arXiv:hep-ph/0408176 v1 16 Aug 2004

Understanding penta quark with various quark models

Jialun Ping^{a,b,c}, Di Qing^d, Fan Wang^b, T. Goldman^e aDepartment of Physics, Nanjing Normal University, Nanjing, 210097, China bCenter for Theoretical Physics, Nanjing University, Nanjing, 210093 cSchool of Physics and Micro-electronics, Shandong University, Jinan, 250100, China dCERN, Ch-1211 Geneva 23, Switzerland and eTheoretical Division, LANL, Los Alamos, NM87545, USA

Abstract

The pentaquark state recently discovered has been studied with three quark models which either fit the nucleon spin structure or the NN scattering. A minimum Θ^+ mass of 1620 MeV is obtained both for the^1_2^± state. The mixing of various color structure configurations, which would reduce the mass of the penta-quark state, should be taking into account in the calculation of penta-quark mass.

PACS numbers: 12.39.Mk, 13.75.Jz, 12.39.Jh

Eleven groups [1] claimed recently that they found a penta-quark state, now called Θ^+, with mass∼1540 MeV, and width Γ < 25 MeV. This state is either identified from the decay product nK^+ or pK_s, but up to now no experiment has identified both. In addition, the NA49 collaboration claimed that they found the anti-decuplet partner Ξ^{−−} of Θ^+ [2]. The HERA-H1 collaboration claimed that they found the charm penta-quark Θ_c [3].

These measurements might be contaminated by the normal meson production due to the kinematical reflection [4, 5]. The NA49 claim has been challenged by another CERN group based on Ξ spectroscopy data with higher statistics [6]. HERA-B p-nucleus reaction data has not found the Θ^+ [7]. BES J/Ψ decay data analysis has not found the Θ^+ either [8]. There are other groups that have not found the Θ^+ [9].

The results of the reanalysis of the K^+d and K^0_Lp scattering data are diverse [10, 11]. W.R. Gibbs reanalyzed the K^+d scattering data, taking into account the double scattering, and found a structure corresponding to a resonance with width of 0.9±0.2 MeV, which is either a 1.547±0.002 GeV^1_2^− or a 1.559±0.003 GeV^1_2^+ state and^1_2^− is favored [12]. In addition, a very tiny bump had appeared in 1973 CERN K^+p → pK^0_s π^+ inelastic scattering data [13].

Theoretical studies based on the chiral soliton quark model played an important role in triggering the Θ^+ searches [14]. In the chiral soliton quark model, the Θ^+ is a member of the anti-decuplet rotational excitation following the well established octet and decuplet baryons [15, 16]. The QCD background of this model has been debated between different groups [17, 18, 19, 20, 21, 22]

Various quark models have been proposed to understand the Θ^+, mainly aimed at understanding the parity, low mass and narrow width. In the naive quark model [23] the ground state should be an S-wave one and this means Θ^+ should be a negative parity state. The S-wave uudds̄ configuration will have S-wave KN components. However both the I = 0, 1 KN S-wave phase shifts are negative in the Θ^+ energy region [24] and this means that Θ^+ can not be an S-wave KN resonance, except the new analysis of Gibbs [12]. On the other hand, since the I = 0 KN P -wave P_{01} phase shifts are positive, there might be resonance in this channel and this is consistent with the J^p =^1_2^+ predicted by the chiral soliton quark model. Bag model gave similar result [25, 26].

Various quark correlations have been proposed such as color Cooper pair and others [17, 27, 28] aimed to reconcile the difference between the quark model predictions and the properties of Θ^+. It seems to be able to get an even parity penta-quark ground state with small width but hard to get as low as 1540 MeV mass [29]. For example, Yu. A. Simonov did a quantitative calculation based on the Jaffe-Wilczek configuration [17] by means of the effective Hamiltonian approach. The calculated Θ^+ mass is about 400 MeV higher than the observed 1540 MeV [30]. Different quark interaction mechanisms such as quark-gluon, Goldstone boson exchange and instanton interaction have all been tried to understand the Θ^+ [17, 31, 32]. It is fair to say up to now there is no ab initio dynamical calculation to obtain a Θ^+ mass as low as 1540 MeV with the constraint that these model parameters fit the normal hadron spectroscopy [33, 34].

QCD sum rule and lattice QCD both have been used to calculate the penta-quark, the results are diverse. One Lattice QCD group reported they have not observed either I = 0 or I = 1, J^p =^1_2^± bound penta-quark state [35]. Two groups observed odd and one observed even parity state [36]. The pitfalls of these lattice QCD calculations have been discussed in [37]. The Θ^+ is a resonance state and so its mass should be a complex number. It might be difficult to detect such a complex number in an Euclidean Monte Carlo calculation. QCD sum rule calculations are diverse too. Zhu and Sugiyama et al. favor negative parity ones while others favor positive parity [38]. Kondo et al. suggested to remove the reducible part from the correlation function and after do that they got positive parity penta-quark.

Our group has done three quark model calculations. The first one is an application of the Fock space expansion model which we developed to explain the nucleon spin structure [39]. The naive quark model assumes that the baryon has a pure valence q^3 configuration. This is certainly an approximation. One expects there should be higher Fock components,

B = aq^3 + bq^3qq̄ + · · · . (1)

The nucleon spin structure discovered in polarized lepton-nucleon deep inelastic scattering shows that there are intrinsic non-perturbative sea quark components in nucleon and indeed the nucleon spin structure can be explained by a dynamical model of nucleon where the ground state has about 15% q^3qq̄ component. This means that even the nucleon ground state might be a mixing of tri- and penta-quark components. In the Θ^+ mass calculation we assume it is a pure uudds̄ five quark state but with channel coupling. Our results are listed below:

Here the calculated mass is in units of MeV and K_8N_8 means the K and N are both

TABLE I: Quark shell model calculations pure KN KN + K^∗N KN + K_8N_8 KN + K^∗N + K_8N_8 S_{01} Parity= − 2282 2157 1943 1766 P_{01} Parity= + 2357.1 2356.3 2357.0 2336.8

in color octets but coupled to an overall color singlet. The S-wave state has strong channel mixing: the amplitudes of KN, K^∗N, K_8N_8, K^∗_8 N_8 are −0.54, −0.29, −0.54, −0.29 respectively. On the other hand the channel mixing is weak for the P -wave state: The amplitudes of KN, K^∗N^1_2 , K^∗N^3_2 , K_8N_8, K^∗_8 N_8^1_2 , K^∗_8 N_8^3_2 are 0.968, −0.1, ∼0, −0.07, 0.224, ∼0 respectively. Here the^1_2 and^3_2 are the channel spin. The S-wave state definitely has a lower mass than that of the P -wave; the channel coupling plays a vital role in reducing the calculated S-wave Θ^+ mass. In obtaining these results we use the model parameters which fit the nucleon mass with five quark components mixed to q^3 configuration. Neglecting the five quark component, this model will give M(N) = 1.2 GeV, M(K) = 0.8 GeV. Therefore it is possible to reduce the penta-quark mass further by taking into account hepta-quark component and other channels coupling. We like to point out that our calculation is in fact a quark shell model calculation. The large scale shell model calculation of nuclear structure shows that it is possible to obtain approximate correct energy and wave function of a nuclear state if the Hilbert space is large enough. This should be true for quark shell model as well.

Lattice QCD and non-perturbative QCD both show that confinement might be due to gluon flux tube (or gluon string) formation in a quark system. The ground state energy of the gluon field in a qq̄ meson and q^3 baryon can be approximated by a potential [40] V_{qq̄} = − A_{qq̄} r + σ_{qq̄}r + C_{qq̄} V_{3q} = −A_{3q} ∑ i<j 1 |⃗r_i − ⃗r_j | + σ_{3q}L_{min} + C_{3q}, (2)

Ł_{min} = ∑ i L_i. L_i is the distance between the quark i and the Y-shaped gluon junction. ⃗r_i is the position of quark i. The first term in Eq.(2) is the color Coulomb interaction and the second term is similar to a linear confinement potential.

Most of constituent quark models use a quadratic or linear potential to model the quark confinement, V_{conf} (⃗r_{ij} ) = −a⃗λ_i · ⃗λ_j⃗r^n_{ij} , ⃗r_{ij} = ⃗r_i − ⃗r_j , n = 1, 2. (3) Here λ^a_i (a = 1 · · · 8) is the color SU(3) group generator. For a single hadron, qq̄ mesons or q^3 baryons, such a modelling can be achieved by adjusting the strength constant a of the confinement potential. The color factor ⃗λ_i · ⃗λ_j gives rise to a strength ratio 1/2 for baryon and meson which is almost the ratio for the minimum length of the flux tube to the circumference of the triangle formed by three valence quarks of a baryon.

How to extend the confinement potential to multiquark systems is an open question. There is a lattice QCD calculation of the penta-quark potential recently [41]. The ground state energy of the gluon field in a penta-quark with color structure qq(¯3)s̄(¯3)qq(¯3) can be expressed as

V_{5q} = α_s 4 ∑ i<j ⃗λ_i · ⃗λ_j |⃗r_i − ⃗r_j | + σ_{5q}L_{min} + C_{5q}. (4)

Here qq(¯3) means a color anti-triplet qq pair. L_{min} is the minimum length of the color flux to connect the five quarks.

From general SU(3) color group considerations, there might be other color structures for a penta-quark: q^3(1)qs̄(1);q^3(8)qs̄(8); qq(¯3)qq(¯3)s̄(¯3), etc. The first one is a color singlet meson-baryon channel; the second is the hidden color meson-baryon channel; the third is the color structure used in the Jaffe-Wilczek model. One guesses the energy of these color configurations can be expressed in a similar manner as those given in Eq.(2) and (4). Can the two body confinement interaction Eq.(3) describe the confinement interaction properly for these color structures? It is a question needed to be studied further [42]. A penta-quark state should be a mixing of these color structures. Our first model calculation mentioned above shows that channel coupling reduces the calculated ground state penta-quark mass. It should be true in general that these different color channel mixing will reduce the ground state energy.

To do a model calculation for a multi-quark system with the above multi-body interaction and multi-channel coupling is numerically quite involved. We have developed a model, called the quark delocalization, color screening model (QDCSM): 1. We re-parameterize the confinement potential Eq.(3) to take into account the effect of channels coupling in multiquark systems induced by various color structures, which are not possible for a qq̄ meson and q^3 baryon; 2. To take into account the orbital excitations but keep the numerical calculation simple we still use quark cluster bases but a delocalized quark orbital wave function is used to allow the multi-quark system to choose its own favorable configuration, i.e., to allow the multi-quark system to vary from the asymptotic hadronic cluster state to a genuine multiquark state and all intermediate configurations [43]. This model explains the existing BB interaction data (bound state deuteron and NN, NΛ, NΣ scattering) well with all model parameters fixed by hadron spectroscopy except for only one additional parameter, the color screening constant μ which is determined by the deuteron properties. More important, it is the unique model, so far, which explains a long-standing fact: The nuclear force and the molecular force are similar except for the obvious difference of length and energy scales; the nucleus is approximately an A nucleon system rather than a 3A quark system [44].

Fig.1. The effective potentials for I=1 S-wave.

Fig.2. The effective potentials for I=0 S-wave.

The penta-quark mass has been calculated with this model (QDCSM) in a single color singlet KN channel approximation. As explained before, the effect of the coupling of other color structures and orbital excitations is assumed to have been included in the modelling of QDCSM. In the I = 1 S-wave KN channel, a pure repulsive effective interaction is obtained as shown in Fig.1 (corresponding to curve with μ = 1). This is consistent with the KN scattering data and helps to rule out the I = 1 possibility for the Θ^+. For comparison the naive quark model result is also shown in Fig.1 (corresponding to curve with μ = 0), which shows a stronger repulsion. In the I = 0 S-wave KN channel, an effective attraction is obtained and shown in Fig.2 (μ = 1 curve). This is inconsistent with the VPI KN scattering phase shifts [24] but might be consistent with Gibbs new results [12]. A Θ^+ mass of 1706 MeV is obtained from the minimum of Fig.2 μ = 1 curve. Part of the overestimate of the Θ^+ mass is due to the overestimate of K mass, which is 650 MeV in this approach. This can be eliminated as follows: One first gets an effective interaction potential from Fig.2 μ = 1 curve by subtracting its asymptotic value, then add a zero point oscillating energy^{3h̄2}_{4μKN R20} (μ_{KN} is the reduced mass of K and N, R_0 = 0.6fm is the minimum point of the effective potential) and the rest mass of N and K. In this way one obtains M(Θ^+) = 1615MeV . It is still about 75 MeV higher than the observed value 1540 MeV. More precise dynamical calculation might reduce the Θ^+ mass further. Fig.2 μ = 0 curve shows the naive quark model result for comparison. It is almost a pure repulsive interaction and will not accommodate a Θ^+ resonance. The K^+n effective potential is shown in Fig.3, which is a very weak repulsive interaction resulted from a cancellation of the I = 1, 0 channel ones. This result shows it is hard to get reliable K^+n scattering amplitude from K^+d scattering data because it is a small component in comparison to the big K^+p amplitude. Gibbs analysis shows the additional complications [12]. To get reliable I = 0 scattering phase shifts from K^+n is even harder because one has to get two big ones (corresponding to I = 1, 0 separately), which have opposite sign and so cancel each other, from a small one corresponding to (I = 1) + (I = 0). For the P -wave channels, we only obtain spin averaged effective KN interactions because the spin-orbit coupling has not been included yet. In the I = 0 channel, there is a strong attraction (shown in Fig.4), as wanted in other quark models with correlations. However in our model the P -wave attraction is not strong enough to overcome the kinetic energy increase to reduce it to be a ground state. This is consistent with the lattice and QCD sum rule results [36, 38]. In the I = 1 channel, only a very weak attraction is obtained. This rules out the I = 1 Θ^+ again.

Fig.3. The effective potentials for K^+n S-wave.

Fig.4. The effective potentials for I=0 P -wave.

Fig.5. The Jaffe-Wilczek configuration.

Fig.6. The energies for Jaffe-Wilczek configuration (μ = 1).

In a third model, the Jaffe-Wilczek configuration {ud}{ud}s̄ is used but the four nonstrange quarks are totally antisymmetrized. The space part is fixed to be an equilateral triangle with the two diquarks sitting at the bottom corners and the s̄ at top (see Fig.5). The height h and the length L of the bottom side of the triangle are taken as variational parameters in addition to the quark delocalization. A three body variational calculation with the QDCSM has been done. The minimum of this variational calculation is 1621 MeV corresponding to a triangle of h = 0.6fm, L = 0.6fm (see Fig.6). The Θ^+ mass is similar to our second model one. Fig.7 shows the result obtained with the naive quark model Hamiltonian, the minimum is 1799 MeV corresponding to a vanishing triangle.

Fig.7. The energies for Jaffe-Wilczek configuration (μ = 0).

Based on these three model results the IJ^P = 0^1_2^± are both possible to be the ground state of the Θ^+. A multi channel coupling quark model calculation with various nontrivial color structures are needed to check if the observed Θ^+ mass can be obtained in quark model approach and which parity is the ground state.

Suppose the Θ^+ is finally verified to be a 1540 MeV narrow width (∼ 1 MeV) IJ^P = 0^1_2^+ state. Then an interesting scenario similar to that of nuclear structure at the 1940’s turned to the 1950’s will recur. The low lying, even parity rotational excitation of nuclei is hard to explain by the naive Mayer-Jenson nuclear shell model; Bohr and Mottelson had to introduce the rotational excitation of a deformed liquid drop model. Later, nucleon Cooper pairs were introduced because of the strong short range pairing correlation. In 1970’s-1980’s, an S-D Cooper pair interaction boson model was developed and the collective rotation was re-derived from this model which is based on Mayer-Jenson’s nuclear shell model but with nucleon pair correlation. In the description of the pentaquark, one has introduced the chiral soliton rotational excitation, quark color Cooper pairs and much more. The historical lessons of nuclear structure study might be a good pharos to light the way for the study of hadron structure.

Summary: Multi-quark states have been studied for about 30 years. The Θ^+, if further confirmed, will be the first example. Once the multi-quark ”Pandora’s box” is opened, the other multi-quark states: tetra-quark, hexa-quark (or dibaryon), etc., can no longer be kept inside. One expects they will be discovered sooner or later and there are claims that some tetra-quark states have been observed [45, 46, 47, 48]. A new landscape of hadron physics will appear and it will not only show new forms of hadronic matter but will also exhibit new features of low energy QCD.

Nonperturbative and lattice QCD have revealed the color flux tube (or string) structure of the qq̄, q^3 and even q^4q̄ states. The multi-quark system will have more color structures. How do these color structures interplay within a multi-quark state? Nuclear structure seems to be understood in terms of colorless nucleons within a nucleus. Multi-quark states might be not so. We emphasized that the effect of non-trivial color structures of multi-quark system should be studied. The low mass and narrow width of the Θ^+ might be related to such new structures instead of to residual interactions.

We apologize to those authors whose contributions in this field have not been mentioned due to the limitation of space. This work is supported by the NSFC under grant 90103018, 10375030, ”333 Project” fund of Jiangsu Province and in part by the US Department of Energy under contract W-7405-ENG-36.

[1] T. Nakano et al. [LEPS], Phys. Rev. Lett. 91, 012002 (2003). hep-ex/0301020; V.V. Barmin et al. [DINAN], Phys. Atom. Nucl. 66, 1715(2003). hep-ex/0304040; S. Stepanyan et al. [CLAS], Phys. Rev. Lett. 91, 252001 (2003). hep-ex/0307018; J. Barth et al. [SAPHIR], Phys. Lett. B572, 127 (2003). hep-ex/0307083; A.E. Asratyan et al., hep-ex/0309042; V. Kubarovsky et al. [CLAS], hep-ex/0311046; A. Airapetian e al. [HERMES], hep-ex/0312044; A. Allev et al. [SVD], hep-ex/0401024; M. Abdel-Bary et al. [COSY-TOF], hep-ex/0403011; P.Z. Aslanyan et al., hep-ex/0403044; S Chekanov et al. [ZEUS], hep-ex/0403051.

[2] C. Alt et al. [NA49], hep-ex/0310014. [3] A. Aktas et al. [HERA-H1], hep-ex/0403017. [4] A.R. Dzierba et al., hep-ph/0311125. [5] M. Zavertyaev, hep-ph/0311250.

[6] H.G. Fischer and S. Wenig, hep-ex/0401014.

[7] K.T. Knopfle, M. Zavertyaev and T. Zevko [HERA-B], hep-ex/0403020. [8] J.Z. Bai et al. [BES], hep-ex/0402012.

[9] M.J. Longo, talk at QNP2004, Indiana University, May 23, 2004. [10] R.A. Arndt, I.I. Strakovsky and R.L. Workman, nuth-th/0308012;

R.L. Workman, R.A. Arndt and I.I. Strakovsky, nucl-th/0404061. [11] N.G. Kelkar, M. Noakowski and K.P. Khemchandani, hep-ph/0307134. [12] M.R. Gibbs, nucl-th/0405024.

[13] E.Lesquoy et al., Nucl. Phys. B99, 346 (1975).

[14] D. Diakonov, V. Petrov and M. Polyakov, Z. Phys. A359, 305 (1997); hep-ph/9703373. [15] M. Praszalowicz, Phys. Lett. B575, 234 (2003). [16] H.Walliser and V.B. Kopeliovich, hep-ph/0304058.

[17] R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003); hep-ph/0307341. [18] T.D. Cohen, hep-ph/0309111; 0312191.

[19] P.V. Poblitsa, hep-ph/0310221.

[20] D. Diakonov and V. Petrov, hep-ph/0309203. [21] E. Jenkins and A.V. manohar, hep-ph/0401190; 0402024. [22] J. Ellis, M. Karliner and M. Praszalowicz, hep-ph/0401127. [23] A. De Rujula, H. Georgi and S.L. Glashow, Phys. Rev. D12, 147 (1975).

N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978); D19, 2653 (1979); D20, 1191 (1979). [24] K. Hashimoto, Phys. Rev. C29, 1377 (1984); J.S. Hyslop, et al., Phys. Rev. D46, 961 (1992). [25] D. Strottman, Phys. Rev. D20, 748 (1979). [26] R.L. Jaffe, SLAC-PUB-1774 (1977);

H. Hogaasen and P.Sorba, Nucl. Phys. B145, 119 (1978);

J.J. de Swart, P.J. Mulders and L.J. Somers, in Baryon 1980, ed. N. Isgur, Toronto Univ. 1980.

[27] M. Karliner and H.J. Lipkin, Phys. Lett. B595, 249 (2003); hep-ph/0307243. [28] E. Shuryak and I. Zahed, hep-ph/0310270. [29] C.E. Carlson, et al., hep-ph/0312325.

[30] I.M. Narodeski, Yu.A. Simonov, M.A. Trusov and A.I. Veselov, Phys. Lett. B578, 318 (2004).

hep-ph/0310118.

[31] F. Stancu and D.O. Riska, hep-ph/0307010.

L.Ya. Glozman, Phys. Lett. B575, 18(2003). hep-ph/0308232. [32] N. Kochelev, H.J. Lee and V. Vento, hep-ph/0404065. [33] B.K. Jennings and K. Maltman, hep-ph/0308286. [34] C.E. carlson, et al., hep-ph/0307396. [35] N. Mathur, et al., hep-ph/0406196.

[36] F. Csikor et al., hep-lat/0309090; S.Sasaki, hep-lat/0310014; T.W. Chiu and T.H. Hsieu, hep-ph/0403020; 0404007.

[37] F. Csikor et al., hep-lat/0407033.

[38] S.L. Zhu, Phys. Rev. Lett., 91, 232002 (2003); hep-ph/0307345; J. Sugiyama, T. Doi and M.

Oka, hep-ph/0309271; E. Eidemuller, hep-ph/0404126; Y.Kondo et al., hep-ph/0404285. [39] D. Qing, X.S. Chen and F. Wang, Phys. Rev. C57, R31 (1998); D58, 114032 (1998); Commun.

Theor. Phys. 32, 403 (1999) X.S. Chen, D. Qing and F. Wang, Chin. Phys. Lett. 16, 403 (1999).

[40] T.T. Takahashi, et al., Phys. Rev. Lett. 86, 18 (2001).

D.S. Kuzmenko, V.I. Shevchenko and Yu.A. Simonov, hep-ph/0310118. [41] F. Okihara, H.Suganuma and T.T. Takahashi, hep-lat/0407001. [42] F. Wang and C.W. Wong, Nuovo Cimento 86A, 284 (1985). [43] T. Goldman, et al., Nucl. Phys. A481, 621 (1988).

F. Wang, et al., Phys. Rev. Lett. 69, 2901 (1992).

F. Wang, J.L. Ping, G.H. Wu, L.J. Teng and T. Goldman, Phys. Rev. C51, 3411 (1995). T. Golman, K. Maltman, G.J. Stephenson Jr., J.L.Ping and F. Wang, Mod. Phys. Lett. A13, 59 (1998).

[44] G.H. Wu, L.J. Teng, J.L. Ping, F. Wang and T. Goldman, Phys. Rev. C53, 1161 (1996).

G.H.Wu, J.L. Ping, L.J. Teng, F. Wang and T. Goldman, Nucl. Phys. A673, 279 (2000). J.L. Ping, H.R. Pang, F. Wang and T. Goldman, Phys. Rev. C65, 044003 (2002). X.F. Lu, J.L. Ping and F. Wang, Chin. Phys. Lett. 20, 42 (2003).

[45] B. Aubert et al. [BABAR], Phys. Rev. Lett. 90, 242001 (2003). [46] D. Besson et al. [CLEO], Phys. Rev. D68, 032002 (2003). [47] S.K. Choi et al. [BELLE], hep-ex/0309032. [48] D. Acosta et al. [CDF-II], hep-ex/0312021.