arXiv:hep-ph/0404285 v1 30 Apr 2004

TH-953

Two-Hadron-Irreducible QCD Sum Rule for Pentaquark Baryon

Yoshihiko KONDO^∗ Kokugakuin University, Higashi, Shibuya, Tokyo 150-8440, Japan

Osamu MORIMATSU^† and Tetsuo NISHIKAWA^‡ Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization, 1-1, Ooho, Tsukuba, Ibaraki, 305-0801, Japan (Dated: April 30, 2004)

Abstract

We point out that naive pentaquark correlations function include two-hadron-reducible contributions, which are given by convolution of baryon and meson correlation functions and have nothing to do with pentaquark. We show that the two-hadron-reducible contributions are large in the operator product expansion of the correlation functions of three existing works on the pentaquark. Therefore, it is dangerous to draw a conclusion from the sum rules using naive pentaquark correlation functions with naive ansatz for the spectral function under the dispersion integral. Instead, we propose to use the two-hadron-irreducible correlation function, which is obtained by subtracting the two-hadron-reducible contribution from the naive correlation function. Taking one of the works as an example we demonstrate how drastically the results can change if we remove the two-hadron-reducible part from the naive correlation function. We obtain the result opposite to the original work for the parity of the pentaquark.

PACS numbers: 11.55.Fv, 11.55.Hx, 12.38.Aw, 12.39.Mk Keywords: Pentaquark, QCD sum rules

∗Electronic address: kondo@kokugakuin.ac.jp †Electronic address: osamu.morimatsu@kek.jp ‡Electronic address: nishi@post.kek.jp

Possible existence of an S = +1 exotic baryon state has recently been reported by LEPS collaboration in Spring-8 [1]. In this experiment, a peak with the mass ∼ 1540 MeV and the width bounded by 25 MeV was observed in K^+n channel from γn → K^+K^−n. It was confirmed by subsequent experiments [2, 3, 4, 5, 6, 7, 8, 9, 10]. In all cases the mass is near 1540 MeV and the width is small.

This state cannot be a three-quark state since it has S = +1, and the minimal quark content is (uudds̄). It has come to be called “pentaquark Θ^+”. Other quantum numbers, spin, isospin and parity, have not yet been experimentally determined. Besides the calculation in the chiral quark soliton model [11], which motivated the pentaquark search by LEPS collaboration, various theoretical approaches [12, 13, 14, 15, 16, 17, 18] have been performed, but no consensus has yet been seen on these quantum numbers.

Clearly, the discoveries of exotic hadrons have opened a new field of strong interaction physics and will lead us to a deeper understanding of QCD. In particular, what role confinement plays in exotic hadrons is an extremely interesting and important issue.

In this paper, we focus on the application of the QCD sum rule approach [19] to the pentaquark and discuss an issue which is characteristic for exotic hadrons. In QCD sum rule approach, the correlation function of interpolating fields is calculated by the use of the operator product expansion (OPE), and is compared with the spectral representation via dispersion relation. The sum rules relate hadron properties to the vacuum expectation values of QCD operators, such as ⟨0|q̄q|0⟩ and ⟨0|(α_s/π)G^2|0⟩.

Up to now, three groups have reported results of QCD sum rules for the pentaquark [16, 17, 18]. Zhu [16] estimated the mass of the pentaquark states with QCD sum rules and found that pentaquark states with isospin I = 0, 1, 2 lie close to each other around 1.55 ± 0.15GeV. He used the interpolating fields for the I = 0, 1, 2 pentaquark states where three quarks and the remaining s̄q are both in a color adjoint representation. Matheus et al. [17] used a linear combination of two independent interpolating fields: one is made of two scalar ud diquarks and the other of two pseudo-scalar ud diquarks, together with s̄. Their result for the pentaquark mass is m_Θ+ = 1.55 ± 0.10 GeV. It should be noted, however, that their interpolating field has isospin I = 1 although it was stated to have isospin I = 0 in Ref.[17]. Sugiyama, Doi and Oka [18] employed an interpolating field with J = 1/2, I = 0 and S = +1 constructed from color anti-triplet scalar and pseudoscalar ud diquarks and an s̄ quark. They derived sum rules for the positive and negative parity states. They found that the pole residue obtained from the sum rule is positive for the negative parity state but negative for the positive parity state, which implies that the obtained negative parity state is a real one but the pole in the positive parity spectral function is spurious. Thus, they concluded that the parity of the pentaquark is negative. The mass m_Θ+ was estimated to be near m_Θ+ ∼ 1.5 GeV.

Although these three groups obtained the pentaquark mass close to the observed value, we point out that their naive pentaquark correlation functions include two-hadron-reducible contributions, which are due to noninteracting propagation of the three-quark baryon and the meson and therefore have nothing to do with the pentaquark. These contributions exist in the correlation function only for exotic hadrons and are potentially large. Therefore, it is dangerous to draw a conclusion from the sum rules using naive pentaquark correlation functions with naive ansatz for the spectral function under the dispersion integral. Instead, we propose to use the two-hadron-irreducible correlation function, which is obtained by subtracting the two-hadron-reducible contribution from the naive correlation function. We show how large the two-hadron-reducible contributions are in the OPE of the correlation functions considered in the above three works. Taking Ref.[18] as an example, we then demonstrate how drastically the results change if we remove the two-hadron-reducible part from the naive correlation function.

In order to derive QCD sum rules for the pentaquark, one considers the correlation function

Π_P (p) = −i ∫ d^4xe^{ipx}⟨T (η_P (x)η̄_P (0))⟩, (1)

where η_P (x) is the interpolating field for the pentaquark, a composite operator made of five quark fields. The spectral function is given by the imaginary part of the correlation function and represents the physical spectrum generated by the interpolating field as

ρ_P (p) = ∑ n δ(p − p_n)⟨0|η_P (0)|n⟩⟨n|η̄_P (0)|0⟩ (p^0 > 0). (2) In the QCD sum rule approach the spectral function is usually parametrized by a pole plus continuum contribution, which is adopted also for the pentaquark in Refs. [16, 17, 18]:

ρ_P (p) = Zδ(p^2 − M^2_P ) + θ(p^2 − s_{th})ρ^{OP E}_P (p^2), (3)

where M_P is the mass of the pentaquark, s_{th} the effective continuum threshold energy squared and ρ^{OP E}_P (p^2) the imaginary part of the correlation function in the OPE. For ordinary hadrons this procedure is probably all right but for exotic hadrons it might be too naive as we discuss.

A remarkable feature of the pentaquark is that it can be decomposed into a color-singlet three-quark state, baryon, and a color-singlet quark-antiquark state, meson. (Hereafter, we use the term baryon when its minimal quark-content is qqq.) Therefore, the interpolating field for the pentaquark can be expressed as a sum of the product of baryon and meson interpolating fields:

η_P (x) = ∑ i η^i_B (x)η^i_M (x) (4)

where η^i_B (x) and η^i_M (x) are color-singlet baryon and meson interpolating fields, respectively: η_B ∼ ϵ_{abc}q^aq^bq^c, η_M ∼ q̄^eq^e. Due to this separability, the pentaquark correlation function, Eq.(1), has a part in which the baryon and the meson propagate independently without interacting each other. We define this part as the two-hadron-reducible (2HR) part and the rest of the correlation function as the two-hadron-irreducible (2HI) part. They are respectively given by

⟨T (η_P (x)η̄_P (0))⟩^{2HR} = ∑ ij ⟨T (η^i_B(x)η̄^j_B(0))⟩⟨T (η^i_M (x)η^{j∗}_M (0))⟩, ⟨T (η_P (x)η̄_P (0))⟩^{2HI} = ⟨T (η_P (x)η̄_P (0))⟩ − ∑ ij ⟨T (η^i_B(x)η̄^j_B(0))⟩⟨T (η^i_M (x)η̄^{j∗}_M (0))⟩ (5) and Π^{2HR}_P (p) = i ∑ ij ∫ d^4q (2π)^4 Π^{ij}_B(q)Π^{ij}_M (p − q), Π^{2HI}_P (p) = Π_P (p) − i ∑ ij ∫ d^4q (2π)^4

Π^{ij}_B(q)Π^{ij}_M (p − q), (6)

where Π^{ij}_B(p) and Π^{ij}_M (p) are baryon and meson correlation functions: Π^{ij}_B(p) = −i ∫ d^4xe^{ipx}⟨T (η^i_B(x)η̄^j_B(0))⟩, (7) Π^{ij}_M (p) = −i ∫ d^4xe^{ipx}⟨T (η^i_M (x)η^{j∗}_M (0))⟩. (8)

Diagrammatically, the 2HR and 2HI parts of the correlation function are represented as Figures 1 and 2, respectively. Clearly, the 2HR part of the pentaquark correlation function is completely determined by the baryon and meson correlation functions and has nothing to with the pentaquark.

FIG. 1: Two-Hadron-Reducible (2HR) diagram.

FIG. 2: Two-Hadron-Irreducible (2HI) diagram.

Some comments are in order here. The 2HR and 2HI parts have the same analytic property as the total correlation function. The concept of the two-hadron-reducible (2HR) and two-hadron-irreducible (2HI) contributions in the correlation function of the composite particle is a generalization of the two-particle-reducible (2PR) and two-particle-irreducible (2PI) contributions in the correlation function of the elementary particle.

Let us next look at the separation of the 2HR and 2HI parts in the spectral function. We suppose that the lowest states generated by η_B and η_M are spin-1/2 baryon B and spin-0 meson M, respectively. Consider only the contribution of the BM scattering states in the spectral function just for simplicity, which is given by

ρ^{BM}_P (p) = ∑ s ∫ d^3kd^3q(2π)^3δ^4(p − k − q)⟨0|η_P (0)|kqsout⟩⟨kqsout|η̄_P (0)|0⟩ (p^0 > 0),(9) where q and k are the momentum of the baryon and the meson, respectively, and s the spin projection of the baryon. |kqsout⟩ denote the baryon-meson scattering states with out boundary condition. One can relate the matrix elements in Eq.(9) with the T -matrix for the BM scattering by means of the reduction formula as ⟨kqsout|η̄(0)|0⟩ = λ_B λ_M 1 (2π)^32 √ ω_k E_q ×ū(qs) { 1 − i ∫ d^4q^′ (2π)^4 T (k, q, k + q − q^′, q^′) 1 (k + q − q^′)^2 − m^2 + iη 1 /q^′ − M + iη } , (10)

⟨0|η(0)|kqsout⟩ = λ^∗_B λ^∗_M 1 (2π)^32 √ ω_k E_q × { 1 + i ∫ d^4q^′ (2π)^4 1 (k + q − q^′)^2 − m^2 − iη 1 /q^′ − M − iη T^†(k, q, k + q − q^′, q^′) } u(qs),(11) where ω_k = √ k^2 + m^2, E_q = √ q^2 + M^2, λ_{B(M )} is the coupling strength of the interpolating field to the baryon (meson) state and M(m) is the baryon (meson) mass. T (k, q, k^′, q^′) is the T -matrix for the process kq → k^′q^′. By substituting Eqs.(10) and (11) into Eq.(9), we obtain ρ^{BM}_P (p) = − 1 π |λ_B |^2|λ_M |^2Im { i ∫ d^4q (2π)^4 1 (p − q)^2 − m^2 + iη 1 /q − M + iη − ∫ d^4q (2π)^4 d^4q^′ (2π)^4 1 (p − q)^2 − m^2 + iη 1 /q − M + iη ×T (p − q, q, p − q^′, q^′) 1 /q^′ − M + iη 1 (p − q^′)^2 − m^2 + iη } . (12)

The first term of Eq.(12) is the 2HR contribution due to the trivial noninteracting contribution of the BM intermediate states and the second term is the 2HI contribution. If the pentaquark is a bound state in the BM channel the spectral function has an additional contribution from the bound state, while if the pentaquark is a resonance in the BM channel the effect of the pentaquark lies in the BM T -matrix as a pole at a complex pentaquark energy. In any case, the 2HR contribution is not related to the pentaquark.

Some further comments are in order here. 2HR contributions discussed here exist commonly in the correlation functions for exotic hadrons but not for ordinary hadrons. Crucial assumption here is confinement. Namely, we assume that only color-singlet states contribute to the spectral function. Therefore, the separability of the pentaquark into color-singlet baryon and meson is the origin of the existence of the 2HR contribution. Another point to be mentioned is that by removing the 2HR part we do not take out all the baryon-meson continuum contributions. We just take out noninteracting contributions. The continuum contributions included in the 2HI part cannot be separated from the pentaquark contribution. The 2HI part of the spectral function does not have positivity because of subtraction, but the positivity is not necessary to construct sum rules.

Let us turn to the separation of the 2HR and 2HI parts in the OPE. There are various ways of constructing the interpolating field for the pentaquark. So far, three ways of the construction have been proposed. Zhu [16] used the following interpolating field for the

I = 0 pentaquark:

η_{Zhu} = 1 √ 2 ϵ_{abc}(u^{T a}Cγ_5d^b)[u^g(s̄^giγ_5d^c) − (u ↔ d)], (13)

where a, b, c, . . . are color indices and C = iγ_2γ_0. Mathues et al. [17] and Sugiyama et al. [18] considered the interpolating fields based on the conjecture by Jaffe and Wilczek [12]:

η_{Matheus et al.} = tη_1 + η_2, η_1 = 1 √ 2 ϵ_{abc}(u^{T a}Cγ_5d^b)(u^{T c}Cγ_5d^e)C(s̄^e)^T − (u ↔ d), η_2 = 1 √ 2 ϵ_{abc}(u^{T a}Cd^b)(u^{T c}Cγ_5d^c)C(s̄^g)^T − (u ↔ d), (14) η_{Sugiyama et al.} = ϵ_{abc}ϵ_{def} ϵ_{cf g}(u^{T a}Cd^b)(u^{T d}Cγ_5d^e)C(s̄^g)^T . (15)

We first note that after Fierz transformation the interpolating field can be expressed as a sum of the product of baryon and meson interpolating fields. The interpolating field used by Zhu can be written as

η_{Zhu} = 1 4 √ 2 ϵ_{abc}(u^{T a}Cγ_5d^b) {−d^c(s̄iγ_5u) − γ^μd^c(s̄iγ_5γ_μu) − 1 2 σ^{μν} d^c(s̄iσ_{μν} γ_5u) − γ^μγ_5d^c(s̄iγ_μu) − γ_5d^c(s̄iu) − (u ↔ d) } . (16)

The interpolating fields considered by Matheus et al. and Sugiyama et al. are also written as follows, respectively:

η_{Matheus et al.} = tη_1 + η_2 η_1 = 1 √ 2 ϵ_{abc}(u^{T a}Cγ_5d^b)(u^{T c}Cγ_5d^e)C(s̄^e)^T − (u ↔ d) = 1 √ 2 1 4 { −[ϵ_{abc}(u^{T a}Cγ_5d^b)u^c](s̄γ_5d) − [ϵ_{abc}(u^{T a}Cγ_5d^b)γ^μu^c](s̄γ_5γ_μd) + 1 2 [ϵ_{abc}(u^{T a}Cγ_5d^b)σ^{μν} u^c](s̄σ_{μν} γ_5d) + [ϵ_{abc}(u^{T a}Cγ_5d^b)γ^μγ_5u^c](s̄γ_μd) −[ϵ_{abc}(u^{T a}Cγ_5d^b)γ_5u^c](s̄d) } − (u ↔ d) η_2 = 1 √ 2 ϵ_{abc}(u^{T a}Cd^b)(u^{T c}Cd^c)C(s̄^g)^T − (u ↔ d) = 1 √ 2 1 4 { −[ϵ_{abc}(u^{T a}Cd^b)u^c](s̄d) + [ϵ_{abc}(u^{T a}Cd^b)γ^μu^c](s̄γ_μd) + 1 2 [ϵ_{abc}(u^{T a}Cd^b)σ^{μν} u^c](s̄σ_{μν} d) + [ϵ_{abc}(u^{T a}Cd^b)γ^μγ_5u^c](s̄γ_5γ_μd) −[ϵ_{abc}(u^{T a}Cd^b)γ_5u^c](s̄γ_5d) } − (u ↔ d), (17) η_{Sugiyama et al.} = 1 4 ϵ_{abc}(u^{T a}Cd^b) {−d^c(s̄γ_5u) − γ^μd^c(s̄γ_5γ_μu) + 1 2 σ^{μν} d^c(s̄σ_{μν} γ_5u) + γ^μγ_5d^c(s̄γ_μu) − γ_5d^c(s̄u) − (u ↔ d) } . (18)

The 2HR parts in the correlation functions are obtained by contracting a quark field in η^i_B(x) with that in η̄^j_B (0) and contracting a quark field in η^i_M (x) with that in η^{j∗}_M (0), while the terms including contraction of a quark field in the baryon with that in the meson belong to the 2HI part. We show the total and the 2HI part of the spectral function in the OPE. For the correlation functions considered by Zhu, the results are

ρ_{Zhu}(p) = { (p^2)^5 2^{20}3 · 5 · 7π^8 − 11(p^2)^3 2^{14}3^25π^6 m_s⟨q̄q⟩ + (p^2)^3 2^{16}3π^6 m_s⟨s̄s⟩ + 23(p^2)^3 2^{19}3^25π^6 ⟨ α_s π G^2⟩ +

5(p^2)^3 2^{11}3^2π^4 ⟨q̄qq̄q⟩ + 11(p^2)^3 2^{12}3^2π^4 ⟨q̄qs̄s⟩ } /p + (p^2)^5 2^{20}3^25^2π^8 m_s − 7(p^2)^4 2^{16}3^25π^6 ⟨q̄q⟩ − (p^2)^4 2^{17}3^25π^6 ⟨s̄s⟩ + 25(p^2)^3 2^{18}3^2π^6 ⟨q̄g_sσ · Gq⟩ − 7(p^2)^3 2^{18}3^2π^6 ⟨s̄g_sσ · Gs⟩, ρ^{2HI}_{Zhu} (p) = { − (p^2)^3 2^{15}3^25π^6 m_s⟨q̄q⟩ + (p^2)^3 2^{16}3^25π^6 ⟨ α_s π G^2⟩ − (p^2)^3 2^{13}3^2π^4 ⟨q̄qq̄q⟩ + (p^2)^3 2^{13}3^2π^4 ⟨q̄qs̄s⟩ } /p + (p^2)^5 2^{20}3^25^2π^8 m_s +

(p^2)^4 2^{17}3^25π^6 ⟨q̄q⟩ − (p^2)^4 2^{17}3^25π^6 ⟨s̄s⟩ − 5(p^2)^3 2^{18}3^2π^6 ⟨q̄g_sσ · Gq⟩ − 7(p^2)^3 2^{18}3^2π^6 ⟨s̄g_sσ · Gs⟩, (19) where we have included the condensate ⟨^{αs}_π G^2⟩ , which is missing in Ref.[16]. For the correlation functions considered by Matheus et al. and Sugiyama et al. the results are

ρ_{Matheus et al.} (p) = { c_1

(p^2)^5 2^{18}3^25^27π^8

+ c_1

(p^2)^3 2^{14}3^25π^6 m_s⟨s̄s⟩ + c_2 (p^2)^3 2^{17}3^25π^6 ⟨ α_s π G^2⟩ −c_1 (p^2)^2 2^{15}3^2π^6 m_s⟨s̄gσ · Gs⟩ + c_3 (p^2)^2 2^{10}3^2π^4 ⟨q̄qq̄q⟩ } /p +c_1

(p^2)^5 2^{18}3^25^2π^8 m_s − c_1

(p^2)^4 2^{15}3^25π^6 ⟨s̄s⟩ + c_1 (p^2)^3 2^{15}3^2π^6 ⟨s̄gσ · Gs⟩, ρ^{2HI}_{Matheus et al.} (p) = { c_1

(p^2)^5 2^{20}3^25^27π^8

+ c_1

(p^2)^3 2^{16}3^25π^6 m_s⟨s̄s⟩ − c_4 (p^2)^3 2^{19}3^25π^6 ⟨ α_s π G^2⟩ −c_1 (p^2)^2 2^{17}3^2π^6 m_s⟨s̄gσ · Gs⟩ + c_3 (p^2)^2 2^{12}3^2π^4 ⟨q̄qq̄q⟩ } /p +c_1

(p^2)^5 2^{20}3^25^2π^8 m_s − c_1

(p^2)^4 2^{17}3^25π^6 ⟨s̄s⟩ + c_1 (p^2)^3 2^{17}3^2π^6 ⟨s̄gσ · Gs⟩, (20) where c_1 = 5t^2 + 2t + 5, c_2 = (t − 1)^2, c_3 = 7t^2 − 2t − 5 and c_4 = 11t^2 + 14t + 11,

ρ_{Sugiyama et al.} (p) = { (p^2)^5 2^{16}3^25^27π^8 + (p^2)^3 2^{12}3^25π^6 m_s⟨s̄s⟩ + (p^2)^3 2^{14}3^25π^6 ⟨ α_s π G^2⟩ − p^4 2^{13}3^2π^6 m_s⟨s̄g_sσ · Gs⟩ } /p + (p^2)^5 2^{16}3^25^2π^8 m_s − (p^2)^4 2^{13}3^25π^6 ⟨s̄s⟩ + (p^2)^3 2^{13}3^2π^6 ⟨s̄g_sσ · Gs⟩, ρ^{2HI}_{Sugiyama et al.} (p) = { − (p^2)^5 2^{19}3^25^2π^8 − 7(p^2)^3 2^{15}3^25π^6 m_s⟨s̄s⟩ + (p^2)^3 2^{18}3^25π^6 ⟨ α_s π G^2⟩ + 7p^4 2^{16}3^2π^6 m_s⟨s̄g_sσ · Gs⟩ } /p − 7(p^2)^5 2^{19}3^25^2π^8 m_s +

7(p^2)^4 2^{16}3^25π^6 ⟨s̄s⟩ − 7(p^2)^3 2^{16}3^2π^6 ⟨s̄g_sσ · Gs⟩. (21) As can be seen, the 2HR part of the correlation function is large in general at least of the same order as the 2HI part. In particular, for the interpolating field, Eq.(15), the Wilson coeffcients of the operators in the 2HR part are −15/7 of the 2HI part up to dimension 6 except for the operator,^{αs}_π G^2.

Now, taking the interpolating field of Sugiyama et al. [18], Eq.(15), we will demonstrate how drastically the results of the sum rule can change if we remove the 2HR part from the total correlation function. First, we explain the results of Ref.[18]. They defined the positive-parity and negative-parity spectral functions by

ρ_±(p_0) = 1 4 T r[(γ_0 ± 1)ρ(p_0, p = 0)]. (22)

By parametrizing the spectral function by a pole plus continuum contribution as

ρ_±(p_0) = |λ_±|^2δ(p_0 − m_±) + θ(p_0 − √ s_{th})ρ^{OP E}_P (p_0), (23)

they derived sum rules,

|λ_±|^2 exp ( − m^2_± M^2_{Borel} ) = ∫^√_{sth} 0 dp_0ρ^{OP E}_± (p_0) exp ( − p^2_0 M^2_{Borel} ) , (24)

|λ_±|^2m^2_± exp ( − m^2_± M^2_{Borel} ) = ∫^√_{sth} 0 dp_0ρ^{OP E}_± (p_0)p^2_0 exp ( − p^2_0 M^2_{Borel} ) , (25)

where √ s_{th} is the effective continuum threshold energy and the parameter of the weight function. M_{Borel} is called the Borel mass. Fig.3 shows the right-hand side of Eq.(24) as a function of M_{Borel} with the standard values of the quark mass and QCD condensates, m_s = 0.12 GeV, ⟨s̄s⟩ = −0.8 × (0.23 GeV)^3, ⟨^{αs}_π G^2⟩ = (0.33 GeV)^4, m^2_0 = 0.8 GeV^2, where m^2_0 ≡ ⟨q̄g_sσ · Gq⟩/⟨q̄q⟩ and √ s_{th} is taken to be 1.8 GeV. The solid and dashed lines are for the positive and negative-parity states, respectively. As can be seen, the right-hand side of Eq.(24) is positive for the negative-parity state but negative for the positive-parity state. Since the left-hand side of Eq.(24) must be positive, it was concluded that the obtained negative parity state is a real one but the pole in the positive parity spectral function is spurious. The mass of the Θ^+ was also predicted to be ∼ 1.5 GeV from the ratio of Eq.(25) and Eq.(24).

Though we have not been fully convinced if the procedure of Ref.[18] is legitimate, we temporarily accept it in order to focus on the effect of removing the 2HR contributions on the results of sum rules. We replace the total spectral function by the 2HI part but assume the same form, Eq.(23), for the spectral function under the integral, where ρ^{OP E}_P in the continuum contribution is also replaced by the 2HI part. Fig.4 is the same figure as Fig.3 after replacing the total spectral function by the 2HI part. Now, the right-hand side of Eq.(24) is positive for the positive-parity state but negative for the negative-parity state. This result was expected because the Wilson coeffcients of the operators in the 2HR part are −15/7 of those in the 2HI part up to dimension 6 except for the operator,^{αs}_π G^2. Therefore, the sum rule for the 2HI part of the spectral function leads us to the opposite conclusion that the obtained positive parity state is a real one but the pole in the negative parity spectral function is spurious. The mass of the Θ^+ is obtained to be ∼ 1.4 GeV. This result shows that it is crucial to remove the 2HR part from the total correlation function in order to correctly extract information on the pentaquark. We, however, would like to suspend the conclusion that the parity of the pentaquark is positive until we make sure that all the procedures of deriving sum rules are reasonable. We will report the results of our reinvestigation in near future [20].

Some final comments are in order here. Logically, there is nothing wrong to use the total correlation function. In order to derive sum rules, however, if the correlation function has a large background contribution which has nothing to do with what one wants to extract information about, pentaquark in the present case, it would be extremely difficult unless one knows very precise information about the background. It is much better if the background can be exactly separated, which is what we proposed in the present paper. Also, we would like to make a brief comment on the Lattice study of the pentaquark. In the lattice calculation, the mass of the pentaquark is extracted from the long-time behavior of the total correlation function, which contains large two-hadron-reducible contribution. It is necessary to remove this two-hadron-reducible contribution in order to obtain information on the pentaquark baryon[15]. It would be interesting to see the relevance of the present work in the context of the Lattice study of the pentaquark.

We would like to thank Y. Akaishi, T. Doi, Y. Kanada-E’nyo, M. Oka and K. Yazaki for useful discussion.

[1] LEPS collaboration, T. Nakano et al. , Phys. Rev. Lett. 91 (2003)012002. [2] DIANA Collaboration, V. V. Barmin et al. , Phys. Atom. Nucl. 66 (2003) 1715. [3] CLAS Collaboration, S. Stepanyan et al. , Phys. Rev. Lett. 91 (2003) 252001. [4] CLAS Collaboration, V. Kubarovsky et al. , Phys. Rev. Lett. 92 (2004) 032001 [5] SAPHIR Collaboration, J. Barth et al. , Phys. Lett. B572 (2003) 127 [6] A. E. Asratyan, A. G. Dolgolenko and M. A. Kubantsev, hep-ex/0309042. [7] HERMES Collaboration, A. Airapetian et al. , hep-ex/0312044. [8] SVD Collaboration, A. Aleev et al. , hep-ex/0401024. [9] ZEUS Collaboration, S. V. Chekanov, hep-ex/0404007. [10] CLAS Collaboration, H. G. Juengst, nucl-ex/0312019. [11] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A359 (1997) 305. [12] R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91 (2003) 232003. [13] S. Capstick, P. R. Page and W. Roberts, Phys. Lett. B570 (2003) 185. [14] M. Karliner and H. J. Lipkin, Phys. Lett. B575 (2003) 249. [15] S. Sasaki, hep-lat/0310014.

[16] Shi-Lin Zhu, Phys. Rev. Lett. 91 (2003) 232002.

[17] R. D. Matheusa, F. S. Navarra, M. Nielsena, R. Rodrigues da Silva and S. H. Lee, Phys.

Lett. B578 (2004) 323 [18] J. Sugiyama, T. Doi and M. Oka, Phys. Lett. B581 (2004) 167.

[19] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147 (1979) 385; Nucl.

Phys. B147 (1979) 448.

[20] Y. Kondo, O. Morimatsu and T. Nishikawa, in preparation

FIG. 3: |λ|^2 exp(−M^2_P /M^2_{Borel}) vs. M_{Borel} for the total spectral function with √ s_{th} = 1.8 GeV

FIG. 4: |λ|^2 exp(−M^2_P /M^2_{Borel}) vs. M_{Borel} for the 2HI spectral function with √ s_{th} = 1.8 GeV