arXiv:hep-ph/0612314v1 22 Dec 2006

Positive parity pentaquark towers in large N_c QCD

Dan Pirjol^a and Carlos Schat^{b,c}

aCenter for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

bCONICET and Departamento de Física, FCEyN, Universidad de Buenos Aires, Ciudad Universitaria, Pab.1, (1428) Buenos Aires, Argentina

cDepartamento de Física, Universidad de Murcia, E-30071 Murcia, Spain

Abstract

We construct the complete set of positive parity pentaquarks, which correspond in the quark model to s̄q^{Nc+1} states with one unit of orbital angular momentum L = 1. In the large N_c limit they fall into the K = 1/2 and K = 3/2 irreps (towers) of the contracted SU(4)_c symmetry. We derive predictions for the mass spectrum and the axial couplings of these states at leading order in 1/N_c. The strong decay width of the lowest-lying positive parity exotic state is of order O(1/N_c), such that this state is narrow in the large N_c limit. Replacing the antiquark with a heavy antiquark Q̄q^{Nc+1}, the two towers become degenerate, split only by O(1/m_Q) hyperfine interactions. We obtain predictions for the strong decay widths of heavy pentaquarks to ordinary baryons and heavy H^{(∗)}_{Q̄} mesons at leading order in 1/N_c and 1/m_Q.

1 Introduction

The last few years witnessed a renewed interest in hadronic physics, originated in part by many new findings in hadron spectroscopy, the most conspicuous being the narrow pentaquark states reported by more than ten independent experimental groups [1, 2, 3, 4, 5, 6, 7]. The narrow state predicted by a chiral soliton model [8] provided the initial motivation for the search of the Θ^+ pentaquark and its possible partners. After the reports of null results started to accumulate [9, 10, 11] the initial optimism declined, and the experimental situation remains ambiguous to the present. The increase in statistics led to some recent new claims for positive evidence [7], while the null result [10] by CLAS is specially significant because it contradicts their earlier positive result [2], suggesting that at least in their case the original claim was an artifact due to low statistics. All this experimental activity spurred a great amount of theoretical work in all kinds of models for hadrons and a renewed interest in soliton models. There is a great amount of uncertainty in model calculations that could be reduced with more experimental input, like the spin and parity of the reported exotic states [12] or the possible existence of spin-flavor partners [5, 13]. Lattice QCD calculations are constantly improving but the situation also remains ambiguous [14, 15], in part by the extrapolations to light masses and the difficulty to disentangle scattering states from bound states in a finite volume. Given the difficulties still faced by first principle QCD calculations, the 1/N_c expansion [16] of QCD, where N_c is the number of colors, provides a very useful analytical tool (for a recent account see [17]). It is based on the fundamental theory of the strong interactions, and relates the chiral soliton model to the more intuitive quark model picture [18, 19, 20, 21], where the pentaquark correspond to states with quark content q̄q^4.

In the large N_c limit, QCD has a contracted spin-flavor symmetry SU(2F )_c [22, 23] in the baryon sector, also known as K-symmetry, that constrains their mass spectrum and couplings. The breaking of the spin-flavor symmetry can be studied systematically in an 1/N_c expansion. This approach has been applied to the ground-state [56, 0^+] baryons [23, 24, 25, 26], and to their orbital excitations [27, 28, 29, 30, 31, 32, 33]. The large N_c expansion has also been applied to hybrid baryons [34] and more recently to exotic baryons containing both quarks and antiquarks [35, 36, 37, 38].

In this paper we assume the existence of these exotic states, and investigate their properties in the case that they have positive parity. A partial subset of these states were considered in the 1/N_c expansion in Ref. [35]. Negative parity exotic states have been studied in [39, 37, 38]. A brief report of some results presented here has been given in [40]. We start by constructing the color singlet s̄q^{Nc+1} states by coupling the spin-flavor, orbital and color degrees of freedom, all constrained by Fermi statistics. The light exotic states we obtain are members of the K =^1_2 and K =^3_2 irreducible representations of the contracted spin-flavor symmetry. This extends the analysis of [35], which considered only the first irreducible representation.

Similar states with one heavy antiquark exist, that can be labelled in the large N_c limit by the conserved quantum number K_ℓ associated with the light degrees of freedom. In our case of the positive parity pentaquarks, there is only one tower with K_ℓ = 1, containing all nonstrange states for which the isospin I and spin of the light degrees of freedom J_ℓ satisfy |I − J_ℓ| ≤ K_ℓ ≤ I + J_ℓ. An important difference with respect to the treatment of the strong decay amplitudes done in Ref. [35] is that we will keep the orbital angular momentum explicit in the transition operator, which is required to get the correct N_c scaling of the relevant couplings.

Although the existence of pentaquarks is not yet established or completely ruled out by experiments, one thing that seems to be fairly well established is that if they exist they should be narrow, with a width of Γ ≤ 1 MeV, otherwise they would have been observed long before [41]. Explanations for the uncanny narrow width vary. Cancellations between coupling constants have been invoked in the context of the original chiral soliton model [8]. This cancellation has been argued to be exact in the large N_c limit [42]. However, a detailed comparison of different versions of the chiral soliton model suggests that there is only one coupling constant to leading order and this cancellation cannot take place [43]. Recently, it has been argued [44] that heavy pentaquark states Q̄q^4 should be narrow in the combined 1/m_Q and 1/N_c limit. Unfortunately, the experimental situation for the heavy pentaquark states Q̄q4 is also inconclusive. The charmed pentaquark initially reported by the H1 Collaboration [6] has not yet been confirmed [11, 45].

We agree with the conclusions of Refs. [43, 35] about the existence of a single operator mediating Θ → NK transitions at leading order, but we find an overall suppression factor of 1/ √ N_c. This gives the N_c scaling of the strong widths Γ(Θ → NK) ∼ O(1/N_c) for the positive parity pentaquarks. The corresponding pion widths among different Θ states scale like Γ(Θ → Θ^′π) ∼ O(N^0_c ) if the transition Θ → Θ^′ is allowed by phase space. Any states for which the pion modes are not allowed, which include the lowest lying pentaquark, are thus predicted to be narrow in the large N_c limit.

The paper is organized as follows: In Section 2 we construct the complete set of the positive parity pentaquarks and give their tower structure in the large N_c limit. In Sec. 3 we discuss the strong couplings of the light pentaquarks in the language of quark operators. Sec. 4 derives the large N_c predictions for the ratios of strong couplings from a consistency condition for π + Θ → K + B scattering. In Sec. 5 we discuss the heavy pentaquarks in the combined large N_c and heavy quark symmetry limit. Finally, Sec. 6 summarizes our conclusions.

2 Constructing the states

We start by discussing the construction of the exotic states, using the language of the constituent quark model in the large N_c limit. The quantum numbers of a q̄q^{Nc+1} hadron are constrained by the fact that the N_c + 1 quarks have to be in the fundamental representation of the color SU(N_c) group. Fermi symmetry requires their spin-flavor-orbital wave function to be in the mixed symmetric representation MS_{Nc+1} = [N_c, 1, 0, · · · ], where [n_1, n_2, · · · ] give the number of boxes in the first, second, etc. row of the corresponding Young tableau. This spin-flavor-orbital wavefunction can be decomposed into products of irreps of SU(2F ) ⊗ O(3), i.e. spin-flavor wavefunctions with increasingly higher orbital angular momentum

MS_{Nc+1} → (MS_{Nc+1} , L = 0) ⊕ (S_{Nc+1} , L = 1) ⊕ · · · (1)

The first term corresponds to negative parity exotic states. Their properties have been considered in the 1/N_c expansion in Refs. [37, 38]. The second term corresponds to states with a symmetric SU(2F ) spin-flavor wave function for the q^{Nc+1} system, carrying one unit

Figure 1: Schematic representation of the mass spectrum of the positive parity pentaquarks. In the flavor symmetric large N_c limit, all these states are degenerate into two irreducible representations of the contracted symmetry, labelled with K = 1/2, 3/2. The splittings within each tower are of order ∼ 1/N_c.

of orbital angular momentum L = 1. After adding in the antiquark, this produces positive parity exotics. A subset of these states were studied using the 1/N_c expansion in Ref. [35]. We reconsider them here, including all the states dictated by the contracted SU(6)_c symmetry.

Adopting a Hartree description, one can think of the q^{Nc+1} system as consisting of N_c quarks in s-wave orbitals, plus one excited quark in a p-wave orbital. We write this schematically as

Θ = q̄q^{Nc} q^∗ , (2)

with q^∗ denoting the orbitally excited quark. The spin-flavor of the excited quark is correlated with that of the q^{Nc} system such that the total system is in a symmetric representation of SU(2F ), with F the number of light quark flavors.

For F = 3 the minimal set of these states contains two irreducible representations of the contracted SU(6)_c symmetry, with K = 1/2 and K = 3/2. The first few states in each of these representations are [38] (see Fig. 1) K = 1 2 : 10 1_2 , 27 1_{2 ,} 3_2 , 35 3_{2 ,} 5_2 , · · · , (3) K = 3 2 : 10 3_2 , 27 1_{2 ,} 3_{2 ,} 5_2 , 35 1_{2 ,} 3_{2 ,} 5_{2 ,} 7_2 , · · · . (4)

We use the K label to denote an entire SU(6)_c representation by the SU(4)_c multiplets containing the states with maximal strangeness, sitting at the top of the corresponding weight diagrams of SU(3). For the case considered in (3), (4) these are the strangeness S = +1 states with quark content s̄q^{Nc+1}. We recall here that an irreducible representation of SU(4)_c (tower with fixed strangeness) is labelled by K = 0, 1/2, 1, . . . and contains all states with spin J and isospin I satisfying |I − J| ≤ K ≤ I + J. The first set of K = 1/2 states has been considered

|[(L, (S_{q̄}, S_q)S]JI⟩ quark model states |[(L, S_{q̄})K, S_q]JI⟩ tower states

|[(L, S_q)J_ℓ, S_{q̄}]JI⟩ heavy pentaquarks

Eq. (8)

Eq. (33)

Figure 2: The three possible couplings of the angular momenta in a pentaquark state with orbital excitation. The connection between the basis states is given by recoupling relations, given in the text.

in Ref. [35]. The treatment adopted here can describe both towers. In this paper we will also consider the K = 3/2 tower in detail.

As the antiquark mass m_Q is increased, the two towers become closer in mass, split only by effects of order O(1/m_Q) as a consequence of heavy quark symmetry [46]. This corresponds to the charmed or bottom exotic states Q̄q^{Nc+1}, with Q = c, b. A more appropriate description for these states is given [38] in terms of one tower for the light degrees of freedom with K_ℓ = 1

K_ℓ = 1 : 6_1 , 15_{0,1,2} , 15^′_{1,2,3} , · · · (5)

where the subscript denotes the spin of the light degrees of freedom J_ℓ. Each of these multiplets corresponds to a heavy quark spin doublet, with hadron spin J = J_ℓ ± 1/2, except for the singlets with J_ℓ = 0. The properties of these states are studied below in Sec. 5.

Next we discuss the relation between the different coupling schemes when constructing the pentaquark states |Θ; JI⟩ in terms of spin and orbital states. They are obtained by combining the system of N_c + 1 light quarks in a spin-flavor symmetric state |S_q = I⟩ with the orbital angular momentum |L = 1⟩ and the antiquark |S_{q̄} =^1_2 ⟩ |Θ; JI⟩ ∈ |q^{Nc+1}; S_q = I⟩ ⊗ |L = 1⟩ ⊗ |q̄; S_{q̄} = 1 2 ⟩ . (6)

The total hadron spin ⃗J is thus given by

⃗J = ⃗S_q + ⃗S_{q̄} + ⃗L . (7)

The three angular momenta ⃗S_q, ⃗S_{q̄}, ⃗L can be coupled in several ways, which give different pentaquark states (see Fig. 2). The large N_c QCD states are obtained by coupling these three vectors in the order ⃗L + ⃗S_{q̄} = ⃗K, ⃗K + ⃗S_q = ⃗J, with K taking the two possible values K = 1/2, 3/2. These states will be denoted |[(L, S_{q̄})K, S_q]JI; mα⟩, with I = S_q, and can be identified in the large N_c limit with the two towers corresponding to K = 1/2, 3/2.

Another possible choice for the pentaquark states involves coupling first ⃗S_{q̄} + ⃗S_q = ⃗S, with ⃗S the total spin of the quark-antiquark system. In a second step, the spin ⃗S is coupled with the orbital angular momentum ⃗L as ⃗L + ⃗S = ⃗J, with ⃗J the total spin of the hadron. We will denote these states as |[(L, (S_{q̄}, S_q)S]JI; mα⟩, and they are the most convenient choice for quark model computations of matrix elements. Note that this coupling scheme is arbitrary since S is not a good quantum number. On the other hand K is the right quantum number that labels the physical states in the well defined large N_c limit of QCD.

The connection between the tower states and the quark model states is given by the usual recoupling formula for 3 angular momenta |[(L, S_{q̄})K, S_q]JI; mα⟩ = (−)^{I+1/2+L+J} (8) × ∑ S=I±1/2 √ [S][K] { I^1_2 S L J K } |[(L, (S_{q̄}, S_q)S]JI; mα⟩ ,

where [S] = 2S + 1, etc. This recoupling relation fixes the mixing matrix of the pentaquark states in the large N_c limit. This is analogous to a result found for the 70^− orbitally excited baryons, for which the mixing angles are determined in the large N_c limit, up to configuration mixing effects [27].

Finally, another possible choice for the pentaquark states combines first the light quark spin with ⃗L into the angular momentum of the light degrees of freedom ⃗J_ℓ = ⃗L + ⃗S_q , which is then coupled with the antiquark spin to the total spin of the baryon ⃗J = ⃗J_ℓ + ⃗S_{q̄}. The corresponding states will be denoted as |[(L, S_q)J_ℓ, S_{q̄}]JI; mα⟩ and are appropriate in the heavy antiquark limit, when the spin of the light degrees of freedom is a conserved quantum number. A detailed discussion of these states is given in Sec. 5.

3 Light pentaquarks

We start by discussing the mass spectrum of the positive parity states. The formalism is very similar to that used for the L = 2 baryons in the 56^+ [30] and p−wave orbitally excited charm baryons [47]. The mass operator is a linear combination of the most general isoscalar parity even operators constructed from the orbital angular momentum L^i and the generators of the SU(6)_q ⊗ SU(6)_{q̄} spin-flavor algebra [35], the quark operators S_q, G^{ia}_q , T^a_q and the antiquark operators S_{q̄}, G^{ia}_{q̄} , T^a_{q̄} .

For simplicity we restrict our consideration here to the S = +1 pentaquarks with quark content s̄q^{Nc+1} and assume isospin symmetry. To leading order in the 1/N_c expansion, the mass operator acting on these states reads

M̂ = c_0N_c1 + c_1L^iS^i_{q̄} + O(1/N_c) , (9)

where c_0 and c_1 are unknown constants. Spin-flavor symmetry is broken at leading order in 1/N_c by only one operator, describing the spin-orbit interaction of the antiquark. This operator is diagonal in the K basis given by Eq. (8) and is responsible for the O(N^0_c ) splitting of the two towers with K = 1/2 and 3/2. The situation is analogous to the one we have for the non-strange members of the 70^− excited baryons, where three irreducible representations of the K-symmetry have different masses because there are three operators in the expansion of the mass operator up to O(N^0_c ) [32].

The states at the top of the weight diagram of a given SU(3) representation (with maximal strangeness) can decay into a nonstrange ground state baryon and a kaon Θ → BK. These transitions are mediated by the strangeness changing axial current and can be parameterized in terms of an operator Y^{iα} defined as

⟨B|s̄γ^iγ_5q^α|Θ⟩ = (Y^{iα})_{BΘ} , (10)

with B = N, Δ, . . . The operator Y^{iα} can be expanded in 1/N_c as Y^{iα} = Y^{iα}_0 + Y^{iα}_1 /N_c + . . . , where the leading term scales like O(N^0_c ), as will be shown below in Sec. 4.

At leading order in 1/N_c, the explicit representation of Y^{iα}_0 in the quark operator expansion gives only one operator

Y^{iα} = g_0s̄ξ^iq^{∗α} + O(1/N_c) , (11)

where α = ±1/2 denotes the flavor of the orbitally excited light quark q^∗ = u, d and g_0 is an unknown constant that stands for the reduced matrix element of the QCD operator. In addition to the SU(4)_q ⊗ O(3) generators we now need as another basic building block an isoscalar vector operator acting on the orbital degrees of freedom, which we denote ξ^i.

In the following we compute the Θ → N, Δ matrix elements of the axial current operator, Eq. (11), and show that they can be expressed in terms of a few reduced matrix elements whose expressions are already known for arbitrary N_c. The matrix elements of the operator in Eq. (11) take the simplest form when expressed using the quark model states on the right-hand side of Eq. (8). They can be computed straightforwardly with the result ⟨I^′m^′α^′|s̄ξ^iq^{∗β}|[L, ( 1 2 I)S]JI; mα⟩ = (12) 1 √ N_c + 1 ⟨0||ξ||L⟩δ_{L,1}δ_{S,I}′ √ [J] [I^′] t(I^′, I) ( J 1 I^′ m i m^′ ) ( I^1_2 I^′ α β α^′ ) , where t(I^′, I) is the reduced matrix element of the s̄q^β operator on spin-flavor symmetric states of the q^{Nc+1} system, defined as ⟨I^′m^′α^′|s̄q^β|SI; mα⟩ = t(I^′, I)δ_{SI}′ δ_m′_m ( I^1_2 I^′ α β α^′ ) . (13)

The reduced matrix elements t(I^′, I) for arbitrary N_c can be obtained easily using the occupation number formalism as described in Ref. [48]. Explicit results for t(I^′, I) for all pentaquarks with quantum numbers of interest are tabulated in Ref. [48]. For completeness, we reproduce here the expressions needed in the following. t( 1 2 , 0) = 1 2 √ N_c + 1 , t( 1 2 , 1) = √ 3 2 √ N_c + 5 , (14) t( 3 2 , 1) = 1 2 √ 3 2 √ N_c − 1 , t( 3 2 , 2) = 1 2 √ 5 2 √ N_c + 7 .

The explicit suppression factor of O(1/ √ N_c) in Eq. (12) arises because we have to annihilate the excited quark q^∗ carrying one unit of angular momentum. The detailed derivation of this factor is given below in Section 4. This suppression factor is absent in the case of negative parity pentaquarks where the N_c + 1 quarks are all in s−wave orbitals, and the axial current can annihilate any of them. The reduced matrix element in Eq. (13) scales like t(I^′, I) ∼ N^{1/2}c [48], which implies that the Θ → B matrix element of the axial current scales like ⟨Y^{iα}⟩ ∼ N^0_c . This means that the Θ → BK partial widths of these exotic states are suppressed as 1/N_c in the large N_c limit.

Finally, the matrix elements of the axial current on the tower (physical) pentaquark states are obtained by substituting Eq. (12) into the recoupling relation Eq. (8). Because of the Kronecker symbol δ_{S,I}′ , only one of the two terms on the right-hand side of Eq. (8) gives a nonvanishing contribution. The result is given by ⟨I^′m^′α^′|Y^{iβ}_0 |[(L, 1 2 )K, S_q]JI; mα⟩ ≡ g_0T (I^′, IJK) ( J 1 I^′ m i m^′ ) ( I^1_2 I^′ α β α^′ ) (15)

= ḡ_0t(I^′, I) √ [K][J] { I^1_2 I^′ 1 J K } ( J 1 I^′ m i m^′ ) ( I^1_2 I^′ α β α^′ ) , with ḡ_0 an overall constant of order N^0_c where we also absorbed the unknown orbital overlap matrix element.

We list in Tables 1 and 2 the reduced axial matrix elements T (I^′, IJK) following from Eq. (15), corresponding to the two towers with K = 1/2 and K = 3/2, respectively. These tables show also the ratios of the p−wave Θ → BK partial widths of these states. They are obtained as usual, by summing over final states and averaging over initial states

Γ_{p−wave} = g^2_0

[I^′]^2 [J][I] |T (I^′, IJK)|^2|⃗p|^3 . (16) The predictions for the ratios of the decay amplitudes for the K = 1/2 states agree with those of Ref. [35] after taking N_c = 3. The results for arbitrary N_c and the ratios for the K = 3/2 states are new.

In the large N_c limit the ratios of strong decay widths satisfy sum rules. These sum rules express the equality of the widths of each tower state in each partial wave, and are a consequence of the contracted SU(4)_c symmetry, which relates all tower states in the large N_c limit. They are given by

Γ(Θ_{RJ} → NK) + Γ(Θ_{RJ} → ΔK) = Γ(Θ_{101/2} → NK) , (17)

where R_J = 27_{1/2}, 27_{3/2}, 27_{5/2}, 35_{1/2}, . . . . These sum rules can be checked explicitly using the results listed in the last column of Tables 1 and 2.

These sum rules are not apparent in the results of Ref. [35], which correspond to the case of finite N_c = 3, for which the contracted symmetry is broken.

Walliser and Weigel [43] discussed the pentaquark strong width in the chiral soliton model. They found that only one operator contributes to the Θ → NK coupling at leading order in the 1/N_c expansion and give the prediction Γ(Θ_{273/2} )/Γ(Θ_{101/2} ) = 4/9, which is in agreement with our model independent result in Table 1.

Table 1: Large N_c predictions for the p-wave strong decay amplitudes of the positive parity light pentaquarks in the K = 1/2 tower. The last column shows the ratios of the partial p−wave rates, normalized to the 10_{1/2} → NK width, and with the phase space factor |⃗p|^3 removed.

Decay T (I^′, IJ^1_2 )^1_{p3} Γ^{(p−wave)}_{Nc=3}^1_{p3} Γ^{(p−wave)}_{Nc→∞} 10_{1/2} → NK^{1√}_{Nc+1} t(^1_2 , 0) 1 1 27_{1/2} → NK^1_3^√_{Nc+1} t(^1_2 , 1)^2_9^1_9 → ΔK −^2_3^√_{Nc+1} t(^3_2 , 1)^4_9^8_9 27_{3/2} → NK −^{2√2}_3^√_{Nc+1} t(^1_2 , 1)^8_9^4_9 → ΔK^{√5}_3^√_{Nc+1} t(^3_2 , 1)^5_{18}^5_9 35_{3/2} → ΔK^1√_{5(Nc+1)} t(^3_2 , 2)^1_2^1_5 35_{5/2} → ΔK −^2√_{5(Nc+1)} t(^3_2 , 2)^4_3^8_{15}

Table 2: Large N_c predictions for the p-wave strong decay amplitudes of the positive parity light pentaquarks in the K = 3/2 tower. The last column shows the ratios of the partial p−wave rates, normalized to the 10_{3/2} → NK width, with the phase space factor |⃗p|^3 removed.

Decay T (I^′, IJ^3_2 )^1_{p3} Γ^{(p−wave)}_{Nc=3}^1_{p3} Γ^{(p−wave)}_{Nc→∞} 10_{3/2} → NK −^{√2√}_{Nc+1} t(^1_2 , 0) 1 1 27_{1/2} → NK −^{2√2}_3^√_{Nc+1} t(^1_2 , 1)^{16}_9^8_9 → ΔK −^1_3√_{2(Nc+1)} t(^3_2 , 1)^1_{18}^1_9 27_{3/2} → NK^{√10}_3^√_{Nc+1} t(^1_2 , 1)^{10}_9^5_9 → ΔK^2_3^√_{Nc+1} t(^3_2 , 1)^2_9^4_9 27_{5/2} → ΔK −

√_3

2(N_c+1) t( 3 2 , 1)^1_2 1 35_{1/2} → ΔK^1√_{2(Nc+1)} t(^3_2 , 2)^5_2 1 35_{3/2} → ΔK −^2√_{5(Nc+1)} t(^3_2 , 2) 2^4_5 35_{5/2} → ΔK^1_2

√_{14}

5(N_c+1) t( 3 2 , 2)^7_6^7_{15}

4 Large N_c power counting and consistency conditions

The results of the preceding section on the Θ → BK strong couplings take a particularly simple form at leading order in the 1/N_c expansion. This follows in a model-independent way from a consistency condition satisfied by the matrix elements of Y^{iα}, similar to a consistency condition constraining kaon couplings to ordinary baryons [23].

We start by deriving in some detail the Y^{iα} ∼ N^0_c scaling of the leading term, which follows from the special structure of the exotic states with positive parity considered in this work. In particular, we show that taking into account the nonzero orbital angular momentum L = 1 of these states is crucial in order to obtain the correct N_c scaling.

As explained in Sec. 2, the exotic state can be written schematically as Θ = q̄q^{Nc} q^∗, where the q^∗ quark carries one unit of angular momentum. The N_c + 1 quarks are in a completely symmetric spin-flavor wave function and a completely antisymmetric color-orbital wave function. This state can be described as a linear combination of terms with given occupation numbers for one-particle states |q^{Nc} q^∗⟩ = ∑ {n_i} c_{{ni}}|{n_1, n_2, n_3, n_4}⟩ ⊗ |[n^1_s, n^2_s, · · · , n^{Nc}_s ; n^1_p, n^2_p, · · · , n^{Nc}_p ]⟩ . (18) The first factor denotes the occupation numbers of the four spin-flavor one-quark states {u_↑, u_↓, d_↑, d_↓} as defined in Ref. [48]. The second factor denotes the occupation numbers of the 2N_c possible orbital-color one-quark states. These are s− and p−wave orbitals, times the N_c possible color states ϕ_s(x) ⊗ |i⟩ and ϕ_p(x) ⊗ |i⟩, respectively. {n_i} denotes the set of all occupation numbers. We consider in this paper only states with one quark in a p−wave orbital, and denote the color-orbital wave function of such states as [N_c; 1].

The axial current is given by the operator in Eq. (11)

Y^{iα}_0 = g_0s̄ξ^iq^{∗α} , (19)

where q^∗ annihilates the spin-flavor state of the orbitally excited quark and ξ^i acts on the orbital wave function of that state. When acting on the state, Eq. (18), this operator annihilates one quark in a p−wave orbital. Taking for definiteness q^∗ = u^∗_↑, the matrix element of the axial current reduces to evaluating expressions of the form u^∗_↑|q^{Nc} q^∗⟩ = ∑ {n_i} c_{{ni}}u^∗_↑|{n_1, n_2, n_3, n_4}⟩ ⊗ |[N_c; 1]⟩ . (20) The action of the annihilation operator u^∗_↑ on the symmetric spin-flavor state can be computed using the methods of Ref. [48]. However, one subtle point is that this operator can only annihilate the excited quark, but not the other N_c s−wave quarks.

The spin-flavor state of the excited quark can be made explicit with the help of the identity

{n_1, n_2, n_3, n_4} = √ n_1 N_c + 1

(u^{∗†}_↑ ){n_1 − 1, n_2, n_3, n_4} + √ n_2 N_c + 1

(u^{∗†}_↓ ){n_1, n_2 − 1, n_3, n_4} + √ n_3 N_c + 1

(d^{∗†}_↑ ){n_1, n_2, n_3 − 1, n_4} + √ n_4 N_c + 1

(d^{∗†}_↓ ){n_1, n_2, n_3, n_4 − 1} , (21) where n_1 + n_2 + n_3 + n_4 = N_c + 1. Using this identity, Eq. (20) can be evaluated explicitly with the result u^∗_↑|q^{Nc} q^∗⟩ = ∑ {n_i} c_{{ni}} √ n_1 N_c + 1

|{n_1 − 1, n_2, n_3, n_4}⟩ ⊗ |[N_c; 0]⟩ (22)

and similarly for other spin-flavor states of the excited quark. These relations generalize the relations given in Ref. [48] for the action of one-body operators in the occupation number formalism to the case of more complicated orbital wave functions. Note the additional suppression factor 1/ √ N_c + 1, which would not be present if all N_c + 1 quarks were in s−wave orbitals. Together with Eq. (12) given in the previous section, this completes the proof of the N_c scaling of the Θ → B matrix elements of the axial current.

This scaling implies that the decay amplitude A(Θ → BK) scales like N^{−1/2}c , which in turn predicts that the corresponding strong decay widths are parametrically suppressed by 1/N_c. This suppression may be obscured in the total widths of the Θ states by two possible mechanisms. First, the pion modes Θ → Θ^′π, whenever allowed by phase space, have widths of order O(N^0_c ). Second, mixing of the exotic states with radially excited nucleon states, such as the Roper resonance, could enhance the N_c scaling of the decay amplitude as A(Θ → πN) ∼ O(N^0_c ). None of these mechanisms applies to the lowest lying pentaquark state(s), for which the 1/N_c expansion offers thus another possible explanation for their small widths.

Accounting explicitly for the L = 1 orbital momentum of these states is crucial for obtaining the Y^{iα} ∼ N^0_c scaling. This can be contrasted with the approach of Ref. [35], where the orbital angular momentum is not explicit. Instead, the angular momentum L = 1 is coupled with the antiquark spin S_{q̄} to a fixed value K = L + S_{q̄} = 1/2, and K is effectively identified with S_{q̄} =^1_2 . The ξ^i operator acting on the orbital part does not appear in any of the operators describing physical quantities, such as masses, axial currents, etc. In this approach, the axial current operator mediating the Θ → B transition is identified with [35]

Y^{iα}_{(no ξ)} = g_0s̄σ^iq^α + O(1/N_c) (23)

and its matrix elements scale like N^{1/2}c [48].

We turn next to derive the leading behaviour of Y^{iα} in a hadronic language. The matrix elements of the leading order piece Y^{iα}_0 satisfy a consistency condition from π^a + Θ → K^α + B scattering and can be obtained in a model independent way in the large N_c limit. The pion couplings to ordinary baryons and pentaquarks are parametrized by

⟨B^′|q̄γ^iγ_5τ^aq|B⟩ = N_c(X^{ia})_B′_B , (24)

⟨Θ^′|q̄γ^iγ_5τ^aq|Θ⟩ = N_c(Z^{ia})_Θ′_Θ. (25)

These operators have a 1/N_c expansion of the form X^{ia} = X^{ia}_0 + X^{ia}_1 /N_c + ... , and similarly for Z^{ia}, where the leading order terms X^{ia}_0 and Z^{ia}_0 scale as O(N^0_c ).

After including the meson decay constants, the overall scaling of the direct and crossed diagrams separately is O(N^0_c ). The calculation of the scattering amplitude at the quark level gives a 1/ √ N_c scaling for the π^a + Θ → K^α + B amplitude. This leads to the consistency condition

Y^{jα}_0 Z^{ia}_0 − X^{ia}_0 Y^{jα}_0 = 0 . (26)

The derivation is similar to the one given for the consistency condition of meson couplings to ordinary and hybrid baryons in Ref. [34].

The leading order matrix element ⟨X^{ia}_0 ⟩ is given by the model-independent expression [22, 23]

⟨X^{ia}_0 ⟩ = g_X (−)^{J+I′+K+1} √ [I][J] { I^′ 1 I J K J^′ } ( J 1 J^′ J_3 i J^′_3 ) ( I 1 I^′ I_3 a I^′_3 ) (27)

and similarly for ⟨Z^{ia}_0 ⟩ with g_Z instead of g_X . The Θ → K^α + B vertex is parametrized by

⟨I^′I^′_3; J^′J^′_3; K^′|Y^{iα}_0 |II_3; JJ_3; K⟩ = √ [I][J]Y_0(I^′J^′K^′; IJK) ( J 1 J^′ J_3 i J^′_3 ) ( I^1_2 I^′ I_3 α I^′_3 ) . (28)

For K^′ = 0 this expression is equivalent to Eq.(15), with the identification g_0T (I^′, IJK) = √ [I][J]Y_0(I^′I^′0; IJK).

Taking the matrix elements of Eq.(26) between B(I^′J^′K^′) and Θ(IJK), and projecting onto channels with total spin H and isospin T in the s-channel we obtain ∑ Ī,J̄ (−)^{−Ī− 12} [Ī][J̄] { 1 I^′ Ī K^′ J̄ J^′ } { 1 J̄ J^′ 1 H J } {_1 2 Ī I 1 T I^′ } Y_0(ĪJ̄K^′; IJK) =

= (−)^{H+K+K′−I′−J} δ(J^′1H)δ(I^′ 1 2 T ) g_Z g_X { 1 T I K J H } Y_0(I^′J^′K^′; T HK) , (29)

where δ(J^′1H) = 1 if |J^′ − 1| ≤ H ≤ J^′ + 1 and zero otherwise, etc. The most general solution of this equation implies g_X = g_Z , and depends on two arbitrary couplings c_y with y = 1/2, 3/2

Y_0(I^′J^′K^′; IJK) = ∑ y=1/2,3/2 c_y 1 2 1 y I J K I^′ J^′ K^′

, (30)

up to an arbitrary phase (−1)^{2nI+2mJ} with n, m integers. For decays to nonstrange baryons K^′ = 0, and this equation gives the asymptotic form for T (I^′, IJK) in the large N_c limit lim N_c→∞ T (I^′, IJK) ∝ (−)^{1+I+I′+K} √ [I][J] [I^′][K]

{_1 2 1 K J I I^′ } . (31)

This agrees with the large N_c limit of the reduced matrix element obtained by the quark operator calculation in Sec. 3.

5 Heavy pentaquarks

Taking the antiquark to be a heavy quark Q = c, b, the quantum numbers of the Q̄q^{Nc+1} states are simply related to those of the N_c + 1 quarks, as was discussed earlier in Sec. 2. These states belong to one large N_c tower with K_ℓ = 1 and are shown in Eq. (5).

We pause here to compare these states with the positive parity heavy pentaquarks considered in [35]. The light quarks in those states belong to a K_ℓ = 0 tower and include the SU(3) representations

K_ℓ = 0 : 6_0 , 15_1 , 15^′_2 , · · · (32)

where the subscript denotes the spin of the light degrees of freedom J_ℓ. Each of these multiplets corresponds to a heavy quark spin doublet, with hadron spin J = J_ℓ ± 1/2, except for the singlets with J_ℓ = 0. Note that they are different from the states constructed here in Eq. (5), which in addition to the more complex mass spectrum also have very different strong couplings, as will be seen below.

The heavy pentaquark states require a different recoupling of the three angular momenta S_q, S_{q̄}, L. Neither S_q nor L are good quantum numbers for a heavy pentaquark, but only their sum, the angular momentum of the light degrees of freedom J_ℓ = S_q + L, is. The states with good J_ℓ are expressed in terms of the quark model states by a recoupling relation analogous to Eq. (8) |[(L, J_q)J_ℓ, S_{q̄}]JI; mα⟩ = (−)^{I+1/2+L+J} (33) × ∑ S=I±1/2 √ [S][J_ℓ] { I^1_2 S J L J_ℓ } |[(L, (J_q, S_{q̄})S]JI; mα⟩ .

A similar recoupling relation can be written which expresses the heavy pentaquark states |[(L, J_q)J_ℓ, S_{q̄}]JI; mα⟩ in terms of tower states |[(L, S_{q̄})K, J_q]JI; mα⟩, appropriate for the light pentaquark states. Such a relation makes explicit the correspondence between light and heavy pentaquarks, as the mass of Q̄ is gradually increased. We do not write this relation explicitly, but just mention one of its implications: any given heavy pentaquark state is related to states in both K = 1/2 and 3/2 towers. Any treatment which neglects one of these towers will therefore be difficult to reconcile with a quark model picture.

A generic positive parity heavy pentaquark state Θ¯_Q can decay strongly into the four channels

Θ¯_Q → NH¯_Q, NH^∗_{Q̄} , (34)

Θ¯_Q → ΔH¯_Q, ΔH^∗_{Q̄} , (35)

where H¯_Q is a pseudoscalar J^P = 0^− heavy meson with quark content Q̄q, and H^∗_{Q̄} is its heavy quark spin partner with J^P = 1^−. Heavy quark symmetry gives relations among the amplitudes for these decays [46]. However, these relations alone are in general not sufficient to predict the ratios of the decay widths of the two modes in Eq. (34), and of the two modes in Eq. (35). On the other hand, large N_c relates the NH¯_Q and ΔH¯_Q modes. We will show that in the combined large N_c and heavy quark limits it is possible to make also predictions for the ratios of the NH¯_Q and NH^∗_{Q̄} modes.

We start by considering first the large N_c predictions for the amplitude ratios into NH¯_Q and ΔH¯_Q. These decays are mediated by the heavy-light axial current, which at leading order in 1/N_c is given by a single operator in the quark operator expansion, analogous to that mediating kaon decay

⟨B|Q̄γ^iγ_5q^β|Θ¯_Q⟩ = g_Q(Q̄ξ^iq^β)_{BΘ} + O(1/N_c) , (36)

with B = N, Δ, . . . and g_Q an unknown constant.

The matrix elements of this operator can be parameterized in terms of a reduced matrix element, defined as ⟨I^′m^′α^′|Q̄ξ^iq^β|[(L, S_q)J_ℓ, 1 2 ]JI; mα⟩ = T (I^′, IJJ_ℓ) ( J 1 I^′ m i m^′ ) ( I^1_2 I^′ α β α^′ ) . (37)

At leading order in 1/N_c, the amplitudes T (I^′, IJJ_ℓ) can be expressed in terms of the amplitudes t(I^′, JI) given in Eq. (14). To show this, recall that the matrix elements of the axial current for the transitions between the quark model states and the ground state baryons were given in Eq. (12). The corresponding matrix elements taken on the physical heavy pentaquark states are found by substituting this result into the recoupling relation Eq. (33). We find ⟨I^′m^′α^′|g_QQ̄ξ^iq^β|[(L, S_q)J_ℓ, 1 2 ]JI; mα⟩ = (38) ḡ_Q 1 √ N_c + 1 t(I^′, I) √ [J_ℓ][J] { I^1_2 I^′ J 1 J_ℓ } ( J 1 I^′ m i m^′ ) ( I^1_2 I^′ α β α^′ ) , where the unknown orbital overlap matrix element has also been absorbed in the order N^0_c unknown constant ḡ_Q.

We summarize in Table 3 the reduced matrix elements T (I^′, IJJ_ℓ) of the leading order operator in the expansion of the heavy-light axial current, for heavy pentaquarks with positive parity. We denote the pentaquark states as Θ^{(R)}_{Q̄Jℓ} (J), with R = 6, 15, 15^′ the SU(3) representation to which they belong. These results give predictions for the ratios of the partial widths of p-wave strong decays Θ^{(R)}_{Q̄Jℓ} (J) → NH¯_Q, ΔH¯_Q.

In the case of heavy pentaquarks there is a second sum rule ∑ J_ℓ Γ(Θ^R_{Q̄Jℓ} (J) → NH¯_Q) = Γ(Θ^6_{Q̄1}(J) → NH¯_Q) , (39)

in addition to the one already discussed in Eq. (17). Both hold in the large N_c limit and can be checked explicitly using the results in the last column of Table 3.

Finally, we will also use heavy quark symmetry to make predictions for modes containing a H^∗_{Q̄} heavy meson in the final state. To that end, we first describe the heavy quark symmetry relations and then we combine them with the large N_c predictions. For simplicity, we restrict ourselves to the NH^{(∗)}_{Q̄} modes in a p-wave.

The specification of the final state in Θ¯_{QJℓ} → [NH^∗_{Q̄}]_{p−wave} must include in addition to the total angular momentum ⃗J = ⃗S_N + ⃗J_H∗_Q + ⃗L, also the partial sum of two of the three angular momenta. We denote here with ⃗S_N the spin of the nucleon, ⃗J_H∗_Q the spin of the vector

Table 3: Large N_c predictions for the p-wave heavy pentaquark decay amplitudes Θ^{(R)}_{Q̄Jℓ} → NH¯_Q and Θ^{(R)}_{Q̄Jℓ} → ΔH¯_Q. In the last column we show the ratios of the partial p-wave rates, with the phase space factor p^3 removed.

Decay T (I^′, IJJ_ℓ)^1_{p3} Γ^{(p−wave)}_{Nc=3}^1_{p3} Γ^{(p−wave)}_{Nc→∞} Θ^{(6)}_{Q̄1}(^1_2 ) → NH¯_Q^{1√}_{Nc+1} t(^1_2 , 0) 1 1 Θ^{(6)}_{Q̄1}(^3_2 ) → NH¯_Q −

√_2

N_c+1 t( 1 2 , 0) 1 1 Θ^{(15)}_{Q̄0} (^1_2 ) → NH¯_Q^1√_{3(Nc+1)} t(^1_2 , 1)^2_3^1_3 → ΔH¯_Q −^1√_{3(Nc+1)} t(^3_2 , 1)^1_3^2_3 Θ^{(15)}_{Q̄1} (^1_2 ) → NH¯_Q −

√_2

3(N_c+1) t( 1 2 , 1)^4_3^2_3 → ΔH¯_Q −^1√_{6(Nc+1)} t(^3_2 , 1)^1_6^1_3 Θ^{(15)}_{Q̄1} (^3_2 ) → NH¯_Q −^1√_{3(Nc+1)} t(^1_2 , 1)^1_3^1_6 → ΔH¯_Q √_5

6(N_c+1) t( 3 2 , 1)^5_{12}^5_6 Θ^{(15)}_{Q̄2} (^3_2 ) → NH¯_Q

√_5

3(N_c+1) t( 1 2 , 1)^5_3^5_6 → ΔH¯_Q^1√_{6(Nc+1)} t(^3_2 , 1)^1_{12}^1_6 Θ^{(15)}_{Q̄2} (^5_2 ) → ΔH¯_Q −

√_3

2(N_c+1) t( 3 2 , 1)^1_2 1 Θ^{(15′)}_{Q̄1} (^1_2 ) → ΔH¯_Q^1√_{2(Nc+1)} t(^3_2 , 2)^5_2 1 Θ^{(15′)}_{Q̄1} (^3_2 ) → ΔH¯_Q^1√_{10(Nc+1)} t(^3_2 , 2)^1_4^1_{10} Θ^{(15′)}_{Q̄2} (^3_2 ) → ΔH¯_Q −^3√_{10(Nc+1)} t(^3_2 , 2)^9_4^9_{10} Θ^{(15′)}_{Q̄2} (^5_2 ) → ΔH¯_Q −^1√_{10(Nc+1)} t(^3_2 , 2)^1_6^1_{15} Θ^{(15′)}_{Q̄3} (^5_2 ) → ΔH¯_Q

√_7

5(N_c+1) t( 3 2 , 2)^7_3^{14}_{15}

Table 4: Heavy quark symmetry predictions for the reduced decay amplitudes Θ¯_{QJℓ} → [NH^{(∗)}_{Q̄} ]_{p−wave} for final states with given ⃗J_N = ⃗S_N + ⃗L. The zero entries denote amplitudes forbidden in the heavy quark limit and suppressed as ∼ O(Λ_{QCD}/m_Q).

Decay J_N = 1/2 J_N = 3/2 Decay J_N = 1/2 J_N = 3/2

Θ¯_{Q0}(^1_2 ) → NH¯_Q −^{1√}_2 f_0 − Θ¯_{Q0}(^1_2 ) → NH^∗_{Q̄}^{1√}_2 f_0 0

Θ¯_{Q1}(^1_2 ) → NH¯_Q

√_3 2 f_1 − Θ¯_{Q1}(^1_2 ) → NH^∗_{Q̄}^{1√}_6 f_1 −

√_2 3 f_2

Θ¯_{Q1}(^3_2 ) → NH¯_Q − −

√_3 2 f_2 Θ¯_{Q1}(^3_2 ) → NH^∗_{Q̄} −^{2√}_3 f_1

√_5 6 f_2

Θ¯_{Q2}(^3_2 ) → NH¯_Q −

√_5 2 f_3 Θ¯_{Q2}(^3_2 ) → NH^∗_{Q̄} 0^{1√}_2 f_3

Θ¯_{Q2}(^5_2 ) → NH¯_Q − − Θ¯_{Q2}(^5_2 ) → NH^∗_{Q̄} − − √ 2f_3

heavy meson, and ⃗L the orbital angular momentum. The heavy quark symmetry relations take a simple form when this partial sum is chosen as ⃗J_N = ⃗S_N + ⃗L. The decay amplitude for Θ¯_Q(IJJ_ℓ) → [NH^{(∗)}_{Q̄} (J^′J^′_ℓ)]_{JN} is given by [46]

A(Θ¯_Q(IJJ_ℓ) → [NH^{(∗)}_{Q̄} (J^′J^′_ℓ)]_{JN} ) = √ [J_ℓ][J] { J_ℓ J^′_ℓ J_N J^′ J^1_2 } F^I_{JℓJ} ′_{ℓJN} , (40) where we denoted as usual with J_ℓ and J^′_ℓ = 1/2 the spins of the light degrees of freedom in the initial and final heavy hadrons. F^I_{JℓJ} ′_{ℓJN} are reduced matrix elements, which in general also depend on S_N , although this dependence was omitted for simplicity.

The predictions from these relations are shown in explicit form in Table 4, from which one can read off the number of independent hadronic amplitudes parameterizing each mode. The Θ¯_{Q0}(^1_2 ) decays are parameterized in terms of one reduced amplitude f_0, the decays of the Θ¯_{Q1}(^1_2 ,^3_2 ) depend on two independent amplitudes f_{1,2}, and the decays of the Θ¯_{Q2}(^3_2 ,^5_2 ) contain one independent amplitude f_3. From this counting it follows that heavy quark symmetry does not relate, in general, all modes with pseudoscalar and vector heavy mesons.

Such a relation becomes possible however in the large N_c limit, where all modes with a pseudoscalar heavy meson in the final state NH¯_Q are related. In the language of the reduced amplitudes in Table 4, this amounts to a relation among the amplitudes f^I_{0−3}. These predictions

Table 5: Combined large N_c and heavy quark symmetry predictions for the ratios of strong decay rates for heavy pentaquark decays Θ¯_Q → NH^{(∗)}_{Q̄} . In the last line we show for comparison also the corresponding predictions for the pentaquark states with positive parity considered in Ref. [35].

I = 0 Θ¯_Q(^1_2 ) → (NH¯_Q) : (NH^∗_{Q̄}) Θ¯_Q(^3_2 ) → (NH¯_Q) : (NH^∗_{Q̄})

K_ℓ = 1^1_2 :^3_2 (J_ℓ = 1)^1_2 :^3_2 (J_ℓ = 1)

K_ℓ = 0 1 : 3 (J_ℓ = 0) -

I = 1 Θ¯_Q(^1_2 ) → (NH¯_Q) : (NH^∗_{Q̄}) Θ¯_Q(^3_2 ) → (NH¯_Q) : (NH^∗_{Q̄})

K_ℓ = 1^1_6 :^1_2 (J_ℓ = 0)^1_{12} :^7_{12} (J_ℓ = 1) 1 3 :^1_3 (J_ℓ = 1)^5_{12} :^1_4 (J_ℓ = 2)

K_ℓ = 0 1 : 11 (J_ℓ = 1) 4 : 8 (J_ℓ = 1)

can be obtained by comparing the amplitudes listed in Tables 3 and 4. We find

f^{I=1}_0 ≡ F^{I=1}_0 1_2 1_2 = − √ N_c + 5 N_c + 1

, (41)

f^{I=0}_1 ≡ F^{I=0}_1 1_2 1_2 = 1 √ 3 , f^{I=0}_2 ≡ F^{I=0}_1 1_2 3_2 = √ 2 3 , (42)

f^{I=1}_1 ≡ F^{I=1}_1 1_2 1_2 = − √ 2 3 √ N_c + 5 N_c + 1

, f^{I=1}_2 ≡ F^{I=1}_1 1_2 3_2 = 1 √ 3 √ N_c + 5 N_c + 1

, (43)

f^{I=1}_3 ≡ F^{I=1}_2 1_2 3_2 = √ N_c + 5 N_c + 1

. (44)

The corresponding predictions for the partial decay rates are shown in Table 5. For comparison, we also show in this table the results found in Ref. [35] for the K_ℓ = 0 states.

6 Conclusions

In this paper we studied the complete set of light and heavy pentaquark states with positive parity at leading order in the 1/N_c expansion. We discussed the structure of the mass spectrum and the strong decays of these states. Both are strongly constrained by the contracted spinflavor SU(4)_c symmetry emerging in the large N_c limit, leading to mass degeneracies and sum rules for their decay widths.

The exotic states which are composed of only light quarks (s̄q^{Nc+1}) belong to two irreducible representations (towers) of this symmetry, with K =^1_2 (containing a J^P =^1_2^+ isosinglet), and K =^3_2 (containing a J^P =^3_2^+ isosinglet), respectively. The strong transitions between any members of a pair of towers are related by the contracted symmetry. The states with K =^1_2 are identical to those considered in the large N_c expansion in Ref. [35], and we find complete agreement with their N_c = 3 predictions for these states. The more general results for arbitrary N_c and the K =^3_2 tower states are new.

Taking the antiquark to be a heavy quark, the two irreducible representations with K =^1_2 ,^3_2 are split only by O(1/m_Q) hyperfine interactions. In the heavy quark limit they become degenerate and the spin of the light degrees of freedom is a conserved quantum number. When this is combined with the large N_c limit a new good quantum number emerges: K_ℓ, the tower label for the light quarks.

We find that the heavy pentaquarks with positive parity belong to one tower with K_ℓ = 1. These are different from the heavy exotic states considered in Ref. [35], which belong to K_ℓ = 0. Both sets of states are legitimate from the point of view of the large N_c symmetry, although explicit realizations of these states are more natural in different models: the K_ℓ = 0 states are obtained in a Skyrme model picture, while the K_ℓ = 1 states considered here appear naturally in the constituent quark model picture. The predictions for the strong decays of the two sets of states differ, as shown in Table 5, and can be used to discriminate between them.

There is an important difference between our treatment of the transition operators and that given in Ref. [35], due to the fact that we keep the orbital angular momentum explicit. In Sec. 4 we show, by explicit computation of the Θ → B axial current matrix element in the quark model with N_c colors, that the strong width of the lowest-lying positive parity exotic state scales like 1/N_c. This provides a natural explanation for the existence of narrow exotic states in the large N_c limit.

Acknowledgments: The work of D.P. was supported by the DOE under cooperative research agreement DOE-FC02-94ER40818 and by the NSF under grant PHY-9970781. The work of C.S. was supported in part by Fundación Antorchas, Argentina and Fundación Séneca, Murcia, Spain.

References

[1] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003);

V. V. Barmin et al. [DIANA Collaboration], Phys. Atom. Nucl. 66, 1715 (2003) [Yad. Fiz. 66, 1763 (2003)].

[2] S. Stepanyan et al. [CLAS Collaboration], Phys. Rev. Lett. 91, 252001 (2003). [3] J. Barth et al. [SAPHIR Collaboration], Phys. Lett. B 572, 127 (2003). [4] A. E. Asratyan, A. G. Dolgolenko and M. A. Kubantsev, Phys. Atom. Nucl. 67, 682 (2004) [Yad. Fiz. 67, 704 (2004)];

C. Alt et al. [NA49 Collaboration], Phys. Rev. Lett. 92, 042003 (2004); V. Kubarovsky et al. [CLAS Collaboration], Phys. Rev. Lett. 92, 032001 (2004) [Erratumibid. 92, 049902 (2004)];

A. Airapetian et al. [HERMES Collaboration], Phys. Lett. B 585, 213 (2004); A. Aleev et al. [SVD Collaboration], Phys. Atom. Nucl. 68, 974 (2005) [Yad. Fiz. 68, 1012 (2005)];

M. Abdel-Bary et al. [COSY-TOF Collaboration], Phys. Lett. B 595, 127 (2004); S. Chekanov et al. [ZEUS Collaboration], Phys. Lett. B 591, 7 (2004); K. Miwa et al. [KEK-PS E522 Collaboration], Phys. Lett. B 635, 72 (2006).

[5] H. Z. Huang [for the STAR Collaboration], Int. J. Mod. Phys. A 21, 825 (2006). [6] A. Aktas et al. [H1 Collaboration], Phys. Lett. B 588, 17 (2004). [7] V. V. Barmin et al. [DIANA Collaboration], hep-ex/0603017;

A. Kubarovsky, V. Popov and V. Volkov [for the SVD-2 Collaboration], hep-ex/0610050. [8] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359, 305 (1997). [9] J. Z. Bai et al. [BES Collaboration], Phys. Rev. D 70, 012004 (2004);

M. I. Adamovich et al. [WA89 Collaboration], Phys. Rev. C 70, 022201 (2004); Yu. M. Antipov et al. [SPHINX Collaboration], Eur. Phys. J. A 21, 455 (2004); I. Abt et al. [HERA-B Collaboration], Phys. Rev. Lett. 93, 212003 (2004); D. O. Litvintsev [CDF Collaboration], Nucl. Phys. Proc. Suppl. 142, 374 (2005); M. J. Longo et al. [HyperCP Collaboration], Phys. Rev. D 70, 111101 (2004); S. R. Armstrong, Nucl. Phys. Proc. Suppl. 142, 364 (2005);

A. Airapetian et al. [HERMES Collaboration], Phys. Rev. D 71, 032004 (2005); B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 95, 042002 (2005); M. Z. Wang et al., Phys. Lett. B 617, 141 (2005);

D. C. Christian et al. [E690 Collaboration], Phys. Rev. Lett. 95, 152001 (2005); M. I. Adamovich et al. [WA89 Collaboration], Phys. Rev. C 72, 055201 (2005); M. Battaglieri et al. [CLAS Collaboration], Phys. Rev. Lett. 96, 042001 (2006); S. Niccolai et al. [CLAS Collaboration], Phys. Rev. Lett. 97, 032001 (2006);

J. M. Link et al. [FOCUS Collaboration], Phys. Lett. B 639, 604 (2006); R. De Vita et al. [CLAS Collaboration], Phys. Rev. D 74, 032001 (2006); J. Qiang et al. [JLab Hall A Collaboration], hep-ex/0609025; M. Abdel-Bary et al. [COSY-TOF Collaboration], hep-ex/0612048.

[10] B. McKinnon et al. [CLAS Collaboration], Phys. Rev. Lett. 96, 212001 (2006). [11] S. Chekanov et al. [ZEUS Collaboration], Eur. Phys. J. C 38, 29 (2004);

J. M. Link et al. [FOCUS Collaboration], Phys. Lett. B 622, 229 (2005); B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 73, 091101 (2006).

[12] T. Mehen and C. Schat, Phys. Lett. B 588 (2004) 67;

C. Hanhart, J. Haidenbauer, K. Nakayama and U. G. Meissner, Phys. Lett. B 606, 67 (2005).

[13] S. Capstick, P. R. Page and W. Roberts, Phys. Lett. B 570, 185 (2003). [14] K. F. Liu and N. Mathur, Int. J. Mod. Phys. A 21, 851 (2006).

[15] B. G. Lasscock, D. B. Leinweber, W. Melnitchouk, A. W. Thomas, A. G. Williams, R. D. Young and J. M. Zanotti, Phys. Rev. D 72, 074507 (2005);

N. Ishii, T. Doi, Y. Nemoto, M. Oka and H. Suganuma, Phys. Rev. D 72, 074503 (2005). [16] G. ’t Hooft, Nucl. Phys. B 72, 461 (1974);

E. Witten, Nucl. Phys. B 160, 57 (1979).

[17] Proc. of the Workshop “Large N(C) QCD 2004”, Trento, Italy, eds. J. L. Goity, R. F. Lebed, A. Pich, C. L. Schat and N. N. Scoccola, (World Scientific, Singapore, 2005).

[18] A. V. Manohar, Nucl. Phys. B 248, 19 (1984).

[19] E. Jenkins and A. V. Manohar, Phys. Rev. Lett. 93, 022001 (2004). [20] V. B. Kopeliovich and A. M. Shunderuk, Phys. Rev. D 73, 094018 (2006);

N. Itzhaki, I. R. Klebanov, P. Ouyang and L. Rastelli, Nucl. Phys. B 684, 264 (2004); T. D. Cohen, Phys. Rev. D 70, 014011 (2004).

[21] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003);

R. L. Jaffe, Phys. Rept. 409, 1 (2005) [Nucl. Phys. Proc. Suppl. 142, 343 (2005)]. [22] R. F. Dashen and A. V. Manohar, Phys. Lett. B 315, 425 (1993); Phys. Lett. B 315, 438 (1993);

E. Jenkins, Phys. Lett. B 315, 441 (1993).

[23] R. F. Dashen, E. Jenkins and A. V. Manohar, Phys. Rev. D 49, 4713 (1994), [Erratumibid. D 51, 2489 (1995)]; Phys. Rev. D 51, 3697 (1995).

[24] E. Jenkins and A. V. Manohar, Phys. Lett. B 335, 452 (1994);

E. Jenkins, X. d. Ji and A. V. Manohar, Phys. Rev. Lett. 89, 242001 (2002). [25] C. Carone, H. Georgi and S. Osofsky, Phys. Lett. B 322, 227 (1994);

M. A. Luty and J. March-Russell, Nucl. Phys. B 426, 71 (1994); M. A. Luty, J. March-Russell and M. J. White, Phys. Rev. D 51, 2332 (1995).

[26] E. Jenkins, Phys. Lett. B 315, 431 (1993); Phys. Lett. B 315, 447 (1993); Phys. Rev. D 54, 4515 (1996); Phys. Rev. D 55, 10 (1997).

[27] D. Pirjol and T. M. Yan, Phys. Rev. D 57, 1449 (1998); Phys. Rev. D 57, 5434 (1998). [28] J. L. Goity, Phys. Lett. B 414, 140 (1997);

C. E. Carlson, C. D. Carone, J. L. Goity and R. F. Lebed, Phys. Rev. D 59, 114008 (1999); Phys. Lett. B 438, 327 (1998).

[29] C. L. Schat, J. L. Goity and N. N. Scoccola, Phys. Rev. Lett. 88, 102002 (2002);

J. L. Goity, C. L. Schat and N. N. Scoccola, Phys. Rev. D 66, 114014 (2002); Phys. Rev. D 71, 034016 (2005).

[30] J. L. Goity, C. Schat and N. N. Scoccola, Phys. Lett. B 564, 83 (2003). [31] T. D. Cohen and R. F. Lebed, Phys. Rev. D 67, 096008 (2003), Phys. Rev. Lett. 91, 012001 (2003); Phys. Rev. D 72, 056001 (2005).

[32] D. Pirjol and C. Schat, Phys. Rev. D 67, 096009 (2003); AIP Conf. Proc. 698, 548 (2004), hep-ph/0308125.

[33] N. Matagne and F. Stancu, Phys. Rev. D 71, 014010 (2005); Phys. Lett. B 631, 7 (2005);

Phys. Rev. D 74, 034014 (2006).

[34] C. K. Chow, D. Pirjol and T. M. Yan, Phys. Rev. D 59, 056002 (1999). [35] E. Jenkins and A. V. Manohar, JHEP 0406, 039 (2004). [36] T. D. Cohen and R. F. Lebed, Phys. Lett. B 578, 150 (2004).

[37] M. E. Wessling, Phys. Lett. B 603, 152 (2004) [Erratum-ibid. B 618, 269 (2005)];

hep-ph/0505213.

[38] D. Pirjol and C. Schat, Phys. Rev. D 71, 036004 (2005).

[39] I. W. Stewart, M. E. Wessling and M. B. Wise, Phys. Lett. B 590, 185 (2004). [40] D. Pirjol and C. Schat, hep-ph/0610233.

[41] S. Nussinov, hep-ph/0307357;

R. A. Arndt, I. I. Strakovsky and R. L. Workman, Phys. Rev. C 68, 042201 (2003); [Erratum-ibid. C 69, 019901 (2004)];

J. Haidenbauer and G. Krein, Phys. Rev. C 68, 052201 (2003); R. N. Cahn and G. H. Trilling, Phys. Rev. D 69, 011501 (2004);

A. Sibirtsev, J. Haidenbauer, S. Krewald and U. G. Meissner, Phys. Lett. B 599, 230 (2004);

W. R. Gibbs, Phys. Rev. C 70, 045208 (2004). [42] M. Praszalowicz, Phys. Lett. B 583, 96 (2004). [43] H. Walliser and H. Weigel, Eur. Phys. J. A 26, 361 (2005). [44] T. D. Cohen, P. M. Hohler and R. F. Lebed, Phys. Rev. D 72, 074010 (2005). [45] S. H. Lee, Y. Kwon and Y. Kwon, Phys. Rev. Lett. 96, 102001 (2006). [46] N. Isgur and M. B. Wise, Phys. Rev. Lett. 66, 1130 (1991). [47] J. P. Lee, C. Liu and H. S. Song, Phys. Rev. D 62, 096001 (2000). [48] D. Pirjol and C. Schat, Phys. Lett. B 638, 340 (2006).