arXiv:hep-ph/0409358 v1 30 Sep 2004

FLAVOR STRUCTURE OF PENTAQUARK BARYONS IN QUARK MODEL

YONGSEOK OH Department of Physics and Astronomy, University of Georgia Athens, Georgia 30602, USA E-mail: yoh@physast.uga.edu

HUNGCHONG KIM Institute of Physics and Applied Physics, Yonsei University Seoul 120-749, Korea E-mail: hung@phya.yonsei.ac.kr

The flavor SU(3) group structure of pentaquark baryons which form 1, 8, 10, 10, 27, and 35 multiplets is investigated in quark model. The flavor wave functions of all the pentaquark baryons are constructed in SU(3) quark model and their Yukawa interactions with meson octet are obtained in general and in the special case of the octet-antidecuplet ideal mixing with the OZI rule. The mass sum rules of pentaquark baryons are also discussed.

1. Introduction

Great interests in exotic baryons in hadron physics have been initiated by the discovery of Θ^+(1540) state by the LEPS Collaboration and subsequent experiments 1^,2. The observation of Ξ^{−−}(1862) by NA49 Collaboration 3 may suggest that Ξ(1862) forms pentaquark antidecuplet with Θ^+(1540) as anticipated by the soliton model study 4. Later, the H1 Collaboration reported the existence of anti-charmed pentaquark state 5, which revives the interests in the heavy pentaquark system 6^,7^,8. However, the existence of pentaquark baryons are not fully confirmed by experiments yet as some high energy experiments report null results for those states 9^,10. A summary for the experimental situation and perspectives can be found, e.g., in Refs. 11. Theoretically, many ideas have been suggested and developed to study the exotic pentaquark states in various approaches and models 12^,13, but more detailed studies are required to understand the properties and formation of pentaquark states. 1

2 As the pentaquark baryons may be produced in photon-hadron or hadron-hadron reactions, it is important to understand their production mechanisms and decay channels in order to confirm the existence of the pentaquark states and to study their properties. The present studies on the production reactions are limited by the lack of experimental and phenomenological inputs on some couplings 14^,15^,16^,17^,18. In particular, those studies could not include the contributions from the intermediate pentaquark states in production mechanisms. Therefore, it is strongly desired to understand the interactions of pentaquark baryons with other hadrons.

On the other hand, many theoretical speculations suggest that the physical pentaquark states would be mixtures of various multiplets 19^,20^,21. Thus it is necessary to construct the wavefunctions of pentaquark baryons in terms of quark and antiquark for understanding the structure of pentaquark states. In this talk, we discuss a way to construct the wavefunctions of all the pentaquark baryons in quark model and obtain their SU(3) symmetric interactions with other baryons. Then several mass relations among the pentaquark baryons are discussed. In addition, we explore the couplings in the special case of the antidecuplet-octet ideal mixing with the OZI rule. The topics presented here are discussed in more detail in Refs. 22, 23, 24.

2. Wavefunctions and interactions of pentaquark baryons

We start with the representations for quark and antiquark. We denote a quark by q_i and an antiquark by q^i with i = 1, 2, 3, so that q_1, q_2, and q_3 are u, d, and s quark, respectively. The inner products of the quark and antiquark operators are normalized as

(q_i, q_j) = δ_{ij} , (q^i, q^j) = δ^{ij}, (q_i, q^j) = 0. (1)

Then the diquark state is decomposed as

q_jq_k = 1 √ 2 S_{jk} + 1 2 √ 2 ϵ_{ijk}T^i, (2) where ( S_{jk} A_{jk} ) = 1 √ 2 (q_j q_k ± q_kq_j) , (3) and T^i = ϵ^{ijk}A_{jk}, (4)

3 so that S_{jk} and T^i represent 6 and 3, respectively. This shows that 3 ⊗ 3 = 6 ⊕ 3.

The product of two diquarks can be written as

(q_jq_k)(q_lq_m) = 1 2 √ 6 T_{jklm} + 1 4 √ 2 ( ϵ_{akl}δ^b_mδ^c_j + ϵ_{ajm}δ^b_l δ^c_k ) S^a_{bc} + 1 √ 6 (ϵ_{ajl}ϵ_{bkm} + ϵ_{akl}ϵ_{bjm}) T^{ab} + 1 4 ϵ_{ijk} { T^i_{lm} + 1 √ 2 ( δ^i_l δ^a_m + δ^i_mδ^a_l ) Q_a }

+ 1 4 ϵ_{ijk} { ~T^i_{lm} + 1√ 2 ( δ^i_l δ^a_m + δ^i_mδ^a_l ) ~ Q_a }

+ 1 4 √ 2 ϵ_{ijk}ϵ_{nlm} ( 2S^{in} + ϵ^{ina}T_a ) . (5)

Here, T_a, Q_a, and ~Q_a are (1, 0) type and represent 3. T^{ij} and S^{ij} are (0, 2) type of 6. Also T^i_{jk}, ~T^i_{jk}, and S^i_{jk} are (2, 1) type of 15 and T_{ijkl} are (4, 0) type of 15. Their explicit forms can be found in Ref. 24.

Then it is straightforward to obtain the wavefunctions of pentaquark baryons. Since the product of two diquarks can form 3, 6, and 15, the pentaquark states can have 1, 8, 10, 10, 27, and 35, while the normal threequark baryons have 8 and 10. So the pentaquark states have much richer spectrum than the normal baryons. Their flavor wavefunctions are obtained by direct product of (q_jq_k)(q_lq_m) and an antiquark q̄^a. For example, the

4 35-plet tensors T^a_{ijkl} and the 27-plet tensors T^{ij}_{kl} can be constructed as T^a_{ijkl} = T_{ijkl}q̄^a − 1 6 ( δ^a_i T_{jklm}q̄^m + δ^a_j T_{iklm}q̄^m + δ^a_k T_{ijlm}q̄^m + δ^a_l T_{ijkm}q̄^m ) , T^{ij}_{kl} = c_1 { 1 2 √ 2 ( T^i_{kl}q̄^j + T^j_{kl}q̄^i )

− 1 10 √ 30 ( δ^i_l T^j_{km}q^m + δ^j_l T^i_{km}q^m + δ^i_kT^j_{lm}q^m + δ^j_kT^i_{lm}q^m )}

+ c_2 { 1 2 √ 2 ( ~T^i_{kl}q̄^j + ~T^j_{kl}q̄^i )

− 1 10 √ 30 ( δ^i_l ~T^j_{km}q^m + δ^j_l ~T^i_{km}q^m + δ^i_k ~T^j_{lm}q^m + δ^j_k ~T^i_{lm}q^m )}

+ c_3 { 1 2 √ 2 ( S^i_{kl}q̄^j + S^j_{kl}q̄^i )

− 1 10 √ 30 ( δ^i_l S^j_{km}q^m + δ^j_l S^i_{km}q^m + δ^i_kS^j_{lm} q^m + δ^j_kS^i_{lm} q^m )} . (6) The pentaquark octet P^i_j and antidecuplet T^{ijk} read

P^i_j = c_1 √ 2 ( T_j q^i − 1 3 δ^i_j T_mq^m ) + c_2 √ 2 ( Q_j q^i − 1 3 δ^i_j Q_mq^m )

+ c_3 √ 2 ( ~Q_jq^i − 1 3 δ^i_j ~Q_mq^m ) + c_4 √ 3 ϵ_{jab}S^{ia}q^b + c_5 √ 3 ϵ_{jab}T^{ia}q^b + c_6 √ 15 T^i_{jk}q^k + c_7 √ 15 ~T^i_{jk}q^k + c^8√ 15 S^i_{jk}q^k, T^{ijk} = c_1 √ 3 ( S^{ij} q^k + S^{jk}q^i + S^{ki}q^j ) + c_2 √ 3 ( T^{ij}q^k + T^{jk}q^i + T^{ki}q^j ) , (7)

and the pentaquark decuplet D_{ijk} and the singlet S are D_{ijk} = c_1 √ 6 T_{ijkl}q^l + c_2 √ 24 ( ϵ_{iab}T^a_{jk}q^b + ϵ_{jab}T^a_{ki}q^b + ϵ_{kab}T^a_{ij}q^b )

+ c_3 √ 24 ( ϵ_{iab} ~T^a_{jk}q^b + ϵ_{jab} ~T^a_{ki}q^b + ϵ_{kab} ~T^a_{ij} q^b )

+ c_4 √ 24 ( ϵ_{iab}S^a_{jk}q^b + ϵ_{jab}S^a_{ki}q^b + ϵ_{kab}S^a_{ij}q^b ) , S = − c_1 √ 6 T_mq^m − c_2 √ 6 Q_mq^m − c_3 √ 6 ~Q_mq^m. (8) Therefore, by constructing all possible pentaquark tensors we can verify

3 ⊗ 3 ⊗ 3 ⊗ 3 ⊗ 3 = 35 ⊕ (3)27 ⊕ (2)10 ⊕ (4)10 ⊕ (8)8 ⊕ (3)1, (9)

5 where the numbers in parentheses are the number of multiplicity. The inner products of the multiplets are given in Ref. 24. With those informations at hand, one can identify the tensor representations with the baryon states of definite isospin and hypercharge. (See Ref. 24 for details.)

The SU(3) symmetric Yukawa interactions of pentaquarks can be constructed by fully contracting the upper and lower indices of the three tensors representing two baryon multiplets and the meson octet. When the number of upper indices does not match that of lower indices, the Levi- Civita tensors ϵ_{ijk} are introduced to make the interactions fully contracted. The SU(3) symmetric interactions constructed in this way give several constraints or selection rules to the pentaquark interactions, which should be useful to identify the pentaquark states. Since

8 ⊗ 8 = 27 ⊕ 10 ⊕ 10 ⊕ 8_1 ⊕ 8_2 ⊕ 1, 10 ⊗ 8 = 35 ⊕ 27 ⊕ 10 ⊕ 8, 10 ⊗ 8 = 35 ⊕ 27 ⊕ 10 ⊕ 8, 27 ⊗ 8 = 64 ⊕ 35 ⊕ 35 ⊕ 27_1 ⊕ 27_2 ⊕ 10 ⊕ 10 ⊕ 8, 35 ⊗ 8 = 81 ⊕ 64 ⊕ 35_1 ⊕ 35_2 ⊕ 28 ⊕ 27 ⊕ 10, (10)

we find the followings. First, the pentaquark singlet can couple to pentaquark octet only. Second, the 27-27 and 35-35 interactions have two types (f and d types) like 8-8 interaction. Third, the interactions including 10-10, 35-8, and 35-10 are not allowed as they cannot form SU(3)- invariant interactions. Thus, 35-plet couplings are limited to the interactions with 27-plet and decuplet.

We refer to Refs. 22, 24 for the explicit relations for pentaquark interactions. The SU(3) symmetry breaking terms can be included in a standard way 23^,25^,26.

3. Mass sum rules

Since all the particles belonging to an irreducible representation of SU(3) are degenerate in the SU(3) symmetry limit, it is required to include SU(3) symmetry breaking to obtain the mass splittings. It is well-known that the Hamiltonian which breaks SU(3) symmetry but still preserves the isospin symmetry and hypercharge is proportional to the Gell-Mann matrix λ_8, from which we introduce the hypercharge tensor as Y = diag(1, 1, −2). Then the baryon masses can be obtained by constructing all possible contractions among irreducible tensors and the hypercharge tensor. As the

6 mass formulas contain several parameters which take different values depending on the multiplet in general, we can obtain only the mass relations. The Hamiltonian constructed in this way reads

H_8 = aP^i_jP^j_i + bP^i_j Y^l_i P^j_l + cP^i_jY^j_l P^l_i , H_{10} = aD^{ijk}D_{ijk} + bD^{ijk}Y^l_kD_{ijl}, H_{10} = aT_{ijk}T^{ijk} + bT_{ijk}Y^k_l T^{ijl}, H_{27} = aT^{ij}_{kl}T^{kl}_{ij} + bT^{ij}_{kl}Y^l_mT^{km}_{ij} + cT^{ij}_{kl}Y^m_j T^{kl}_{im}, H_{35} = aT^{jklm}_i T^i_{jklm} + bT^{jklm}_i Y^n_j T^i_{nklm} + cT^{jklm}_i Y^i_nT^n_{jklm}, (11) where a, b, and c are mass parameters. Then, in addition to the well-known Gell-Mann–Okubo mass relation for the baryon octet and the decuplet equal-spacing rule, we have some interesting mass sum rules for antidecuplet, 27-plet, and 35-plet. In antidecuplet, we have the equal spacing rule 4, Ξ_{10,3/2} − Σ_{10} = Σ_{10} − N_{10} = N_{10} − Θ. (12) In the 27-plet, we find the analog of the Gell-Mann–Okubo mass relation, 2(N_{27} + Ξ_{27}) = 3Λ_{27} + Σ_{27}. (13) In addition, we find that some of the 27-plet members, i.e., Θ_1, Δ_{27}, Σ_{27,2}, Ξ_{27,3/2}, and Ω_{27,1}, satisfy two independent equal-spacing rules, Ω_{27,1} − Ξ_{27,3/2} = Ξ_{27,3/2} − Σ_{27,2}, Σ_{27,2} − Δ_{27} = Δ_{27} − Θ_1. (14) Note that they are the states with maximum isospin for a given hypercharge and the equal-spacing rule holds independently for the upper half of the 27- plet weight diagram and for the lower half of that weight diagram 24.

For the 35-plet baryons, we observe that there are two sets of baryons which satisfy the equal-spacing rule separately 24, namely,

Ω_{35} − Ξ_{35} = Ξ_{35} − Σ_{35} = Σ_{35} − Δ_{35} = Δ_{35} − Θ_2, X − Ω_{35,1} = Ω_{35,1} − Ξ_{35,3/2} = Ξ_{35,3/2} − Σ_{35,2} = Σ_{35,2} − Δ_{5/2}. (15)

4. Ideal mixing of antidecuplet and octet with the OZI rule In the diquark-diquark-antiquark model for pentaquarks, Jaffe and Wilczek advocated the ideal mixing of the antidecuplet with the octet 19. By referring the detailed discussion on the ideal mixing and the OZI rule to

7 Ref. 23, here we discuss the consequence of the OZI rule in the interactions of pentaquark octet and antidecuplet. As can be seen from Eq. (10), the pentaquark octet interaction with normal baryon octet and meson octet has two couplings, f and d. A relation between the two couplings can be found by imposing the OZI rule or the fall-apart mechanism 20. To see this, we go back to Eq. (5) and note that the pentaquark octet and antidecuplet come together from the 6 of two diquarks and 3 of one antiquark, i.e., 6 ⊗ 3 = 10 ⊕ 8. This follows from S^{ij} ⊗ q̄^k = T^{ijk} ⊕ S^{[ij,k]}. (16) Obviously, the last part, being an octet representation, can be replaced by a two-index field P^j_i such as S^{[ij,k]} = ϵ^{ljk}P^i_l + ϵ^{lik}P^j_l . (17) In this scheme, the pentaquark antidecuplet and pentaquark octet have the same universal coupling constant. It is now clear to see that the index k in Eq. (17), the index for the antiquark, should be contracted with the antiquark index of the meson field to represent the fall-apart mechanism or the OZI rule, as the usual baryon B does not contain an antiquark in the OZI limit. Hence, the interaction should follow the form as

L_{int} = g_8ϵ^{ilm}S_{[ij,k]}B^j_l M^k_m + (H.c.). (18)

Substituting Eq. (17) into Eq. (18), one has

L_{int} = 2g_8P^m_i B^i_l M^l_m + g_8P^m_i M^i_l B^l_m + (H.c.). (19)

Comparison with the standard expression for the octet baryon interactions of f and d types leads to f = 1/2 and d = 3/2. Therefore, one can find that the OZI rule makes a special choice on the f/d ratio as f/d = 1/3 20^,23.

5. Summary

We have obtained the flavor wavefunctions of all the pentaquark baryons in quark model. Then the SU(3) symmetric interactions of the pentaquark baryons as well as their mass sum rules are derived. This will help to identify not only exotic baryons but also crypto-exotic states. At this stage, we notice that there are several recent reports about the existence of cryptoexotic pentaquark states 27, whose existence, however, should be clarified by further experiments 28.

8 Acknowledgments

We are grateful to Su Houng Lee for useful discussions. This work was supported in part by Forschungszentrum-Jülich, contract No. 41445282 (COSY-058) and the Brain Korea 21 project of Korean Ministry of Education.

References 1. LEPS Collaboration, T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003). 2. DIANA Collaboration, V. V. Barmin et al., Phys. At. Nucl. 66, 1715 (2003);

CLAS Collaboration, S. Stepanyan et al., Phys. Rev. Lett. 91, 252001 (2003); SAPHIR Collaboration, J. Barth et al., Phys. Lett. B 572, 127 (2003); CLAS Collaboration, V. Kubarovsky et al., Phys. Rev. Lett. 92, 032001 (2004); A. E. Asratyan, A. G. Dolgolenko, and M. A. Kubantsev, Phys. At. Nucl. 67, 682 (2004); HERMES Collaboration, A. Airapetian et al., Phys. Lett. B 585, 213 (2004); SVD Collaboration, A. Aleev et al., hep-ex/0401024; COSY-TOF Collaboration, M. Abdel-Bary et al., Phys. Lett. B 595, 127 (2004); P. Zh. Aslanyan, V. N. Emelyanenko, and G. G. Rikhkvitzkaya, hep-ex/0403044; ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B 591, 7 (2004); Yu. A. Troyan et al., hep-ex/0404003; S. V. Chekanov for the ZEUS Collaboration, hep-ex/0404007.

3. NA49 Collaboration, C. Alt et al., Phys. Rev. Lett. 92, 042003 (2004). 4. D. Diakonov, V. Petrov, and M. Polyakov, Z. Phys. A 359, 305 (1997). 5. H1 Collaboration, A. Aktas et al., hep-ex/0403017.

6. H. J. Lipkin, Phys. Lett. B 195, 484 (1987); C. Gignoux, B. Silvestre-Brac, and J. M. Richard, Phys. Lett. B 193, 323 (1987).

7. Y. Oh, B.-Y. Park, and D.-P. Min, Phys. Lett. B 331, 362 (1994); Phys. Rev.

D 50, 3350 (1994); Y. Oh and B.-Y. Park, Phys. Rev. D 51, 5016 (1995); M. Genovese, J.-M. Richard, Fl. Stancu, and S. Pepin, Phys. Lett. B 425, 171 (1998); Fl. Stancu, Phys. Rev. D 58, 111501 (1998).

8. H. Kim, S. H. Lee, and Y. Oh, Phys. Lett. B 595, 293 (2004). 9. BES Collaboration, M. Ablikim et al., Phys. Rev. D 70, 012004 (2004);

K. T. Knöpfle et al. for the HERA-B Collaboration, J. Phys. G 30, S1363 (2004); HERA-B Collaboration, I. Abt et al., hep-ex/0408048; C. Pinkenburg, nucl-ex/0404001; SPHINX Collaboration, Yu. M. Antipov et al., hep-ex/0407026; BABAR Collaboration, B. Aubert et al., hep-ex/0408037; hep-ex/0408064.

10. H. G. Fischer and S. Wenig, hep-ex/0401014; STAR Collaboration, S. Kabana et al., hep-ex/0406032; J. Pochodzalla, hep-ex/0406077; WA89 Collaboration, M. I. Adamovich et al., Phys. Rev. C 70, 022201 (2004); I. V. Gorelov for the CDF Collaboration, hep-ex/0408025.

11. V. D. Burkert et al., nucl-ex/0408019; V. Kubarovsky and P. Stoler, hep-ex/0409025; K. Hicks, hep-ph/0408001; P. Rossi, hep-ex/0409057.

12. B. K. Jennings and K. Maltman, Phys. Rev. D 69, 094020 (2004); C. E.

Carlson et al., Phys. Rev. D 70, 037501 (2004);

9 13. R. L. Jaffe, hep-ph/0409065.

14. W. Liu and C. M. Ko, Phys. Rev. C 68, 045203 (2003); Nucl. Phys. A 741, 215 (2004); W. Liu et al., Phys. Rev. C 69, 025202 (2004).

15. Y. Oh, H. Kim, and S. H. Lee, Phys. Rev. D 69, 014009 (2004); Phys. Rev.

D 69, 074016 (2004); hep-ph/0312229, to be published in Nucl. Phys. A. 16. A. R. Dzierba et al., Phys. Rev. D 69, 051901 (2004); W. Roberts, nucl-th/0408034; Q. Zhao and J. S. Al-Khalili, Phys. Lett. B 585, 91 (2004); 596, 317(E) (2004); B.-G. Yu, T.-K. Choi, and C.-R. Ji, nucl-th/0312075.

17. K. Nakayama and K. Tsushima, Phys. Lett. B 583, 269 (2004); K. Nakayama and W. G. Love, Phys. Rev. C 70, 012201 (2004).

18. S. I. Nam, A. Hosaka, and H.-C. Kim, hep-ph/0403009; hep-ph/0405227. 19. R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003). 20. F. E. Close and J. J. Dudek, Phys. Lett. B 586, 75 (2004). 21. J. Ellis, M. Karliner, and M. Praszałowicz, JHEP 05, 002 (2004). 22. Y. Oh, H. Kim, and S. H. Lee, Phys. Rev. D 69, 094009 (2004). 23. S. H. Lee, H. Kim, and Y. Oh, hep-ph/0402135.

24. Y. Oh and H. Kim, hep-ph/0405010, to be published in Phys. Rev. D 70. 25. S. Pakvasa and M. Suzuki, Phys. Rev. D 70, 036002 (2004). 26. S. M. Golbeck and M. A. Savrov, hep-ph/0406060.

27. L. G. Landsberg, Phys. Rep. 320, 223 (1999); SPHINX Collaboration, Yu. M. Antipov et al., Phys. At. Nucl. 65, 2070 (2002); CB-ELSA Collaboration, V. Credé et al., hep-ex/0311045; BES Collaboration, M. Ablikim et al., hep-ex/0405030; V. Kuznetsov for the GRAAL Collaboration, hep-ex/0409032.

28. P. A. Żołnierczuk et al., Phys. Lett. B 597, 131 (2004).