 10^{−6} and 10^{−5}, respectively. Hence, they may be barely reachable at B factories. Nevertheless, one can search for P_c through B → P_cB̄^′ → (DB)B̄^′, (D_sB)B̄^′, (D^∗_{s0}B)B̄^′ decays.

4. Conclusions

Assuming the two diquark structure for the pentaquark as advocated in the Jaffe-Wilczek model, we study the strong decays of pentaquark baryons using the light-front approach in conjunction with the spectator approximation. The main conclusions are as follows.

– 21 –

1. In the Jaffe-Wilczek model, the diquark pairs in the light antidecuplet and heavy antisextet pentaquark baryons are in a p-wave configuration. To describe their strong decays, the two diquarks must interact to produce an ordinary baryon with a swave quark configuration. This phenomenon has been modelled in the present work by applying a local operator O_{eff} for the ϕϕ → Bq transition. With a reasonable (and unsuppressed) strong coupling of O_{eff} we see that the mismatch in the orbital angular momentum configuration is the key physical reason for the narrowness of the pentaquark decay width.

2. Treating the subprocess ϕϕ → Bq to be approximately universal as suggested by the spectator picture, we estimate the strong decays Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Θ^0_c → pD^−, Σ_{5c} → pD^−_s , pD^{∗−}_{s0} and Ξ^0_{5c} → Σ^+D^−_s , pD^{∗−}_{s0} by normalizing to the Θ^+ width. We find that Ξ^{−−}_{3/2} → Ξ^−π^−, Σ^−K^−, Σ_{5c} → pD^−_s , pD^{∗−}_{s0} and Θ^0_c → pD^−decay rates are of the order of a few MeV, while and Ξ^0_{5c} → Σ^+D^−_s , Σ^+D^{∗−}_{s0} decay rates are of order tens of MeV. If we take m_Ξ−−_{3/2} = 1862 ± 2 MeV as observed by NA49 [14], we have Γ(Ξ^{−−}_{3/2} → Ξ^−π^−)/Γ(Θ^+ → pK^0) ≃ 2.2 which is consistent with the observed width of Γ(Ξ^{−−}_{3/2} ) ≤ 18 MeV [14].

3. Since the mass of the scalar meson D^{∗−}_{s0} is observed to be lighter than expected, we also study P_c → D^∗_{s0}B decays in addition to P_c → D_sB decays. The former modes are enhanced (or unsuppressed) due to the even-parity nature of P_c, B and D^∗_{s0}. In particular, the experimental study of the ratio of Γ(P_c → BD^∗_{s0})/Γ(P_c → BD_s) could be very useful for verifying the parity of the sextet charmed pentaquark P_c. It is expected to be of order unity for an even parity P_c and much less than one for an odd parity one.

4. We also pointed out the possibility to search for P_c through B → P_cB̄^′ → (DB)B̄^′, (D_sB)B̄^′, (D^∗_{s0}B)B̄^′ decays.

Acknowledgments

We are grateful to Hsiang-nan Li for valuable discussions. This research was supported in part by the National Science Council of R.O.C. under Grant Nos. NSC93-2112-M-001-043, NSC93-2112-M-001-053 and NSC93-2811-M-001-059.

A. Clebsch-Gordan coefficients for pentauqrks, octet baryons and mesons

In this appendix we specify the pentaquark, octet baryon and meson SU_f (3) quantum numbers. For anti-decuplet pentaquarks, we use the totally symmetric tensor P_{ijk} satisfying the normalization condition P_{ijk}P^{ijk} = 1

P_{333} = Θ^+ ,

P_{133} = 1 √ 3 N^0_{10} , P_{233} = 1 √ 3 N^+_{10} ,

– 22 –

P_{113} = 1 √ 3 Σ^−_{10} , P_{123} = 1 √ 6 Σ^0_{10} , P_{223} = 1 √ 3 Σ^+_{10} ,

P_{111} = Ξ^{−−}_{3/2} , P_{112} = Ξ^−_{3/2} , P_{122} = Ξ^0_{3/2} , P_{222} = Ξ^+_{3/2} . (A.1)

Note that (F_{L=1})_{ijk} = P_{ijk}. Anti-sextet heavy pentaquarks are described by the totally symmetric tensor (P_Q)_{ij} . In the case of charm pentaquarks, we have:

(P_c)_{33} = Θ^0_c ,

(P_c)_{13} = 1 √ 2 Σ^−_{5c} , (P_c)_{23} = 1 √ 2 Σ^0_{5c} ,

(P_c)_{11} = Ξ^{−−}_{5c} , (P_c)_{12} = 1 √ 2 Ξ^−_{5c} , (P_c)_{22} = Ξ^0_{5c} . (A.2)

The SU_f (3) structure of octet baryons and mesons are represented by B = T and M:

B = Σ^0√

2 +^{Λ√}_6 Σ^+ p Σ^− −^{Σ0√}_2 +^{Λ√}_6 n

Ξ^− Ξ^0 −

√_2 3 Λ M = π^0√

2 +^{η8√}_6 π^+ K^+ π^− −^{π0√}_2 +^{η8√}_6 K^0

K^− K^0 −

√_2 3 η_8 .(A.3)

For example, for a final state p and K^0 in the Θ^+ decay, we need to use T^3_1 = p, M^3_2 = K^0. Heavy mesons (D^0, D^−, D^−_s ) transform like a triplet (u, d, s) under SU_f (3).

References

[1] LEPS collaboration, T. Nakano et al., Observation of S = +1 baryon resonance in photo-production from neutron, Phys. Rev. Lett. 91 (2003) 012002 [hep-ex/0301020].

[2] DIANA collaboration, V.V. Barmin et al., Observation of a baryon resonance with positive strangeness in K^+ collisions with Xe nuclei, Phys. Atom. Nucl. 66 (2003) 1715 [Yad. Fiz. 66 (2003) 1763] [hep-ex/0304040].

[3] CLAS collaboration, S. Stepanyan et al., Observation of an exotic S = +1 baryon in exclusive photoproduction from the deuteron, Phys. Rev. Lett. 91 (2003) 252001 [hep-ex/0307018].

[4] SAPHIR collaboration, J. Barth et al., Evidence for the positive-strangeness pentaquark Θ^+ in photoproduction with the SAPHIR detector at ELSA, Phys. Lett. B 572 (2003) 127.

[5] A.E. Asratyan, A.G. Dolgolenko and M.A. Kubantsev, Evidence for formation of a narrow K^0_Sp resonance with mass near 1533 MeV in neutrino interactions, Phys. Atom. Nucl. 67 (2004) 682 [hep-ex/0309042].

[6] CLAS collaboration, V. Kubarovsky et al., Observation of an exotic baryon with S = +1 in photoproduction from the proton, Phys. Rev. Lett. 92 (2004) 032001 [hep-ex/0311046].

[7] HERMES collaboration, A. Airapetian et al., Evidence for a narrow |S| = 1 baryon state at a mass of 1528 MeV in quasi-real photoproduction, Phys. Lett. B 585 (2004) 213 [hep-ex/0312044].

[8] SVD collaboration, A. Aleev et al., Observation of narrow baryon resonance decaying into pK^0_s in pA-interactions at 70 GeV/c with SVD-2 setup, hep-ex/0401024.

– 23 –

[9] COSY-TOF collaboration, M. Abdel-Bary et al., Evidence for a narrow resonance at 1530 MeV/c^2 in the K^0p system of the reaction pp → Σ^+K^0p from the COSY-TOF experiment, Phys. Lett. B 595 (2004) 127 [hep-ex/0403011].

[10] ZEUS collaboration, S. Chekanov et al., Evidence for a narrow baryonic state decaying to K^0_s p and K^0_s p̄ in deep inelastic scattering at HERA, Phys. Lett. B 591 (2004) 7 [hep-ex/0403051].

[11] P.Z. Aslanyan, V.N. Emelyanenko and G.G. Rikhkvitzkaya, Observation of S = +1 narrow resonances in the system K^0_s p from p + C_3H_8 collision at 10 GeV/c, hep-ex/0403044.

[12] R.L. Jaffe, Exotica, hep-ph/0409065;

K. Maltman, Quark model perspectives on pentaquark exotics, hep-ph/0408144; M. Oka, Theoretical overview of the pentaquark baryons, Prog. Theor. Phys. 112 (2004) 1 [hep-ph/0406211];

S.L. Zhu, Pentaquarks, Int. J. Mod. Phys. A 19 (2004) 3439 [hep-ph/0406204].

[13] S. Nussinov, Some comments on the putative Θ^+(1543) exotic state, hep-ph/0307357;

R.A. Arndt, I.I. Strakovsky, and R.L. Workman, K^+ nucleon scattering and exotic S = +1 baryons, Phys. Rev. C 68 (2003) 042201 [nucl-th/0308012], erratum ibid. C 69 (2004) 019901;

R.N. Cahn and G.H. Trilling, Experimental limits on the width of the reported Θ^+(1540), Phys. Rev. D 69 (2004) 011501 [hep-ph/0311245];

A. Sibirtsev, J. Haidenbauer, S. Krewald and U.G. Meißner, New results on the limit for the width of the exotic Θ^+ resonance, Phys. Lett. B 599 (2004) 230 [hep-ph/0405099].

[14] NA49 collaboration, C. Alt et al., Observation of an exotic S = −2, q = −2 baryon resonance in proton proton collisions at the CERN SPS, Phys. Rev. Lett. 92 (2004) 042003 [hep-ex/0310014].

[15] H.G. Fischer and S. Wenig, Are there S = −2 pentaquarks?, Eur. Phys. J. C 37 (2004) 133 [hep-ex/0401014].

[16] BES collaboration, J.Z. Bai et al., Search for the pentaquark state in ψ(2s) and J/ψ decays to K^0_S pKn̄ and K^0_Sp̄K^+n, Phys. Rev. D 70 (2004) 012004 [hep-ex/0402012].

[17] HERA-B collaboration, K.T. Knopfle, M. Zavertyaev and T. Zivko, Search for Θ^+ and Ξ^{3/2}– pentaquarks in HERA-B, J. Phys. G 30 (2004) S1363 [hep-ex/0403020]; HERA-B collaboration, I. Abt et al., Limits for the central production of Θ^+ and Ξ– pentaquarks in 920 GeV pA-collisions, Phys. Rev. Lett. 93 (2004) 212003 [hep-ex/0408048].

[18] PHENIX collaboration, C. Pinkenburg, Search for the Θ̄^− → K^−n̄ with PHENIX, J. Phys.

G30 (2004) S1201–S1206 [nucl-ex/0404001].

[19] STAR collaboration, S. Salur, Pentaquark search in relativistic heavy ion collisions with STAR, nucl-ex/0403009.

[20] ALEPH collaboration, S. Schael et al., Search for pentaquark states in Z decays, Phys. Lett.

B 599 (2004) 1.

[21] DELPHI collaboration, T. Wengler, talk at XXXIXth Rencontres de Moriond QCD, 28 March–4 April 2004, La Thuile, Aosta Valley, Italy.

[22] BELLE collaboration, K. Abe et al., Study of the baryon antibaryon low-mass enhancements in charmless three-body baryonic B decays, hep-ex/0409010.

– 24 –

[23] BABAR collaboration, B. Aubert et al., Search for strange pentaquark production in e^+e^− annihilations at √ s = 10.5 8-GeV and in upsilon(4s) decays, hep-ex/0408064.

[24] CDF collaboration, D.O. Litvintsev, Pentaquark searches at CDF, hep-ex/0410024. [25] FOCUS collaboration, K. Cho , talk presented at FPCP2004, 4–9 October, Daegu, Korea. [26] HyperCP collaboration, M.J. Longo et al., High statistics search for the Θ^+(1.54) pentaquark, hep-ex/0410027.

[27] M. Karliner and H.J. Lipkin, Why the Θ^+ is seen in some experiments and not in others: a possible explanation, Phys. Lett. B 597 (2004) 309 [hep-ph/0405002].

[28] R.L. Jaffe and F. Wilczek, Diquarks and exotic spectroscopy, Phys. Rev. Lett. 91 (2003) 232003 [hep-ph/0307341].

[29] M. Karliner and H.J. Lipkin, A diquark-triquark model for the KN pentaquark, Phys. Lett.

B 575 (2003) 249 [hep-ph/0402260].

[30] E. Shuryak and I. Zahed, A schematic model for pentaquarks using diquarks, Phys. Lett. B 589 (2004) 21 [hep-ph/0310270].

[31] D. Diakonov, V. Petrov and M.V. Polyakov, Exotic anti-decuplet of baryons: prediction from chiral solitons, Z. Phys. A359 (1997) 305–314 [hep-ph/9703373].

[32] F. Csikor, Z. Fodor, S.D. Katz and T.G. Kovacs, Pentaquark hadrons from lattice QCD, J.

High Energy Phys. 11 (2003) 070 [hep-lat/0309090].

[33] S. Sasaki, Lattice study of exotic S = +1 baryon, Phys. Rev. Lett. 93 (2004) 152001 [hep-lat/0310014].

[34] T.W. Chiu and T.-H. Hsieh, Pentaquark baryons in quenched lattice QCD with exact chiral symmetry, hep-ph/0403020.

[35] T.W. Chiu and T.-H. Hsieh, Pentaquark baryons with charm, hep-ph/0404007. [36] H1 collaboration, A. Aktas et al., Evidence for a narrow anti-charmed baryon state, Phys.

Lett. B 588 (2004) 17 [hep-ex/0403017].

[37] ZEUS collaboration, S. Chekanov et al., Search for a narrow charmed baryonic state decaying to D^{∗±}p^∓ in ep collisions at HERA, Eur. Phys. J. C 38 (2004) 29 [hep-ex/0409033].

[38] M.A. Nowak, M. Praszalowicz, M. Sadzikowski and J. Wasiluk, Chiral doublers of heavy-light baryons, Phys. Rev. D 70 (2004) 031503 [hep-ph/0403184].

[39] H.-Y. Cheng, C.-K. Chua and C.-W. Hwang, Light front approach for heavy pentaquark transitions, Phys. Rev. D 70 (2004) 034007 [hep-ph/0403232].

[40] K. Cheung, Pentaquark Θ^+, constituent quark structures and prediction of charmed Θ^0_c and bottomed Θ^+_B, Phys. Rev. D 69 (2004) 094029 [hep-ph/0308176].

[41] H. Kim, S.H. Lee and Y.-s. Oh, Anti-charmed pentaquark Θ_C (3099) from QCD sum rules, Phys. Lett. B 595 (2004) 293 [hep-ph/0404170].

[42] I.W. Stewart, M.E. Wessling and M.B. Wise, Stable heavy pentaquark states, Phys. Lett. B 590 (2004) 185 [hep-ph/0402076].

[43] A.K. Leibovich, Z. Ligeti, I.W. Stewart and M.B. Wise, Predictions for nonleptonic Λ_b and Θ_b decays, Phys. Lett. B 586 (2004) 337 [hep-ph/0312319].

– 25 –

[44] N. Isgur and M.B. Wise, Weak decays of heavy mesons in the static quark approximation, Phys. Lett. B 232 (1989) 113; Weak transition form-factors between heavy mesons, Phys. Lett. B 237 (1990) 527.

[45] N. Isgur and M.B. Wise, Heavy baryon weak form-factors, Nucl. Phys. B 348 (1991) 276.

[46] H. Georgi, Comment on heavy baryon weak form-factors, Nucl. Phys. B 348 (1991) 293.

[47] T.M. Yan, H.Y. Cheng, C.Y. Cheung, G.L. Lin, Y.C. Lin and H.L. Yu, Heavy quark symmetry and chiral dynamics, Phys. Rev. D 46 (1992) 1148, erratum ibid. D 55 (1997) 5851;

M.B. Wise, Chiral perturbation theory for hadrons containing a heavy quark, Phys. Rev. D 45 (1992) 2188;

G. Burdman and J.F. Donoghue, Union of chiral and heavy quark symmetries, Phys. Lett. B 280 (1992) 287.

[48] C.E. Carlson, C.D. Carone, H.J. Kwee and V. Nazaryan, Phenomenology of the pentaquark antidecuplet, Phys. Lett. B 573 (2003) 101 [hep-ph/0307396].

[49] R. Jaffe and F. Wilczek, Systematics of exotic cascade decays, Phys. Rev. D 69 (2004) 114017 [hep-ph/0312369].

[50] T. Mehen and C. Schat, Determining pentaquark quantum numbers from strong decays, Phys. Lett. B 588 (2004) 67 [hep-ph/0401107].

[51] X.G. He and X.Q. Li, Hadronic decays involving heavy pentaquarks, Phys. Rev. D 70 (2004) 034030 [hep-ph/0403191];

Y.S. Oh and H.C. Kim, Pentaquark baryons in SU(3) quark model, Phys. Rev. D 70 (2004) 094022 [hep-ph/0405010].

[52] D.K. Hong, Y.J. Sohn and I. Zahed, A diquark chiral effective theory and exotic baryons, Phys. Lett. B 596 (2004) 191 [hep-ph/0403205].

[53] Y.R. Liu et al., Heavy and light pentaquark chiral lagrangian, Phys. Rev. D 70 (2004) 094045 [hep-ph/0404123].

[54] D. Melikhov, S. Simula and B. Stech, Width of the J^P =^1_2^+ pentaquark in the quark-diquark model, Phys. Lett. B 594 (2004) 265 [hep-ph/0405037].

[55] D. Melikhov and B. Stech, Pentaquarks in the chiral symmetry limit, hep-ph/0409015.

[56] Belle collaboration, P. Krokovny et al., Observation of the D_{sJ} (2317) and D_{sJ} (2457) in B decays, Phys. Rev. Lett. 91 (2003) 262002 [hep-ex/0308019].

[57] BABAR collaboration, B. Aubert et al., Observation of a narrow meson decaying to D^+_s π^0 at a mass of 2.32 GeV/c^2, Phys. Rev. Lett. 90 (2003) 242001 [hep-ex/0304021].

[58] M. Di Pierro and E. Eichten, Excited heavy-light systems and hadronic transitions, Phys.

Rev. D 64 (2001) 114004 [hep-ph/0104208];

S. Godfrey and R. Kokoski, The properties of p wave mesons with one heavy quark, Phys. Rev. D 43 (1991) 1679;

S. Godfrey and N. Isgur, Mesons in a relativized quark model with chromodynamics, Phys. Rev. D 32 (1985) 189.

[59] H.Y. Cheng, C.Y. Cheung and C.W. Hwang, Mesonic form factors and the Isgur-Wise function on the light-front, Phys. Rev. D 55 (1997) 1559 [hep-ph/9607332].

– 26 –

[60] H.Y. Cheng, C.-K. Chua and C.-W. Hwang, Covariant light-front approach for s-wave and p-wave mesons: its application to decay constants and form factors, Phys. Rev. D 69 (2004) 074025 [hep-ph/0310359].

[61] W. Jaus, Semileptonic decays of B and D mesons in the light front formalism, Phys. Rev. D 41 (1990) 3394.

[62] W.R.B. de Araujo, M. Beyer, T. Frederico and H.J. Weber, Feynman versus Bakamjian-Thomas in light front dynamics, J. Phys. G 25 (1999) 1589 [hep-ph/9904307].

[63] S.J. Brodsky, H.-C. Pauli and S.S. Pinsky, Quantum chromodynamics and other field theories on the light cone, Phys. Rept. 301 (1998) 299 [hep-ph/9705477].

[64] W. Jaus, Relativistic constituent quark model of electroweak properties of light mesons, Phys. Rev. D 44 (1991) 2851.

[65] M. Suzuki, Strange axial-vector mesons, Phys. Rev. D 47 (1993) 1252.

[66] F. Schlumpf, Relativistic constituent quark model of electroweak properties of baryons, Phys.

Rev. D 47 (1993) 4114 [hep-ph/9212250], errratum ibid. D 49 (1994) 6246.

[67] H.C. Pauli, A compendium of light cone quantization, Nucl. Phys. 90 (Proc. Suppl.) (2000) 259 [hep-ph/0103106].

[68] H.Y. Cheng and C.K. Chua, Covariant light-front approach for B → K^∗γ, K_1γ, K^∗_2 γ decays, Phys. Rev. D 69 (2004) 094007 [hep-ph/0401141].

[69] H.Y. Cheng, Hadronic b decays involving even parity charmed mesons, Phys. Rev. D 68 (2003) 094005 [hep-ph/0307168].

[70] H.Y. Cheng, A phenomenological analysis of heavy hadron lifetimes, Phys. Rev. D 56 (1997) 2783 [hep-ph/9704260].

[71] E. Jenkins and A.V. Manohar, 1/N_c expansion for exotic baryons, J. High Energy Phys. 06 (2004) 039 [hep-ph/0402024].

[72] J.L. Rosner, Exotic states of matter in heavy meson decays, Phys. Rev. D 69 (2004) 094014 [hep-ph/0312269].

[73] T.E. Browder, I.R. Klebanov and D.R. Marlow, Prospects for pentaquark production at meson factories, Phys. Lett. B 587 (2004) 62 [hep-ph/0401115].

[74] Belle collaboration, N. Gabyshev et al., Observation of B̄^0 → Λ^+_c p̄ decay, Phys. Rev. Lett.

90 (2003) 121802 [hep-ex/0212052]; Study of exclusive b decays to charmed baryons at Belle, Phys. Rev. D 66 (2002) 091102 [hep-ex/0208041];

Belle collaboration, K. Abe et al., Observation of B̄^0 → D^{(∗)0}pp̄, Phys. Rev. Lett. 89 (2002) 151802 [hep-ex/0205083].

– 27 –