arXiv:hep-ph/0405227v2 22 Jan 2008

Production of the Pentaquark Exotic Baryon Ξ_5 in K̄N Scattering: K̄N → KΞ_5 and K̄N → K∗Ξ_5

Seung-il Nam,^{1, ∗} Atsushi Hosaka,^{2, †} and Hyun-Chul Kim^{3, 4, ‡} 1Yukawa Institute for Theoretical Physics (YITP), Kyoto University, Kyoto 606-8502, Japan 2Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan 3Department of Physics, Inha University, Incheon 402-751, Republic of Korea.

4Department of Physics and Nuclear Physics & Radiation Technology Institute (NuRI), Pusan National University, Busan 609-735, Korea (Dated: January 22, 2008)

We investigate the production of the newly found pentaquark exotic baryon Ξ5 in the K̄N → KΞ5 and the K̄N → K^∗Ξ5 reactions at the tree level. We consider both positive- and negative-parities of the Ξ5. The reactions are dominated by the s- and the u-channel processes, and the resulting cross sections are observed to depend very much on the parity of Ξ5 and on the type of form factor. We have seen that the cross sections for the positive-parity Ξ5 are generally about a hundred times larger than those of the negative-parity one. This large difference in the cross sections will be useful for further study of the pentaquark baryons.

PACS numbers: 13.60.Rj, 13.75.Jz, 13.85.Fb Keywords: Pentaquark exotic baryon Ξ_5, Parity of the pentaquark states

I. INTRODUCTION

The experimental observation of the Θ^+ performed by the LEPS collaboration at SPring-8 [1], which is motivated by Diakonov et al. [2], has paved the way for intensive studies on the exotic five-quark baryon states, also known as pentaquarks, experimentally [3] as well as theoretically [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. As a consequence of the finding of the Θ^+, the existence of other pentaquark baryons, such as the N_5, Σ_5, and Ξ_5, which have also been predicted theoretically, is anticipated.

The NA49 [31] collaboration reported a signal for the pentaquark baryon Ξ_5, which was also predicted theoretically. The Ξ_5 was found to have a mass of 1862 MeV, a strangeness S = −2, and an isospin I = 3/2. It is characterized by its narrow decay width of ∼ 18 MeV, like that of the Θ^+. However, we have thus far no concrete experimental evidence for its quantum numbers such as spin and parity.

As for the parity of the Θ^+, a consensus has not been reached. For example, the chiral soliton model [2, 4], the diquark model [5], the chiral potential model [6], and constituent quark models with spin-flavor interactions [10, 11, 12] prefer a positive-parity for the Θ^+ whereas the QCD sum rule approach [7, 8]^1 and the quenched lattice QCD [13, 14] have supported a negative-parity. In the meanwhile, various reactions for Θ^+ production [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] have been investigated, where the determination of the parity of Θ^+ has been emphasized. In many cases, the total cross-sections of the positive-parity Θ^+ production is typically about ten times larger than those of the negative-parity one. Liu et al. [32] evaluated the γN → KΞ_5 reactions, assuming the positive-parity Ξ_5 and its spin J = 1/2. However, since the parity of the Ξ_5 is not known yet, it is worthwhile studying the dynamics of Ξ_5 production with two different parities taken into account.

However, we note that negative results for the pentaquark baryons have emerged recently. Especially, the CLAS collaboration at Jefferson laboratory could not see any obvious evidence for the Θ^+ pentaquark, which was expected to have a peak at about 1530 ∼ 1540 MeV in the reaction γp → K̄^0Θ^+ [33]. Moreover, the existence of an S = −2 penataquark, such as the Ξ_5 or the charmed pentaquark (Θ^+_c ), has not been completely confirmed yet.

In the present work, nonetheless, for the unclear status of the pentaquark, we want to investigate the Ξ_5 production from the K̄N → KΞ_5 and the K̄N → K^∗Ξ_5 reactions. Due to the exotic strangeness quantum number the Ξ_5 has, the reaction process at the tree level becomes considerably simplified. This is a very specific feature of the process

∗E-mail: sinam@yukawa.kyoto-u.ac.jp †E-mail: hosaka@rcnp.osaka-u.ac.jp ‡E-mail: hchkim@pusan.ac.kr 1 Recently, Ref. [9] pointed out that the exclusion of the non-interacting KN state from the two-point correlation function may reverse the parity of Θ^+.

Typeset by REVTEX

FIG. 1: Born diagrams, s– (left) and u–channels (right) for Ξ5 productions

containing the exotic strangeness quantum number. We will follow the same framework as in Refs. [17, 18, 19, 20, 21, 25, 26]. We assume that the spin of the Ξ_5 is 1/2 [32]. Then, we estimate the total and the differential cross-sections for the production of Ξ_5 with positive and negative parities.

This paper is organized as follows: In Section II, we define the effective Lagrangians and construct the invariant amplitudes. In Section III, we present the numerical results for the total and the differential cross-sections for both positive- and negative-parity Ξ_5. Finally, in Section IV, we briefly summarize our discussions.

II. EFFECTIVE LAGRANGIANS AND AMPLITUDES

We study the reactions K̄N → KΞ_5 and K̄N → K^∗Ξ_5 by using an effective Lagrangian at the tree level of Born diagrams. The reactions are schematically presented in Fig. 1, where we define the four momenta of each particle for the reactions by p_{1,···4}. There is no t-channel contribution because strangeness-two (S = 2) mesons do not exist. As discussed in Ref. [34], we do not include the B ¯_{10}M_8B_{10} coupling because it is forbidden in exact SU(3) flavor symmetry. Hence, the interaction Lagrangians can be written as

L_{KNΣ} = ig_{KNΣ}Σ̄γ_5KN + (h.c.), L_{KΣΞ5} = ig_{KΣΞ5}Ξ̄_5Γ_5KΣ + (h.c.), L_K∗_{NΣ} = g_K∗_{NΣ}Σ̄γ_μK^{∗μ}N + (h.c.),

L_K∗_{ΣΞ5} = g_K∗_{ΣΞ5}Ξ̄_5γ_μΓ̂_5K^{∗μ}Σ + (h.c.), (1)

where Σ, Ξ_5, N, K, and K^∗ denote the corresponding fields for the octet Σ, the antidecuplet Ξ_5, the nucleon, the pseudo-scalar K, and the vector K^∗, respectively. The isospin operators are dropped because we treat the isospin states of the fields explicitly. We define Γ_5 = γ_5 for the positive-parity Ξ_5 whereas Γ_5 = 1_{4×4} for the negative-parity one. Γ̂_5 is also defined by Γ_5γ_5 for the vector meson K^∗. The values of the coupling constants g_{KNΣ} and g_K∗_{NΣ} are taken from the new Nijmegen potential [35] as g_{KNΣ} = 3.54 and g_K∗_{NΣ} = −2.99 whereas we assume SU(3) flavor symmetry for g_{KΣΞ5} so that we obtain the relation g_{KΣΞ5} = g_{KNΘ} [34]. Employing the decay width Γ_{Θ→KN} = 15 MeV and M_Θ = 1540 MeV, we obtain g_{KNΘ} = g_{KΣΞ5} = 3.77 (0.53) for the positive (negative) parity. The remaining one, g_K∗_{ΣΞ5} , is not known, which we will discuss in the next section.

The invariant scattering amplitude for K̄N → KΞ_5 can be written as

iM_{x,K} = ig_{KΣΞ5} g_{KNΣ}F^2_x (q^2)ū(p_4)Γ_5 q_x + M_Σ q^2_x − M^2_Σ γ_5u(p_2) , (2)

where x labels either the s-channel or the u-channel, and the corresponding momenta are q_s = p_1 +p_2 and q_u = p_2 −p_3. For K̄N → K^∗Ξ_5, we have

iM_{s,K}∗ = g_K∗_{ΣΞ5} g_{KNΣ}F^2_s (q^2)ū(p_4)/ϵΓ̂_5

/q_s + M_Σ q^2_s − M^2_Σ γ_5u(p_2),

iM_{u,K}∗ = g_K∗_{NΣ}g_{KΣΞ5} F^2_u (q^2)ū(p_4)Γ_5

/q_u + M_Σ q^2_u − M^2_Σ

/ϵu(p_2). (3)

As indicated in Eq. (2), the coupling constants are commonly factored out for the s- and the u-channels in the K production. Therefore, there is no ambiguity due to the sign of the coupling constants. On the contrary, there is such an ambiguity due to the unknown sign of g_K∗_{ΣΞ5} in the case of K^∗ production,

Since the baryon has an extended structure, we need to introduce a form factor. We employ the form factor [20]

F_1(x) =

Λ^2_1 √ Λ^4_1 + (x − M^2_Σ)^2 (4)

FIG. 2: Energy dependence of the squared form factors F^2_1 (s), F^2_1 (u) and the F^2_2 (⃗q^2) (a), and angular dependence of the squared form factor F^2_1 for the s- and the u-channels at three CM energies. The types of curves are explained by the labels in the figure.

in such a way that the singularities appearing in the pole diagrams can be avoided. Here, Λ_1 and M_Σ stand for the cutoff parameter and the Σ mass, respectively. We set the cutoff parameter Λ_1 = 0.85 GeV as in Ref. [20]. This value was used to reproduce the cross sections of γp → K^+Λ. In order to verify the dependence of the form factor, we consider also the three-dimensional form factor

F_2(⃗q^2) =

Λ^2 Λ^2 + |⃗q^2|

, (5)

where ⃗q denotes the three momentum of the external meson. As for the cutoff parameter, we set Λ_2 = 0.5 GeV, which was deduced from the πN → KΛ reaction [15].

In the left panel (a) of Fig. 2, we show the dependence of the two form factors F_1 and F_2 on the CM energy while in the left panel (b) the angular dependence of the F_1 form factor is drawn. The F_2 form factor does not have any angular dependence. Obviously, they show very different behaviors. For instance, the F_2 decreases much faster than F_1 as the center-of-mass (CM) energy grows. The form factor F_1 in the u-channel shows a strong enhancement in a backward direction as the CM energy increases. As we will see, this feature has a great effect on the angular dependence of the differential cross-sections.

III. NUMERICAL RESULTS A. K̄N → KΞ5 In this subsection, we discuss the results for the reaction K̄N → KΞ_5. Due to isospin symmetry, we can verify that the two possible reactions K̄^0p → K^0Ξ^+_5 and K^−n → K^+Ξ^{−−}_5 are exactly the same in the isospin limit. In Fig. 3, we present the total and the differential cross-sections in the left and the right panels, respectively. The average values of the total cross-sections are σ ∼ 2.6 μb with the F_1 form factor and σ ∼ 1.5 μb with the F_2 in the energy range E^{th}_{CM} = 2.35 GeV ≤ E_{CM} ≤ 3.35 GeV (from the threshold to the point of 1 GeV larger). Though the average total cross-sections for the different form factors are similar in order of magnitude, the energy and the angular dependences are very different from each other. They are largely dictated by the form factor, as shown in Fig. 2. The angular distributions are drawn in the right panel (b) of Fig. 3, where θ represents the scattering angle between the incident and the final kaons in the CM system. We show the results at E_{CM} = 2.4, 2.6, and 2.8 GeV. As shown there, when F_1 is used, the backward production is strongly enhanced while the cross sections are almost flat apart from a tiny increase in the backward region, when F_2 is employed. Note that the angular dependence of the latter is the same as that of the bare cross section without the form factor.

In Fig. 4, we plot the total and differential cross-sections for the negative-parity Ξ_5. The energy dependence of the total cross section looks similar to that for the positive-parity one. We find that σ ∼ 26 nb for F_1 and ∼ 12 nb for F_2 in average for the CM energy region E^{th}_{CM} ≤ E_{CM} ≤ 3.35 GeV. We see that the total cross-sections are

FIG. 3: Cross sections for production of the positive parity Ξ5 in the reaction K̄^0p → K^0Ξ^+_5 . (a) The left panel shows the total cross-sections as functions of the center-of-mass energy ECM. (b) The right panel shows the differential cross-sections as functions of the scattering angle θ for incident energies ECM = 2.4, 2.6, and 2.8 GeV. In both cases, results using the form factors F1 and F2 are shown as indicated by the labels in the figures.

FIG. 4: Cross sections for production of the negative parity Ξ5 in the reaction K̄^0p → K^0Ξ^+_5 . Notations are the same as in Fig. 3.

almost a hundred times smaller than that for the positive-parity Ξ_5. The difference between the results of the two parities is even more pronounced than in the previously investigated reactions, such as γN, KN, and NN scattering [15, 16, 17, 18, 19, 20, 21, 24, 25, 26, 27, 28, 29, 30], where typically the difference was about an order of ten. In the present reaction, the interference between the s- and the u-channels becomes important, in addition to the kinematical effect in the p-wave coupling for the positive-parity (but not in the s-wave for the negative-parity), which is proportional to ⃗σ · ⃗q and enhance the amplitude at high momentum transfers. In the case of the positive parity, the two terms which are kinematically enhanced are interfered constructively, while for the negative-parity Ξ_5, the relatively small amplitudes without the enhancement factor is done destructively. These two effects are simultaneously responsible for the large difference in the cross sections.

In the right panel (b) of Fig. 4, the angular distributions for the production of the negative-parity Ξ_5 are plotted. Here, the angular dependence changes significantly as compared with the positive-parity case. When the form factor F_2 is used, forward scattering significantly increases because the bare amplitude shows an enhancement in the forward direction. When using F_1, however, due to its strong enhancement in the backward direction, the cross sections get quite larger in the backward direction, except for those in the vicinity of the threshold, i.e., E_{CM} ≤ 2.45 GeV.

FIG. 5: Cross sections for production of the positive parity Ξ5 in the reaction K̄^0p → K^{∗0}Ξ^+_5 with the F1 form factor employed. The total cross-sections in (a) are calculated for four different gK∗ΣΞ_5 coupling constants as indicated by the labels. The angular distributions in (b) are calculated for three different CM energies and two different gK∗ΣΞ_5 coupling constants as indicated by the labels.

B. K̄N → K^∗Ξ5

In this subsection, we discuss the K^∗ production. As explained in the previous section, the appearance of the coupling constant g_K∗_{ΣΞ5} raises the problem of the relative sign in the amplitude. First, we briefly discuss possible relations to determine the magnitude of the g_K∗_{ΣΞ5} coupling. If we use the SU(3) relation this coupling may be set equal to g_K∗_{NΘ}. There are several discussions on the g_K∗_{NΘ} coupling. For example, a small value of the g_K∗_{NΘ} was chosen according to the relation g_K∗_{NΘ}/g_{KNΘ} = 1/2 as inferred from a phenomenological study of the hyperon coupling constants [36], while in the quark model, the decay of the pentaquark states predicts a positive parity Θ^+ by using the relation g_K∗_{NΘ}/g_{KNΘ} = √ 3 [37]. In the meanwhile, we find g_K∗_{NΘ}/g_{KNΘ} = 1/ √ 3 for the negative parity. Since we are not able to determine the sign of the coupling constant in this study, we will present the results for four different cases: g_K∗_{ΣΞ5} = ± √ 3g_{KNΘ} = ±6.53 and g_K∗_{ΣΞ5} = ±1/2g_{KNΘ} = ±1.89 for positive parity, and g_K∗_{ΣΞ5} = ± √ 3g_{KNΘ} = ±0.91 and g_K∗_{ΣΞ5} = ±1/2g_{KNΘ} = ±0.27 for negative parity.

Figures 5 and 6 show the total and the differential cross-sections for the positive parity Ξ_5 with the F_1 and the F_2 form factors, respectively. We present the results with the four different coupling constants for the total cross-sections while for the differential cross-sections, we present those with the two positive coupling constants at three different energies, E_{CM} = 2.8, 3.0, and 3.2 GeV. The results for the negative coupling constants are qualitatively similar to each other. When the F_1 form factor is used, the results do not depend on the choice of g_K∗_{ΣΞ5} because the u-channel is the dominant component. In this case, similar discussions can be made as in the previous case of the K production reaction. However, when F_2 is used, the results are very sensitive to the sign of g_K∗_{ΣΞ5} , which determines whether the s- and the u-channels interfere constructively or not.

Fig. 7 and Fig. 8 show the results for the negative-parity Ξ_5 with the F_1 and the F_2 form factors used, respectively. Similar discussions apply for this case as for the positive parity case, but the values of cross sections are reduced by about a factor of a hundred.

IV. SUMMARY AND DISCUSSION

We have studied the production of the pentaquark exotic baryon Ξ_5 (mass = 1862 MeV, I = 3/2 S = −2, spin = 1/2 (assumed)) in the reactions K̄N → KΞ_5 and K̄N → K^∗Ξ_5. We have employed two different phenomenological form factor Eqs. (4) and (5), with appropriate parameters for the coupling strengths and the cutoff parameters. In the present reactions, since two units of strangeness are transferred, only s- and u- channel diagrams are allowed at the tree level. On one hand, this fact simplifies the reaction mechanism and, hence, the computation. Furthermore, there is no ambiguity in the relative signs of coupling constants for the case of K production. On the other hand, the cross sections strongly depend on the choice of form factors. In fact, Fig. 3∼8 show that we have found a rather different energy and angular dependence when using different form factors. At this moment, it is difficult theoretically to say which is better. Nevertheless, it would be useful to summarize the present result for the total cross-sections in

FIG. 6: Cross sections for production of the positive parity Ξ5 in the reaction K̄^0p → K^{∗0}Ξ^+_5 with the F2 form factor employed. For notations, see the caption of Fig. 5.

FIG. 7: Cross sections for production of the negative parity Ξ5 in the reaction K̄^0p → K^{∗0}Ξ^+_5 with the F1 form factor employed. The total cross-sections in (a) are calculated for four different gK∗ΣΞ_5 coupling constants as indicated by the labels. The angular distributions in (b) are calculated for three different CM energies and two different gK∗ΣΞ_5 coupling constants as indicated by the labels.

Table I. There, we see once again that the total cross-sections are, generally, much larger for positive-parity Ξ_5 than for positive-parity one by about factor of a hundred because there is a cancellation due to destructive interference.

Reaction F1 F2 Reaction F1 F2 σ¯_{KN→KΞ5} (P = +1) 2.6 μb 1.5 μb σ¯_{KN→K}∗_{Ξ5} (P = +1) 1.6 μb <∼ 2 μb σ¯_{KN→KΞ5} (P = −1) 26 nb 12 nb σ¯_{KN→K}∗_{Ξ5} (P = −1) 14 nb <∼ 20 nb

TABLE I: Summary for the average total cross-sections in the CM energy region 2.35 GeV ≤ ECM ≤ 3.35 GeV for K̄N → KΞ5 and 2.75 GeV ≤ ECM ≤ 3.75 GeV for K̄N → K^∗Ξ5. For K^∗ production with the F2 form factor used, only the upper values are quoted because the interference suppresses them.

FIG. 8: Cross sections for production of the negative parity Ξ5 in the reaction K̄^0p → K^{∗0}Ξ^+_5 with the F2 form factor employed. For notations, see the caption of Fig. 7.

Acknowledgements

The authors are supported by a Korea Research Foundation grant (KRF-2003-041-C20067). The work of S.i.N. was supported by a scholarship endowed by the Ministry of Education, Science, Sports and Culture of Japan. He is also supported by a grant for Scientific Research (Priority Area No. 17070002) from the Ministry of Education, Culture, Science and Technology, Japan.

[1] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003). [2] D. Diakonov, V. Petrov, and M. V. Polyakov, Z. Phys. A 359, 305 (1997).

[3] V. V. Barmin et al. [DIANA Collaboration], Phys. Atom. Nucl. 66, 1715 (2003) [Yad. Fiz. 66, 1763 (2003)]; S. Stepanyan et al. [CLAS Collaboration], Phys. Rev. Lett. 91, 252001 (2003); V. Kubarovsky et al. [CLAS Collaboration], Erratum-ibid. 92, 049902 (2004) [Phys. Rev. Lett. 92, 032001 (2004)]; J. Barth et al. [SAPHIR Collaboration], Phys. Lett. B 572, 127 (2003); A. Airapetian et al. [HERMES Collaboration], Phys. Lett. B 585, 213 (2004).

[4] M. Praszalowicz, Phys. Lett. B 583, 96 (2004). [5] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003). [6] A. Hosaka, Phys. Lett. B 571, 55 (2003).

[7] J. Sugiyama, T. Doi, and M. Oka, Phys. Lett. B 581, 167 (2004). [8] S. L. Zhu, Phys. Rev. Lett. 91, 232002 (2003) [9] Y. Kondo and O. Morimatsu, Phys. Rev. C 69, 055201 (2004). [10] F. Stancu and D. O. Riska, Phys. Lett. B 575, 242 (2003). [11] L. Y. Glozman, Phys. Lett. B 575, 18 (2003).

[12] F. Huang, Z. Y. Zhang, Y. W. Yu, and B. S. Zou, Phys. Lett. B 586, 69 (2004). [13] S. Sasaki, Phys. Rev. Lett. 93, 152001 (2004).

[14] F. Csikor, Z. Fodor, S. D. Katz, and T. G. Kovacs, JHEP 0311, 070 (2003). [15] W. Liu and C. M. Ko, Phys. Rev. C 68, 045203 (2003). [16] T. Hyodo, A. Hosaka, and E. Oset, Phys. Lett. B 579, 290 (2004) [17] Y. S. Oh, H. C. Kim, and S. H. Lee, Phys. Rev. D 69, 014009 (2004). [18] S. i. Nam, A. Hosaka, and H. -Ch. Kim, Phys. Lett. B 579, 43 (2004). [19] S. i. Nam, A. Hosaka, and H. -Ch. Kim, Phys. Lett. B 602, 180 (2004). [20] S. i. Nam, A. Hosaka, and H. -Ch. Kim, Phys. Rev. D 70, 114027 (2004). [21] S. i. Nam, A. Hosaka, and H. -Ch. Kim, J. Korean Phys. Soc. 49, 1928 (2006). [22] A. W. Thomas, K. Hicks, and A. Hosaka, Prog. Theor. Phys. 111, 291 (2004). [23] C. Hanhart et al., Phys. Lett. B 590, 39 (2004) [24] W. Liu and C. M. Ko, Nucl. Phys. A 741, 215 (2004). [25] Q. Zhao, Phys. Rev. D 69, 053009 (2004).

[26] B. G. Yu, T. K. Choi, and C. R. Ji, Phys. Rev. C 70, 045205 (2004). [27] H. -Ch. Kim and M. Praszalowicz, Phys. Lett. B 585, 99 (2004).

[28] P. Z. Huang, W. Z. Deng, X. L. Chen, and S. L. Zhu, Phys. Rev. D 69, 074004 (2004). [29] Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen, and S. L. Zhu, Phys. Rev. C 69, 035205 (2004). [30] W. W. Li, Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen, and S. L. Zhu, High Energy Phys. Nucl. Phys. 28, 918 (2004). [31] C. Alt et al. [NA49 Collaboration], Phys. Rev. Lett. 92, 042003 (2004). [32] W. Liu and C. M. Ko, Phys. Rev. C 69, 045204 (2004).

[33] R. De Vita et al. [CLAS Collaboration], talk given at APS April meeting (2005). [34] Y. S. Oh, H. c. Kim, and S. H. Lee, Phys. Rev. D 69, 094009 (2004). [35] V. G. J. Stokes and Th. A. Rijken, Phys. Rev. C 59, 3009 (1999).

[36] S. Janssen, J. Ryckebusch, D. Debruyne, and T. Van Cauteren, Phys. Rev. C 65, 015201 (2002). [37] F. E. Close and J. J. Dudek, Phys. Lett. B 586, 75 (2004).