arXiv:hep-ph/0501015 v5 19 Jul 2005

Reanalysis the pentaquark Θ^+(1540) in the framework of QCD sum rules approach with direct instantons

Zhi-Gang Wang^{1 1}, Wei-Min Yang^2 and Shao-Long Wan^2 1 Department of Physics, North China Electric Power University, Baoding 071003, P. R. China 2 Department of Modern Physics, University of Science and Technology of China, Hefei 230026, P. R. China

Abstract

In this article, we study the pentaquark state Θ^+(1540) with a (scalar)diquark- (pseudoscalar)diquark-antiquark type interpolating current in the framework of the QCD sum rules approach by including the contributions from the direct instantons. The numerical results indicate that the contributions from the direct instantons are very small and can be safely neglected.

PACS : 12.38.Aw, 12.38.Lg, 12.39.Ba, 12.39.-x Key Words: QCD Sum Rules, Instanton, Pentaquark state

1 Introduction

In 2003, several collaborations have reported the observation of a new baryon state Θ^+(1540) with positive strangeness and minimal quark contents ududs̄ [1]. The existence of such an exotic state with narrow width Γ < 15MeV and J^P =^1_2^+ was first predicted by Diakonov, Petrov and Polyakov in the chiral quark soliton model, where the Θ^+(1540) is a member of the baryon antidecuplet 10 [2]. The discovery has opened a new field of strong interaction and provides a new opportunity for a deeper understanding of the low energy QCD. Intense theoretical investigations have been motivated to clarify the quantum numbers and to understand the under-structures of the pentaquark state Θ^+(1540) [3]. The zero of the third component of isospin I_3 = 0 and the absence of isospin partners suggest that the baryon Θ^+(1540) is an isosinglet, while the spin and parity have not been experimentally determined yet and no consensus has ever been reached on the theoretical side. The extremely narrow width below 10MeV puts forward a serious challenge to all theoretical models, in the conventional uncorrelated quark models the expected width is of the order of several hundred MeV , since the strong decay Θ^+ → K^+N is Okubo-Zweig-Iizuka (OZI) super-allowed.

Instantons, as the solutions of the classical Yang-Mills equation of motion, play a crucial role in description of the low energy strong interactions, such as the U(1)_A problem, dynamical chiral symmetry breaking, tunneling the θ vacuum and so on [4]. In the quark-quark sector, the instantons induced ’t Hooft interaction has strong flavor and spin dependence, which can explain a lot of hadronic phenomena. The

1Corresponding author; E-mail,wangzgyiti@yahoo.com.cn.

instanton induced effective lagrangian leads to a strong attractive interaction in the color antitriplet channel 3 with J^P = 0^+ which favors the formation of scalar diquarks (such correlation may also arise from the color-spin force of the one-gluon exchange), and a strong repulsive interaction in the 0^− channel [5, 6]. The instanton induced interactions dominate the dynamics between quarks at intermediate distances about ρ_c ≈^1_3 fm, which is much smaller than the confinement size R ≈ 1 fm, therefore the quarks may cluster together to form diquark or triquark in the confining region. So it is interesting to investigate the contributions from the direct instantons [7]^2.

In this article, we take the point of view that the quantum numbers of the pentaquark Θ^+(1540) are J =^1_2 , I = 0 , S = +1, and study its mass with a (scalar)diquark-(pseudoscalar)diquark-antiquark type interpolating current in the framework of the QCD sum rules approach by including the contributions from the direct instantons [8, 9].

The article is arranged as follows: we introduce the instanton liquid model in section II; in section III, we derive the QCD sum rules for the pentaquark state Θ^+(1540) with the contributions from the direct instantons; in section IV, numerical results; section V is reserved for conclusion.

2 Instanton Liquid Model

The instanton liquid model is based on a semiclassical approximation, in which all gauge configurations are replaced by an ensemble of topologically non-trivial fields i.e. instantons and anti-instantons [4, 10]. To avoid the notorious infrared problem due to the large size instantons, we can suppose that for larger distance, the vacuum gets more filled with the instantons of increasing size, at some scale there might be some repulsive interactions to stabilize the ensemble while the semiclassical treatment is still possible and the instantons are not much deformed through the interactions, thus form a dilute instanton liquid. Although it does not give rise to a long range confining force between quarks, the instanton vacuum has been shown to provide a good phenomenological description of many hadronic properties, for example, the coefficients of the Chiral lagrangian [11]. Phenomenological, numerical and lattice calculations show that their total density is about n̄ ≃ 1fm^{−4} while the typical size is about ρ_c ∼^1_3 fm, leading to a small diluteness parameter n̄ρ^3 ∼ 10^{−2} . As the instanton vacuum is fairly dilute, we can take the single instanton approximation for the collective effects in mathematical manipulation, which has an outstanding advantage that we can carry out the calculations analytically. In the single instanton approximation, the collective contributions of all instantons other than the leading one are taken into account by a single effective parameter, the

2In writing the article, the Ref.[7] appears, it is an interesting article.

effective mass m^∗, m^∗_q = m_q − 2 3 π^2 ρ^2 < q̄ q >, (1)

which leads to the value m^∗ ≃ 170MeV for the u and d quarks while a detailed updated analysis suggests the value m^∗ ≃ 86MeV [12]. In this article, we take the usually used value m^∗ ≃ 170MeV .

The crucial property of instantons, originally discovered by ’t Hooft , is the zero mode of the Dirac operator iD/ in the instanton background, iD/ψ_0(x) = 0, ψ_{0 a ν} (x; z) = ρ π 1 √ (x − z)^2 + ρ^{23} [ 1 − γ_5 2 x/ − z/ √ (x − z)^2 ] α β U_{a b} ϵ_{β b}, (2)

where z denotes the instanton position, α, β = 1, · · · 4 are spinor indices and U_{ab} represents color orientations.

Isolating the contributions from the zero-modes, the quark propagator in the instanton background can be written as, S_I (x, y; z) = ψ_0(x − z) ψ^†_0(y − z) i m + ∑ λ≠0 ψ_λ(x − z) ψ^†_λ(y − z) λ + i m = S^{zm}_I (x, y; z) + S^{nzm}_I (x, y; z) ; S^{zm}_I (x, y; z) = (x/ − z/)γ_μγ_ν (y/ − z/) 8m [ τ^−_μ τ^+_ν

1 − γ_5 2 ] ϕ(x − z) ϕ(y − z), (3) where ϕ(t) = ρ π 1 √ t^2 √ t^2 + ρ^{23} , τ^±_μ = (τ , ∓i). In the chiral limit, m → 0, the S^{nzm}_I (x, y; z) is known exactly [13]. In the small distances limit |x − y| → 0, or in extreme dilute limit |x − z| → ∞, we can approximate the nonzero models by S^{nzm}_I (x, y; z) ≃ S_0(x, y), with S_0 denotes the free propagator.

In this article, the instanton liquid model is taken into account by the zeromode part of the single instanton approximation mathematically, i.e. m → m^∗ and S_I (x, y; z) ≈ S^{zm}_I (x, y; z) . The corresponding quark propagator for the anti-instanton can be obtained through the substitution,

1 − γ_5 2 ←→ 1 + γ_5 2 , τ^− ←→ τ^+. (4)

3 QCD Sum Rules for the Pentaquark state Θ^+(1540) with Direct Instantons

In the following, we study the mass of the pentaquark state Θ^+(1540) with the QCD sum rules approach by including the contributions from the direct instantons. Firstly, let us write down the two-point correlation function,

Π(p) = i ∫ d^4x e^{ip·x}⟨0|T [J(x)J̄(0)]|0⟩, (5) with J(x) = ϵ^{abc}ϵ^{def} ϵ^{cf g}{u^T_a (x)Cd_b(x)}{u^T_d (x)Cγ_5d_e(x)}Cs̄^T_g (x), J̄(x) = −ϵ^{abc}ϵ^{def} ϵ^{cf g}s^T_g (x)C{d̄_e(x)γ_5Cū^T_d (x)}{d̄_b(x)Cū^T_a (x)}, here a, b, c, · · · are color indices and C = iγ^2γ^0 [8].

According to the basic assumption of current-hadron duality in the QCD sum rules approach [9], we insert a complete series of intermediate states satisfying the unitarity principle with the same quantum numbers as the current operator J(x) into the correlation function in Eq.(5) to obtain the hadronic representation. After isolating the pole term of the lowest pentaquark state, we obtain the result,

Π(p) = λ^2 γ · p + m_Θ+ m^2_{Θ+} − p^2

+ · · · , (6)

here the following definition has been used, ⟨0|J(0)|B(p)⟩ = λu(p). (7) In the following, we perform the operator product expansion to obtain the spectral representation at the level of quark and gluon degrees of freedom with the contributions from the direct instantons. As the instantons are solutions of the classical Yang-Mills equations in the Euclidean space-time, we have to rotate all the variables from the Minkowski space-time region to the Euclidian space-time region, Π(p) = −ϵ^{abc}ϵ^{def} ϵ^{cf g}ϵ^{a′b′c′} ϵ^{d′e′f ′} ϵ^{c′f ′g′} ∫ E d^4x e^{−ip·x} T r { CS_{bb}′ (x)CS^T_{aa}′ (x) } T r { Cγ_5S_{ee}′ (x)Cγ_5S^T_{dd}′ (x) } CS_s^T_{gg}′ (−x)C, (8) here the subscript s denotes the s quark. The quark propagator has two terms, the standard one (st) and the one in the instanton background (in), S_{ab}(x, y) = S^{st}_{ab}(x, y) + S^{in}_{ab} (x, y), (9) In this article, we take into account the contributions from the direct instantons by the zero modes in the single instanton approximation for the instanton liquid model, S^{in}_{ab} (x, y) ≈ S^{zm}_I , m → m^∗ . (10)

Substitute the above quark propagator in Eq.(9) for those in Eq.(8), we can obtain the following result, Π(p) = −ϵ^{abc}ϵ^{def} ϵ^{cf g}ϵ^{a′b′c′} ϵ^{d′e′f ′} ϵ^{c′f ′g′} ∫ E d^4x e^{−ip·x} { T r { CS^{st}_{bb}′ (x)CS^{st}_{aa}′^T (x) } T r { Cγ_5S^{st}_{ee}′ (x)Cγ_5S^{st}_{dd}′^T (x) } CS_s^{st}_{gg}′^T (−x)C + T r { CS^{in}_{bb}′ (x)CS^{in}_{aa}′^T (x) } T r { Cγ_5S^{st}_{ee}′ (x)Cγ_5S^{st}_{dd}′^T (x) } CS_s^{st}_{gg}′^T (−x)C + T r { CS^{st}_{bb}′ (x)CS^{st}_{aa}′^T (x) } T r { Cγ_5S^{in}_{ee}′ (x)Cγ_5S^{in}_{dd}′^T (x) } CS_s^{st}_{gg}′^T (−x)C + T r { CS^{in}_{bb}′ (x)CS^{in}_{aa}′^T (x) } T r { Cγ_5S^{in}_{ee}′ (x)Cγ_5S^{in}_{dd}′^T (x) } CS_s^{st}_{gg}′^T (−x)C } . (11)

The important selection rule for the quarks in the instanton background → σ_i ⨁ ⃗τ_i = 0, (12)

with σ_i is usual spin and τ_i is color spin, leads to the vanishing of one-body (i.e. S^{in}), three-body, five-body instanton induced contributions, and remaining only the terms in Eq.(11)^3.

The calculation of operator product expansion in the deep Euclidean spacetime region is straightforward and tedious, here technical details are neglected for simplicity, once the analytical results are obtained, then we can express the correlation function at the level of quark-gluon degrees of freedom into the following form through dispersion relation, Π(p) = γ · p 1 π ∫_{s0} m^2_s ds Im[A(s)] s − p^2 + 1 π ∫_{s0} m^2_s ds Im[B(s)] s − p^2 + · · · , (13)

3In this article, we study the contributions from the direct instantons with the instanton liquid model, as the instanton vacuum is fairly dilute, we can take into account the collective effects of the instanton ensemble with the single instanton approximation mathematically. If there is just one instanton, the last term in Eq.(11) should vanish due to the Fermi statistics, however, we are dealing with the dilute instanton liquid, the induced contributions of all the u, d, s quarks in the dilute instanton ensemble should be taken into account, in practical manipulation, we can choose the corresponding ones with the single instanton approximation mathematically. The diquarks S^a(x) = ϵ^{abc}u^T_b (x)Cγ_5d_c(x), ϵ^{abc}u^T_b (x)Cγ_5s_c(x), ϵ^{abc}d^T_b (x)Cγ_5s_c(x) and P^a(x) = ϵ^{abc}u^T_b (x)Cd_c(x), ϵ^{abc}u^T_b (x)Cs_c(x), ϵ^{abc}d^T_b (x)Cs_c(x) have spin-parity J^P = 0^+ and J^P = 0^− respectively. They both belong to the antitriplet ¯3 representation of the color SU (3) group. The one-gluon exchange force and the instanton induced force can lead to significant attractions between the quarks in the 0^+ channels [6]. As the instanton induced force results in strong attractions in the scalar diquark channel and strong repulsions in the pseudoscalar diquark channel, the contributions from the second and third term in Eq.(11) are canceled.

where

Im[A(s)] π = s^5 2^{10}5!5!7π^8 + m_s⟨s̄s⟩s^3 2^85!3!π^6 − m_s⟨s̄g_sσGs⟩s^2 2^94!3!π^6 + s^3 2^{10}5!3!π^6 ⟨ α_sGG π ⟩ + 9n̄ m^{∗4} d dt { s^4t^{10} 5!5!2^{11}π^6ρ^2_c

∫_1 0 dα ∫_1 0 dββ^4(1 − β)J_{10} + m_s⟨s̄s⟩s^3t^8 5!5!2^{12}3π^4

∫_1 0 dα J_8 α(1 − α) − m_s⟨s̄g_sσGs⟩s^52 t^7ρ_c 5!5!2^{15}3^2π^4

∫_1 0 dα 18 √ α(1 − α)J_7 − ρ_cs^{12} tJ_8 (α(1 − α))^2 } |_{t=1} ;

Im[B(s)] π = m_ss^5 2^{10}5!5!π^8 − ⟨s̄s⟩s^4 2^95!3!π^6 + ⟨s̄g_sσGs⟩s^3 2^94!3!π^6 + 9n̄ m^{∗4} d dt { m_ss^{72} t^9 5!5!2^{11}π^6ρ_c

∫_1 0 dα ∫_1 0 dβ √ β α(1 − α) β^4J_9 − ⟨s̄s⟩s^3t^8 5!5!2^{10}3π^4

∫_1 0 dα J_8 α(1 − α) + m_s⟨s̄g_sσGs⟩s^52 t^7ρ_c 5!5!2^{14}3π^4

∫_1 0 dα 18 √ α(1 − α)J_7 − ρ_cs^12 tJ_8 (α(1 − α))^2 } |_{t=1} ,

here, the J_{10} = J_{10} ( tρ_c √_{sβ} α(1−α) ) , J_9 = J_9 ( tρ_c √_{sβ} α(1−α) ) , J_8 = J_8 ( tρ_c √_s α(1−α) )

and J_7 = J_7 ( tρ_c √_s α(1−α) ) are Bessel functions. We perform the operator product

expansion up to the condensates of dimension 6, neglect the terms m_s⟨^{αsGG}_π ⟩ due to their small contributions. There are no contributions proportional to ⟨q̄q⟩^2 from the first term in Eq.(11), the direct instanton contributions from the second and third term in Eq.(11) are canceled due to the special interpolating current.

Matching Eq.(6) with Eq.(13) below the threshold s_0, then preform the Borel transform with respect to the variable P^2 = −p^2, we obtain the sum rules,

λ^2e^− m2 Θ+ M 2 = 1 π ∫_{s0} m^2_s

dse^{− s}M^2 Im[A(s)], (14)

λ^2m_Θ+ e^− m2 Θ+ M 2 = 1 π ∫_{s0} m^2_s

dse^{− s}M^2 Im[B(s)]. (15)

Differentiate the above sum rules with respect to the variable^1_{M 2} , then eliminate the quantity λ^2,

m^2_Θ+ = ∫_{s0} m^2_s dse −^s_{M 2} sIm[A(s)] ∫_{s0} m^2_s dse −^s_{M 2} Im[A(s)] , (16)

m^2_Θ+ = ∫_{s0} m^2_s dse −^s_{M 2} sIm[B(s)] ∫_{s0} m^2_s dse −^s_{M 2} Im[B(s)] . (17)

In this article, we have not shown the contributions from the higher resonances and continuum states explicitly for simplicity.

4 Numerical Results

The parameters are taken as ⟨s̄s⟩ = 0.8⟨ūu⟩, ⟨s̄g_sσGs⟩ = m^2_0⟨s̄s⟩, m^2_0 = 0.8GeV^2, ⟨ūu⟩ = ⟨d̄d⟩ = (−0.219GeV )^3, ⟨^{αsGG}_π ⟩ = (0.33GeV )^4, n̄ = n̄_I + n̄_A = 1fm^{−4}, ρ_c =^1_3 fm , m^∗ = 170MeV , m_u = m_d = 0 and m_s = 150MeV . As the sum rules are relatively sensitive to the condensates concerning the s quark, here we use the standard values and neglect the uncertainties. The threshold parameter s_0 is chosen to vary between √ s_0 = (1.6 − 2.1)GeV to avoid possible pollutions from higher resonances and continuum states. For the conventional ground state mesons and baryons, due to the resonance dominates over the QCD continuum contributions, the good convergence of the operator product expansion, and the useful experimental guidance on the threshold parameter s_0, we can obtain the fiducial Borel mass region. However, in the QCD sum rules for the pentaquark states, the spectral density ρ(s) ∼ s^m with m larger than the corresponding ones in the sum rules for the conventional baryons, larger m means stronger dependence on the continuum or the threshold parameter s_0 . Due to the large continuum contributions, the threshold parameter s_0 has to be fixed ad hoc or intuitively [16]. In this article, the threshold parameter s_0 is taken to be √ s_0 = (1.6 − 2.1)GeV , the mass m_Θ+ = 1540MeV and the width Γ_Θ < 10MeV , the contributions from the lowest pentaquark state can be successfully taken into account. In the region M^2 = (1.4 − 3.0)GeV^2, we can obtain stable sum rules for the mass m_Θ+ from Eq.(16); no reliable sum rules can be obtained from Eq.(17). The numerical results are shown in Table 1. From Eq.(16), we obtain the values m_Θ+ ≈ (1450 − 1760)MeV without the direct instantons; by including the contributions from the direct instantons, we can obtain the mass m_Θ+ ≈ (1430 − 1780)MeV for √ s_0 = (1.7 − 2.0)GeV . The contributions from the direct instantons are very small and can be safely neglected. The contributions from the direct instantons can improve the QCD sum rule greatly in some channels, for example, the nonperturbative contributions from the direct instantons to the conventional operator product expansion can significantly improve the stability of chirally odd nucleon sum rules [14, 15].

Table 1: The values of m_Θ+ with M^2 = 2.2GeV^2 √ s_0 m_Θ+ (MeV ) m_Θ+ (MeV ) (GeV ) With instanton Without instanton 1.6 1369 1395 1.7 1464 1483 1.8 1567 1571 1.9 1670 1660 2.0 1769 1748 2.1 1861 1836

5 Conclusion

In this article, we take the point of view that the pentaquark state Θ^+(1540) have quantum numbers, J = 1/2, I = 0, S = +1 and study its mass with the (scalar)diquark-(pseudoscalar)diquark-antiquark type interpolating current in the framework of the QCD sum rules approach by including the contributions from the direct instantons. As the instanton vacuum is fairly dilute, we can take the single instanton approximation mathematically, the collective contributions from all instantons other than the leading one are taken into account by a single effective parameter, the effective mass m^∗. The numerical results indicate that the contributions from the direct instantons are very small and can be safely neglected.

Acknowledgment

This work is supported by National Natural Science Foundation, Grant Number 10405009, and Key Program Foundation of NCEPU. The authors are indebted to Dr. J.He (IHEP), Dr. X.B.Huang (PKU) and Dr. L.Li (GSCAS) for numerous help, without them, the work would not be finished.

References

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

DIANA Collaboration, V. V. Barmin et al , Phys. Atom. Nucl. 66 (2003) 1715 ; CLAS Collaboration, S. Stepanyan et al. , Phys. Rev. Lett. 91 (2003) 252001; CLAS Collaboration, V. Kubarovsky et al , Phys. Rev. Lett. 92 (2004) 032001; SAPHIR Collaboration, J. Barth et al , Phys. Lett. B572 (2003) 127; A. E. Asratyan, A. G. Dolgolenko and M. A. Kubantsev, Phys. Atom. Nucl. 67 (2004) 682; HERMES Collaboration, A. Airapetian et al , Phys. Lett . B585 (2004)

213; SVD Collaboration, A. Aleev et al , hep-ex/0401024; ZEUS Collaboration, S. V. Chekanov, hep-ex/0404007; CLAS Collaboration, H. G. Juengst, nucl-ex/0312019.

[2] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A359 (1997) 305.

[3] M. Oka, Prog. Theor. Phys. 112 (2004) 1; S. L. Zhu, Int. J. Mod. Phys. A19 (2004) 3439; S. L. Zhu, hep-ph/0410002; F. E. Close, hep-ph/0311087; B. K. Jennings, K. Maltman, Phys. Rev. D69 (2004) 094020; and references therein.

[4] T. Schafer and E. V. Shuryak, Rev. Mod. Phys. 70 (1998) 323.

[5] M. A. Shifman, A.I. Vainshtein and V. I. Zakharov , Nucl. Phys. B163 (1980) 46; R. Rapp, T. Schafer, E. V. Shuryak and M. Velkovsky, Phys. Rev. Lett. 81 (1998) 53.

[6] A. De Rujula, H. Georgi and S. L. Glashow, Phys. Rev. D12 (1975) 147 ; T.

DeGrand, R. L. Jaffe, K. Johnson and J. E. Kiskis, Phys. Rev. D12 (1975) 2060 ; G. ’t Hooft, Phys. Rev. D14 (1976) 3432 [Erratum-ibid. Phys. Rev. D18 (1978) 2199 ]; E. V. Shuryak, Nucl. Phys. B203 (1982) 93 ; E. Shuryak and I. Zahed, Phys. Lett. B 589 (2004) 21.

[7] H. J. Lee, N. I. Kochelev and V. Vento, hep-ph/0412127 .

[8] J. Sugiyama, T. Doi and M. Oka, Phys. Lett. B581 (2004) 167; S. Sasaki, Phys.

Rev. Lett. 93 (2004) 152001.

[9] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147 (1979) 385, 448; L. J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rept. 127 (1985) 1; S. Narison, World Sci. Lect. Notes Phys. 26 (1989) 1.

[10] E. Ilgenfritz and M. Muller-Preussker, Nucl. Phys. B184 (1981) 443; D.

Diakonov and V. Yu. Petrov, Nucl. Phys. B245 (1984) 259; D. Diakonov and V. Yu. Petrov, Nucl. Phys. B272 (1986) 457; M. Hutter, hep-ph/0107098.

[11] Z. G. Wang, Chin. Phys. Lett. 20 (2003) 362.

[12] E. V. Shuryak, Nucl. Phys. B214 (1983) 237; P. Faccioli and E. V. Shuryak, Phys. Rev. D64 (2001) 114020.

[13] L. S. Brown, R. D. Carlitz, D. B. Creamer and C. K. Lee, Phys. Rev. D17 (1978) 1583.

[14] A. E. Dorokhov and N. I. Kochelev , Z. Phys. C46 (1990) 281.

[15] M. Aw, M. K. Banerjee and H. Forkel, Phys. Lett. B454 (1999) 147; H. Forkel and M. Nielsen, Phys. Rev. D55 (1997) 1471; H. Forkel and M. K. Banerjee, Phys. Rev. Lett. 71 (1993) 484.

[16] R. D. Matheus and S. Narison, hep-ph/0412063; W. Wei, P. Z. Huang, H. X.

Chen, S. L. Zhu, hep-ph/0503166.