arXiv:nucl-th/0411095 v1 23 Nov 2004

Θ^+ pentaquark in the nuclear medium

M. J. Vicente Vacas, D. Cabrera, Q. B. Li, V. K. Magas and E. Oset

November 23, 2004

Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia - CSIC, Institutos de Investigación de Paterna, Apdo. correos 22085, 46071, Valencia, Spain

Abstract

We study the interaction of the Θ^+ pentaquark with nuclear matter associated to the KN decay channels and to the two meson cloud. We find that the potential is attractive and could be strong enough to lead to the existence of Θ^+ nuclear bound states.

1 Introduction

The study of negative strangeness hypernuclei, Λ, Σ and Ξ has been a fruitful area of research. It has brought valuable information on the hyperon-N interaction, the hyperon-N → N N weak transitions, and many other interesting topics [1, 2, 3, 4, 5, 6]. The discovery of an exotic baryon with positive strangeness, Θ^+ [7], still controversial, opens the possibility of the existence of positive strangeness hypernuclei, which could provide information about this new baryon unreachable or complementary to that obtained in elementary reactions.

This possibility was first explored in Ref. [8] where it was suggested that Θ^+ hypernuclei, stable against strong decay, might exist. Later, in Ref. [9], the Θ^+ selfenergy in the nuclei is calculated, using as only ingredient the Θ^+KN coupling. The results showed that the interaction coming from that source is too weak to bind the pentaquark in nuclei. However, in Refs. [10, 11] it was shown that other selfenergy pieces related to the coupling of the Θ^+ resonance to a baryon and two mesons could lead to a sizable attraction, enough to produce bound and narrow Θ^+ states in nuclei. Recently, Shen and Toki [12], using the quark mean-field model have also found a strong attractive potential that would produce nuclear bound states.

In this talk, we will discuss two of the sources of the Θ^+ selfenergy. First, we will consider the selfenergy terms related to the Θ^+KN coupling. In a second part, we will study the coupling of the Θ^+ to two mesons and a nucleon by means a SU (3) symmetric Lagrangian[13], constructed to account for the coupling of

Figure 1: Θ^+ selfenergy diagram related to the KN decay.

the antidecuplet to a baryon of the nucleon octet and two pseudoscalar mesons. With this Lagrangian an attractive selfenergy is obtained for all the members of the antidecuplet coming from the two meson cloud.

2 The pentaquark selfenergy in nuclear matter

The Θ^+ selfenergy diagram, associated to the KN decay channel, is shown in Fig. 1. For the L = 0 case, the free Θ^+ selfenergy from this diagram is given by the equation

− iΣ_{KN} = 2 ∫ d^4q (2π)^4 g^2_K+_n M E_N 1 p^0 − q^0 − E_N + iϵ 1 q^2 − m^2_K + iϵ

, (1)

where M is the nucleon mass, E_N (k) = √ M^2 + ⃗k^2. The results for L = 1 are obtained by the substitution g^2_{K+n} → ḡ^2_{K+n}⃗q^2 .

The Θ^+ selfenergy in nuclear matter is obtained by properly modifying the previous formula. The nucleon propagator is changed as follows 1 p^0 − q^0 − E_N + iϵ → 1 − n(⃗p − ⃗q) p^0 − q^0 − E_N + iϵ + n(⃗p − ⃗q) p^0 − q^0 − E_N − iϵ

, (2)

where n(⃗k) is the occupation number. The vacuum kaon propagator is replaced by the in-medium one, 1 q^2 − m^2_K + iϵ → 1 q^2 − m^2_K − Π_K (q, ρ)

, (3)

where Π_K (q^0, |⃗q|, ρ) is the kaon selfenergy. The s−wave part of this selfenergy is well approximated by[14, 15] Π^{(s)}_K (ρ) = 0.13 m^2_Kρ/ρ_0 , where ρ_0 is the normal

Figure 2: Imaginary part of the Θ^+ selfenergy associated to the KN decay channel for L = 1.

nuclear density. The p−wave part is taken from the model of Ref. [16], which accounts for Λh, Σh and Σ^∗(1385)h excitations.

We show the results for the case L = 1 in Fig. 2, where Γ = 15 MeV has been used to obtain the coupling constants. The in medium selfenergy is proportional to the vacuum width, thus the results should be appropriately scaled when the width is better determined. In any case, even if Γ = 15 MeV in vacuum, inside the nucleus the width is smaller, basically because of the Pauli blocking. For the case L = 0 we obtain even smaller results. A full discussion of the different curves can be found in Ref. [10]. What should be remarked is that for a typical case with some 20 MeV binding and a Θ^+ momentum of 200 MeV (also typical for a nuclear state) this width would be around 5 MeV or smaller if the Θ^+ width is smaller than 15 MeV.

The real part of the Θ^+ selfenergy in the medium is obtained after subtraction of the vacuum one. The results coming from this source are small, of the order of 1 MeV or less and not enough to bind Θ^+ in nuclei.

Now, we will discuss the Θ^+ selfenergy tied to the two-meson cloud. We consider contributions to the Θ^+ selfenergy from diagrams in which the Θ^+ couples to a nucleon and two mesons, like the one in Fig. 3. There is no direct information on these couplings since the Θ^+ mass is below the two-meson decay threshold and there are several possibilities depending on the Θ^+ quantum numbers.

From now on we make several assumptions. First, we assume the Θ^+ to have spin and parity J^P = 1/2^+ associated to an SU (3) antidecuplet[17]. Also the N^∗(1710) is supposed to couple strongly to the same antidecuplet.

From the PDG data on N^∗(1710) decays we can determine some of the

Figure 3: Two-meson Θ^+ selfenergy diagram.

couplings of the antidecuplet to the two-meson channels.

In order to account for the N^∗(1710) decay into N (ππ, p − wave, I = 1) and N (ππ, s − wave, I = 0) we use the following lagrangians

L_1 = ig ¯_{10}ϵ^{ilm}T̄_{ijk}γ^μB^j_l (V_μ)^k_m , (4)

with V_μ = 1 4f^2 (ϕ∂_μϕ − ∂_μϕϕ) , (5) where f = 93 MeV is the pion decay constant and T_{ijl}, B^j_l , ϕ^k_m SU (3) tensors which account for the antidecuplet states, the octet of^1_2^+ baryons and the octet of 0^− mesons, respectively. The second term is given by

L_2 = 1 2f g̃ ¯_{10}ϵ^{ilm}T̄_{ijk}(ϕ · ϕ)^j_l B^k_m , (6)

which couples two mesons in L = 0 to the antidecuplet and the baryon and they are in I = 0 for the case of two pions. From the Lagrangian terms of Eqs. (4, 6) we obtain the transition amplitudes N^∗ → ππN . Taking the central values from the PDG[18] for the N^∗(1710) → N (ππ, p − wave, I = 1) and for the N^∗(1710) → N (ππ, s − wave, I = 0), the resulting coupling constants are g ¯_{10} = 0.72 and g̃ ¯_{10} = 1.9. The uncertainties for these constants are quite large with the current experimental information.

There are other possible pieces, with a different SU (3) structure but they are not relevant for this work. A more complete study of this couplings can be found in Ref. [13].

The Θ^+ selfenergy associated to the diagram of Fig. 3 is given by pieces of the type

Σ^j(p) = − ∫ d^4k (2π)^4 ∫ d^4q (2π)^4 |t^j|^2 1 k^2 − m^2_1 + iϵ 1 q^2 − m^2 + iϵ M E(⃗k + ⃗q) 1 p^0 − k^0 − q^0 − E(⃗k + ⃗q) + iϵ

, (7)

Figure 4: Real part of the two-meson contribution to the Θ^+ selfenergy at ρ = ρ_0.

where m_1 and m_2 are the masses of the mesons in the loop (Kη, Kπ) and t^j are the amplitudes obtained from the two lagrangian terms.

The implementation of the medium effects is done by including the medium selfenergy of the kaon and modifying the nucleon propagator, as shown before. On the other hand, for the pion we modify the propagator including the p−wave selfenergy which is basically driven by ph and Δh excitations and short range correlations [19, 20, 21]. Once the Θ^+ selfenergy at a density ρ is evaluated, the optical potential felt by the Θ^+ in the medium is obtained by subtracting the free Θ^+ selfenergy. Obviously, the imaginary part of the selfenergy is finite, however, the real part is divergent, even after subtraction of the free one, and must be regularized. We do it by using a cutoff.

The results for the real part of the selfenergy are presented in Fig. 4. The potential for ρ = ρ_0 is attractive and quite strong. This large effect comes mostly from the pion selfenergy, which also induces a very large attraction in other cases like for the σ[20] and the κ mesons[21]. The medium effects affecting the kaon and the nucleon are not so relevant for the final results.

Even with the quoted large uncertainties we conclude that there could be a sizable attraction of the order of magnitude of 50-100 MeV at normal nuclear density, which is more than enough to bind the Θ^+ in any nucleus.

In Fig. 5 we show the imaginary part of the Θ^+ selfenergy related to the two-meson cloud. We find that Γ would be smaller than 5 MeV for bound states with a binding of ∼20 MeV and negligible for binding energies of ∼40 MeV or higher.

This, together with the small widths associated to the KN decay channel, would lead to Θ^+ widths below 8 MeV, assuming a free width of 15 MeV, and

Figure 5: Imaginary part of the two-meson contribution to the Θ^+ selfenergy at ρ = ρ_0.

much lower if the Θ^+ free width is of the order of 1 MeV, as suggested in Refs. [22, 23] and quoted by the PDG [18]. In any case, for most nuclei, this width would be smaller than the separation of the deep levels[24].

3 Conclusions

We find that although the selfenergy of the Θ^+ in nuclear matter associated to the KN decay channels is quite weak, there is a large attractive Θ^+ potential in the nucleus associated to the two meson cloud of the resonance. Such a strong potential would imply the existence of Θ^+ hypernuclei.

These states would decay through the KN channel, but also via new decay channels open in the medium, like Θ^+N → N N K. The full width taking into account the new medium channels and the KN decay, is quite small compared to the separation of the energy levels of the Θ^+ pentaquark in light and intermediate nuclei.

Our results are based on some assumptions about the Θ^+ quantum numbers, the composition of the antidecuplet and the possible couplings to the two mesons and a octet baryon. Additionally, there are large experimental uncertainties in the data used to fix the size of the couplings. Nonetheless, the potential is so large that even allowing for a wide margin of uncertainty, we think the possibility of existence of bound states is well founded.

Acknowledgments

This work is partly supported by DGICYT contract number BFM2003-00856, the E.U. EURIDICE network contract no. HPRN-CT-2002-00311 and by the Research Cooperation Program of the Japan Society for the Promotion of Science (JSPS) and the spanish Consejo Superior de Investigaciones Cientificas (CSIC). D. C. acknowledges financial support from MCYT and Q. B. Li acknowledges support from the Ministerio de Educación y Ciencia in the program of Doctores y Tecnólogos Extranjeros.

References

[1] C. B. Dover, D. J. Millener and A. Gal, Phys. Rept. 184 (1989) 1. [2] E. Oset, P. Fernandez de Cordoba, L. L. Salcedo and R. Brockmann, Phys.

Rept. 188 (1990) 79; E. Oset and A. Ramos, Prog. Part. Nucl. Phys. 41 (1998) 191.

[3] W. M. Alberico and G. Garbarino, Phys. Rept. 369 (2002) 1. [4] A. Gal, Acta Phys. Polon. B 35 (2004) 991.

[5] O. Hashimoto, Prepared for APCTP Workshop on Strangeness in Nuclear Physics (SNP 99), Seoul, Korea, 19-22 Feb 1999.

[6] K. Itonaga, T. Ueda and T. Motoba, Phys. Rev. C 65 (2002) 034617. [7] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91 (2003) 012002. [8] G. A. Miller, Phys. Rev. C 70 (2004) 022202. [9] H. C. Kim, C. H. Lee and H. J. Lee, arXiv:hep-ph/0402141. [10] D. Cabrera, Q. B. Li, V. K. Magas, E. Oset and M. J. Vicente Vacas, arXiv:nucl-th/0407007.

[11] D. Cabrera, Q. B. Li, V. K. Magas, E. Oset and M. J. Vicente Vacas, To appear in the Proceedings of PENTAQUARK’04, arXiv:nucl-th/0410056.

[12] H. Shen and H. Toki, arXiv:nucl-th/0410072.

[13] T. Hyodo, F. Llanes-Estrada, E. Oset, J.R. Pelaez, A. Hosaka and M. J.

Vicente Vacas, in preparation.

[14] N. Kaiser, T. Waas and W. Weise, Nucl. Phys. A 612 (1997) 297. [15] E. Oset and A. Ramos, Nucl. Phys. A 679 (2001) 616. [16] D. Cabrera and M. J. Vicente Vacas, Phys. Rev. C 67 (2003) 045203. [17] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359 (1997) 305.

[18] S. Eidelman et al., Phys. Lett. B 592 (2004) 1. [19] E. Oset, H. Toki and W. Weise, Phys. Rept. 83 (1982) 281. [20] H. C. Chiang, E. Oset and M. J. Vicente Vacas, Nucl. Phys. A 644 (1998) 77. [21] D. Cabrera and M. J. Vicente Vacas, Phys. Rev. C 69 (2004) 065204. [22] W. R. Gibbs, arXiv:nucl-th/0405024.

[23] A. Sibirtsev, J. Haidenbauer, S. Krewald and U. G. Meissner, arXiv:hep-ph/0405099.

[24] H. Nagahiro, S. Hirenzaki, E. Oset and M. J. Vicente Vacas, arXiv:nucl-th/0408002.