arXiv:hep-ph/0402260 v1 24 Feb 2004

A Diquark-Triquark Model for the KN Pentaquark

Marek Karliner^{a,c∗} and Harry J. Lipkin^{a,b†}

a School of Physics and Astronomy Raymond and Beverly Sackler Faculty of Exact Sciences Tel Aviv University, Tel Aviv, Israel

b Department of Particle Physics Weizmann Institute of Science, Rehovot 76100, Israel High Energy Physics Division, Argonne National Laboratory Argonne, IL 60439-4815, USA

c Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge, CB3 0HE, UK

Abstract

We propose a model for the recently discovered Θ^+ exotic KN resonance as a novel kind of a pentaquark with an unusual color structure: a 3_c ud diquark, coupled to 3_c uds̄ triquark in a relative P -wave. The state has J^P = 1/2^+, I = 0 and is an antidecuplet of SU(3)_f . A rough mass estimate of this pentaquark is close to experiment.

I. INTRODUCTION

A. Modeling the pentaquark: need both qq and qq̄ interactions

The recent observation of the strange Θ^+ pentaquark [1–3] with a mass of 1540 MeV and a very small width ∼20 MeV has generated a great deal of interest. Although the original prediction of an exotic KN resonance was obtained within the framework of the Skyrme model [4,5], there is an obvious and urgent need to understand what Θ^+ is in the quark language [6].

∗e-mail: marek@proton.tau.ac.il

†e-mail: ftlipkin@weizmann.ac.il

An additional nontrivial challenge for the quark interpretation [7] is that whereas the Skyrme model predicts that Θ^+ has positive parity, the “standard” pentaquark involves 5 quarks in an S-wave and therefore has negative parity. As of now, there is no clearcut experimental information on the Θ^+ parity, but if it is positive, clearly one must have one unit of orbital angular momentum and this makes the calculation difficult.

The most straightforward interpretation of the Θ^+ in terms of quarks is that it is a uudds̄ pentaquark, so it has both qq and qq̄ interactions. At present it is not possible to compute the properties of such a state from first principles, so it is necessary to use a model which is known to reliably deal with both types of interactions.

The quark model we use provides such a unified treatment of both types of interactions in mesons and baryons. Pioneered by Sakharov and Zeldovich [8], it has subsequently been extended and motivated within the framework of QCD by De Rujula, Georgi and Glashow [9], in terms of color-magnetic interaction model for the hyperfine interaction, and augmented by Jaffe’s color-spin algebra [10] for multiquark systems.

To provide a basis for the credibility for our use of the model and to prepare the tools for the analysis of the pentaquark, we now briefly review and update the successes of the model for a unified treatment of mesons and baryons of all flavors.

B. Summary of successful mass relations from hadrons containing no more than one strange or heavy quark.

Early evidence that mesons and baryons are made of the same quarks was provided by the remarkable successes of the constituent quark model [8], in which static properties and low lying excitations of both mesons and baryons are described as simple composites of asymptotically free quasiparticles with a flavor dependent linear mass term and hyperfine interaction, yielding a unified mass formula for both mesons and baryons M = ∑ i m_i + ∑ i>j ⃗σ_i · ⃗σ_j m_i · m_j · v^{hyp}_{ij} (1.1)

where m_i is the effective mass of quark i, ⃗σ_i is a quark spin operator and v^{hyp}_{ij} is a hyperfine interaction with different strengths but the same flavor dependence and we have added the explicit flavor dependence of the hyperfine interaction [9].

The effective quark mass appears in two different terms in eq. (1.1) : as an additive term and in the denominator of the hyperfine interaction. In all the relations for masses and magnetic moments obtained in the light (uds) flavor sector, and for hadrons containing no more than one heavy or strange quark, agreement with experiment has been obtained by assuming that the values of the effective quark masses in these two terms has been the same and that the values are the same for mesons and baryons. Both the mass difference and the mass ratio between two quarks of different flavors were found to have the same values to a good approximation when they are bound to a nonstrange antiquark to make a meson and bound to a nonstrange diquark to make a baryon.

For example, the effective quark mass difference m_s − m_u is found to have the same value ±3% and the mass ratio m_s/m_u the same value ±2.5%, when calculated from baryon masses and from meson masses [8,11,12], with a simple recipe for removing the hyperfine contribution. Thus the mass difference of two quarks, denoted by Q and q, can be obtained from meson masses, ⟨m_Q − m_q⟩_{M es} = 3M_{VQū} + M_{PQū} 4 − 3M_{Vqū} + M_{Pqū} 4 (1.2)

where V_{Qū} and P_{Qū} denote the vector and pseudoscalar mesons with the constituents Qū, etc. The same observable can also be obtained from baryon masses,

⟨m_Q − m_u⟩_{Bar} = M_{ΛQ} − M_N (1.3)

so that for Q = s and q = u one has

⟨m_s−m_u⟩_{Bar} = M_Λ − M_N = 177 MeV ⟨m_s−m_u⟩_{M es} = 3M_K∗ + M_K 4 − 3M_ρ − M_π 4 = 179 MeV

(1.4)

The same approach has been applied to heavy flavors [13,14] with excellent results. In this context we note a new relation [14], showing the common nature of the hyperfine interactions in mesons and baryons of different flavors, M_{Σc} − M_{Λc} M_Σ − M_Λ

= 2.16 ≈

(M_ρ − M_π ) − (M_D∗ − M_D) (M_ρ − M_π ) − (M_K∗ − M_K )

= 2.10 (1.5)

We exhibit this success in more detail, by showing that mass differences and mass ratios are fit with a single set of quark masses, chosen to give an eyeball fit to the baryon mass differences and to fit the isoscalar nonstrange baryon magnetic moment

μ_p + μ_n = 2M_p · Q_I M_I = 2M_N M_N + M_Δ

= 0.865 n.m. (EXP = 0.88 n.m.) (1.6)

where Q_I = 1 2 · ( 2 3 − 1 3 ) = 1 6 and M_I = 1 6 · (M_N + M_Δ) denote the charge and mass, respectively, of an effective “isoscalar nonstrange quark”.^1 The quark masses chosen for the fit were

m_u = 360 MeV; m_s = 540 MeV; m_c = 1710 MeV; m_b = 5050 MeV . (1.7)

The results are shown in Table II below.

1Note the implicit assumption that in M_I the contribution of the hyperfine interaction is cancelled between the nucleon and the Δ.

Theoretical and Experimental Hadron Mass Differences and Ratios

TABLE II-A - Hadron Mass Differences

Mass Difference Theoretical Experimental Experimental From eq. (1.7) From Mesons (X=d) From Baryons (X=ud) m_s−m_u = M(sX)−M(uX) 180 179 177 m_c−m_u = M(cX)−M(uX) 1350 1360 1346 m_b−m_u = M(bX)−M(uX) 4690 4701 4685 m_c−m_s = M(cX)−M(sX) 1170 1180 1169 m_b−m_s = M(bX)−M(sX) 4510 4521 4508 m_b−m_c = M(bX)−M(cX) 3340 3341 3339

TABLE II-B - Quark Mass Ratios

Mass Ratio Theoretical Experimental Experimental From eq. (1.7) From Mesons (X = d) From Baryons (X = ud) m_s/m_u 1.5 1.61 1.53 m_c/m_u 4.75 4.46 4.36 m_b/m_u 14.0 13.7 ? m_c/m_s 3.17 2.82 2.82 m_b/m_s 9.35 8.65 ? m_b/m_c 2.95 3.07 ?

While we await for QCD calculations to explain these striking experimental facts from first principles, we use the method to analyse the pentaquark color structure and to estimate its mass.

II. THE DYNAMICS OF A DIQUARK-TRIQUARK PENTAQUARK

Most quark model treatments of multiquark spectroscopy use the color-magnetic shortrange hyperfine interaction [9] as the dominant mechanism for possible binding. The treatment of exotic color configurations not found in normal hadrons is considerably simplified by the use of color-spin SU(6) algebra [10]. The the hyperfine interaction between two quarks denoted by i and j is then written as V_{hyp} = −V (⃗λ_i · ⃗λ_j )(⃗σ_i · ⃗σ_j ) (2.1) where ⃗λ and ⃗σ denote the generators of SU(3)_c and the Pauli spin operators, respectively. The sign and magnitude of the strength of the hyperfine interaction are normalized by Δ-N mass splitting. The quark-quark interaction (2.1) is seen to be attractive in states symmetric in color and spin where (⃗λ_i ·⃗λ_j ) and (⃗σ_i ·⃗σ_j ) have the same sign and repulsive in antisymmetric states whee they have opposite signs. This then leads to the ”flavor-antisymmetry” principle [15]: the Pauli principle forces two identical fermions at short distances to be in a state that is antisymmetric in spin and color where the hyperfine interaction is repulsive. Thus the hyperfine interaction is always repulsive between two quarks of the same flavor, such as the like-flavor uu and dd pairs in the nucleon or pentaquark.

This flavor antisymmetry suggests that the bag or single-cluster models commonly used to treat normal hadrons may not be adequate for multiquark systems. In such a state, with identical pair correlations for all pairs in the system, all same-flavor quark pairs are necessarily in a higher-energy configuration, due to the repulsive nature of their hyperfine interaction. The uudds̄ pentaquark is really a complicated five-body system where the optimum wave function to give minimum color-magnetic energy can require flavor-dependent spatial pair correlations for different pairs in the system; e.g. that keep the like-flavor uu and dd pairs apart, while minimizing the distance and optimizing the color couplings within the other pairs.

We consider here a possible model for a strange pentaquark that implements these ideas by dividing the system into two color non-singlet clusters which separate the pairs of identical flavor. The two clusters, a ud diquark and a uds̄ triquark, are in a a relative P -wave and are separated by a distance larger than the range of the color-magnetic force and are kept together by the color electric force. Therefore the color hyperfine interaction operates only within each cluster, but is not felt between the clusters, as shown schematically in Fig. 1.

Fig. 1. The diquark-triquark configuration of the uudds̄ pentaquark.

The ud diquark is in the ¯3 of the color SU(3) and in the ¯3 of the flavor SU(3) and has I = 0, S = 0, like the ud diquark in the Λ. It is in the symmetric 21 of the color-spin SU(6) and is antisymmetric in both spin and color.

The 21 representation of SU(6) contains a color antitriplet with spin 0 and a color sextet with spin 1.

The ud in the uds̄ triquark is in 6 of SU(3)_c, in ¯3 of SU(3)_f and has I = 0, S = 1. It is also in the symmetric 21 of the color-spin SU(6), but is symmetric in both spin and color.

The triquark consists of the diquark and antiquark coupled to an SU(3)_c triplet and has I = 0, S = 1/2. It is in the fundamental 6 representation of the color-spin SU(6). It is in a ¯6 of SU(3)_f .

We now define the classification of the diquarks with spin S, denoted by | |(2q)^S ⟩ and the triquark, denoted by | | |(2qs̄)^12 ⟩ , in a conventional notation |D_6, D_3, S, N⟩ [16,17] where D_6 and D_3 denote the dimensions of the color-spin SU(6) and color SU(3) representations in which the multiquark states are classified, S and N denote the total spin and the number of quarks in the system, | | | (2q)^1 ⟩ = |21, 6, 1, 2⟩ | | | (2q)^0 ⟩ = |21, ¯3, 0, 2⟩ (2.2) | | |(2qs̄)^{12} ⟩ = | | | 6, 3,^1_2 , 3 ⟩

A standard treatment using the SU(6) color-spin algebra [16,17] gives the result in the SU(3)-flavor symmetry limit that the hyperfine interaction is stronger by^1_6 (M_Δ − M_N ) for the diquark-triquark system than for the kaon-nucleon system,

[V (2qs̄^{12} ) + V (2q^0)] − [V (K) + V (N)] = − 1 6 (M_Δ − M_N ) ≈ −50MeV (2.3)

The physics here is simple. The spin-zero diquark is the same as the diquark in a Λ and has the same hyperfine energy as a nucleon. A triquark with one quark coupled with the s̄ antiquark to spin zero has the same hyperfine energy as a kaon but no interaction with the other quark. The triquark coupling used here allows the s̄ antiquark to interact with both the u and d quarks and gain hyperfine energy with respect to the case of the kaon. For an isolated triquark such a configuration is of course forbidden, since it a color nonsinglet, but here it is OK, since the triquark color charge is neutralized by the diquark.

We see that had it not been for the cost of the P -wave excitation, the triquark-diquark system would be somewhat more bound than a kaon and a nucleon. The diquark and triquark will have a color electric interaction between them which is identical to the quarkantiquark interaction in a meson. If we neglect the finite sizes of the diquark and triquark we can compare this system with analogous mesons. We can use the effective quark masses (1.7) that fit the low-lying mass spectrum [8,14] to find a very rough estimate

m_{diq} = 720 MeV; m_{triq} = 1260 MeV; m_r(di-tri) = 458 MeV . (2.4)

where m_{diq} and m_{triq} denote the effective masses of the diquark and triquark, m_r(di-tri) denotes the reduced mass for the relative motion of the diquark-triquark system.

A crucial observation is that the diquark-triquark system may not exist in a relative S-wave. This is because in S-wave the hyperfine interaction acts not only within the clusters but also between them. The repulsive terms may then win and the would be S-wave gets rearranged into the usual KN system. The situation is different in a P -wave, because then the diquark and the triquark are separated by an angular momentum barrier and the color-magnetic interactions operate only within the two clusters. The price is the P -wave excitation energy.

We can obtain a rough estimate of this P -wave excitation energy, using experimental information about the excited states of D_s, since the reduced mass of the cs̄ system used to describe the internal structure of the D_s spectrum is 410 MeV, quite close to that of the diquark-triquark system.

It has been proposed that the recently discovered extremely narrow resonance D_s(2317) [18–20] is a P -wave excitation [21] of the ground state 0^− D_s(1969). If so, the 350 MeV excitation energy then consists of a P -wave contribution, on top of a contribution from color hyperfine splitting. We can estimate the net P -wave excitation energy δE^{P −wave} by subtracting the c-s hyperfine splitting obtained from the mass difference between D^∗_s and D_s,

δE^{P −wave} ≈ 350 − (m_D∗_s − m_{Ds} ) = 207 MeV (2.5)

From eq. (2.3) we infer that without the P -wave excitation energy the diquark-triquark mass is m_N + m_K −^1_6 (M_Δ − M_N ) ≈ 1385 MeV, so that the total mass of the P -wave excitation of the diquark-triquark system is expected to be

M_{di}-_{tri} ≈ 1385 + 207 = 1592 MeV , (2.6)

about 3% deviation from the observed mass of the Θ^+ particle. It should be kept in mind, however, that this is only a very rough qualitative estimate and this close agreement might well be fortuitous, as there are several additional model-dependent effects which should be taken into account: the reduced mass of D_s is ∼ 12% lower than m_r(di-tri), we don’t know the spatial wave functions and we have neglected the spatial extent of the diquark and triquark and possible molecular Van-der-Waals interactions spatially polarizing the two, breaking of flavor SU(3), etc.

In addition to the parity and the mass, we also note that our model naturally gives a state with isospin zero because both the diquark and triquark have I = 0. The isospin has not yet been determined experimentally, but no isospin partners of the Θ^+ have been found and the Skyrme also predicted I = 0. This should be contrasted with attempts to envision the Θ^+ as a KN molecule in a P -wave [22], which have a problem in getting rid of the I = 1 state.

Our model also naturally predicts that the Θ^+ is in an antidecuplet of SU(3) flavor. The diquark is a ¯3, the triquark a ¯6 and in SU(3) ¯3 ⊗ ¯6 = 10 ⊕ 8 and only 10 has the right strangeness. KN is 8 ⊗ 8 in SU(3)_f and contains 27 with an isovector with the right strangeness, in addition to an antidecuplet. The antidecuplet prediction is again in agreement with the Skyrme model.

Since M_{di}-_{tri} is above the KN threshold, the system will eventually decay to KN, but the orbital angular momentum barrier and the required color rearrangement will make such a decay relatively slow, possibly explaining the observed narrow width of the Θ^+.

III. EFFECTS OF FLAVOR SYMMETRY BREAKING

The treatment above assumes flavor symmetry; i.e. that all quarks and the antiquark have the same mass. We examine the symmetry breaking for a pentaquark Θ(uuddQ̄), with an antiquark of flavor Q, with a mass different from the mass of the four quarks. This applies not only to the Θ^+ with a strange antiquark but also to states with heavier antiquarks. The mass difference between the pentaquarks Θ(uuddQ̄) and Θ(uuddq̄), where the antiquark q̄ has the same mass as the u and d, is just the sum of the differences in the masses and in the hyperfine energies of the antiquarks,

The same treatment which leads to eq. (2.3) now gives for the total hyperfine interaction in our diquark-triquark model for Θ_Q:

V (Θ_Q) = −(7 + 13 ζ) · m_Δ − m_N 12 (3.1)

where ζ ≡ m_u/m_Q. This should be compared with the hyperfine energy of the nucleon and the uQ̄ meson,

V (N) + V (uQ̄) = −(1 + 2 ζ) · m_Δ − m_N 2 (3.2)

so that the difference in the hyperfine interaction between the diquark-triquark configuration and the N uQ̄ system is

V (Θ_Q) − [V (N) + V (uQ̄)] = −(1 + ζ) · m_Δ − m_N 12 (3.3)

For ζ = 1 we recover the result in eq. (2.3). For a realistic m_s, we take ζ = 2/3, obtaining a small correction

V (Θ^+) − [V (N) + V (K)] = − 5 36 · (m_Δ − m_N ) = −42 MeV. (3.4)

The same approach can be used to treat pentaquarks with c̄ and b̄ antiquarks [23]. We now examine the Ξ^∗(I = 3/2) , which has the quark constituents (uussd̄).and the same mass as the Θ^+ in the SU(3) limit. For this case we set ζ = m_u/m_s = (2/3) .

For the hyperfine interaction in the us diquark with spin 0 and ζ = (2/3) we obtain, V (us) = − ζ 2 · (M_Δ − M_N ) = − 1 3 · (M_Δ − M_N ) (3.5)

For the (usd̄) triquark hyperfine interaction we obtain

V (usd̄) = −(13 + 15 ζ) · m_Δ − m_N 24 = − 23 24 · (M_Δ − M_N ) (3.6)

Here the quark-quark interaction is modified by a factor ζ, while the quark-antiquark interaction is modified by a factor (1 + ζ)/2, since only half of the two quarks is strange. Putting (3.5) and (3.6), we obtain the total hyperfine interaction in Ξ^∗(I = 3/2)

V (Ξ^∗(I = 3/2)) = −(13 + 27 ζ) · m_Δ − m_N 24 = − 31 24 · (M_Δ − M_N ) (3.7)

The difference between the Ξ^∗(I = 3/2) and Θ^+ hyperfine interactions is then δV_{hyperf ine} ≡ V (Ξ^∗(I = 3/2)) − V (Θ^+) = (1 − ζ) · m_Δ − m_N 24 = M_Δ − M_N 72 = 4.2 MeV .

(3.8)

The Ξ^∗(I = 3/2) mass is obtained from the experimentally known mass of Θ^+ by adding the quark mass difference (m_s − m_u) and the hyperfine energy difference,

M_Ξ∗_{(I=3/2)} = M_Θ+ + (m_s − m_u) + δV_{hyperf ine} = 1540 + 178 + 4 = 1722 MeV. (3.9)

Since M_Ξ +M_π = 1460 MeV, the mass of the Ξ^∗(I = 3/2) is about 260 MeV above threshold.

SUMMARY AND CONCLUSIONS

We propose the interpretation of the recently discovered Θ^+ exotic KN resonance as a novel kind of a pentaquark, involving a recoupling of the five quarks into a diquark-triquark system in non-standard color representations. We estimate the Θ^+ mass using the simple generalized Sakharov-Zeldovich mass formula which holds with a single set of effective quark mass values for all ground state mesons and baryons having no more than one strange or heavy quark.

Our rough numerical estimate indicates that such a color recoupling might put the pentaquark mass in the right ballpark of the experimentally observed Θ^+ mass. Our model naturally predicts that Θ^+ has spin 1/2, positive parity, is an isosinglet and is an antidecuplet in SU(3)_f . We calculate the effect of SU(3)_f symmetry breaking and the mass splitting between the Θ^+ and another member of the antidecuplet, the Ξ^∗(I = 3/2).

Regardless of the specific details of the model, we have addressed the problem what kind of a five-quark configuration can describe the Θ^+. We have shown that our new diquarktriquark model with color recoupling gives a lower mass than the simplest uudds̄ and it looks promising. The diquark-triquark configuration might also turn out to be useful if negative parity exotic baryons are experimentally discovered in future.

ACKNOWLEDGMENTS

The research of one of us (M.K.) was supported in part by a grant from the United States-Israel Binational Science Foundation (BSF), Jerusalem and by the Einstein Center for Theoretical Physics at the Weizmann Institute. The research of one of us (H.J.L.) was supported in part by the U.S. Department of Energy, Division of High Energy Physics, Contract W-31-109-ENG-38, We benefited from e-mail discussions with Ken Hicks about the experimental data on the Θ^+ and with Simon Capstick, Frank Close, Mitya Diakonov, Bob Jaffe and Michał Praszałowicz about the challenges this data poses for a theoretical interpretation. M.K. would like to thank the HEP group at Cavendish Laboratory for hospitality.

REFERENCES

[1] T. Nakano et al. [LEPS Coll.], Phys. Rev. Lett. 91(2003)012002, hep-ex/0301020. [2] V. V. Barmin et al. [DIANA Collaboration], hep-ex/0304040. [3] S. Stepanyan [CLAS Collaboration], hep-ex/0307018.

[4] M. Chemtob, Nucl. Phys. B 256, 600 (1985); M. Karliner and M. P. Mattis, Phys.

Rev. D 34, 1991 (1986); M. Praszalowicz in Proc. Cracow Workshop on Skyrmions and Anomalies, Mogilany, Poland, Feb 20-24, 1987, M. Jezabek, M. Praszalowicz, Eds., WORLD SCIENTIFIC, Singapore 1987, p. 112.

[5] D. Diakonov, V. Petrov and M.V. Polyakov, Z. Phys. A 359(1997)305, hep-ph/9703373. [6] F. Stancu and D. O. Riska, hep-ph/0307010; S. Capstick, P. R. Page and W. Roberts, hep-ph/0307019.

[7] R.L. Jaffe, private communication.

[8] Ya.B. Zeldovich and A.D. Sakharov, Yad. Fiz 4(1966)395; Sov. J. Nucl. Phys.

4(1967)283.

[9] A. De Rujula, H. Georgi and S.L. Glashow, Phys. Rev. D12 (1975) 147 [10] R. L. Jaffe, Phys. Rev. Lett. 38, (1977) 195 [11] I. Cohen and H. J. Lipkin, Phys. Lett. B93, (1980) 56 [12] Harry J. Lipkin, Phys. Lett. B233 (1989) 446; Nuc. Phys. A507 (1990) 205c [13] H.J. Lipkin, in Proc. 6th Conf. on the Intersections of Particle and Nuclear Physics, Big Sky, Montana, May (1997) T. W. Donnelly, Ed., AIP Conference Proc. 412(1997)504.

[14] M. Karliner and H.J. Lipkin, hep-ph/0307243. [15] Harry J. Lipkin, Phys. Lett. B70, (1977) 113 [16] W. G. McKay and J. Patera, Tables of Dimensions, Indices, and Branching Rules for Representations of Simple Lie Algebras, (Marcel Dekker, New York, 1981) p. 98 [17] H. Högaasen and P. Sorba, Nucl. Phys. B145 (1978) 119 [18] B. Aubert et al. [BABAR Collaboration], hep-ex/0304021. [19] D. Besson et al., [CLEO Collaboration], hep-ex/0305017. [20] P. Krokovny et al., [BELLE Collaboration] hep-ex/0308019. [21] W. A. Bardeen, E. J. Eichten and C. T. Hill, hep-ph/0305049. [22] D. Diakonov, private communication. [23] M. Karliner and H.J. Lipkin, hep-ph/0307343.