arXiv:hep-ph/0402141 v4 11 Mar 2005

Pentaquark Θ^+ Mass and Width in Dense Matter

Hyun-Chul Kim,^{1, ∗} Chang-Hwan Lee,^{1, †} and Hee-Jung Lee^{1, 2, ‡} 1Department of Physics and Nuclear Physics & Radiation Technology Institute (NuRI), Pusan National University, 609-735 Busan, Republic of Korea 2Departament de Física Teòrica, Universitat de València, E-46100 Burjassot (València), Spain (Received December 2004)

Abstract

We investigate medium modifications of the pentaquark Θ^+ in dense medium, taking into account different parities of the exotic Θ^+ baryon. We find that the chemical potential of the Θ^+ is shifted in a density-dependent way to one-loop order. We also investigated the effect of the scaled nucleon mass in dense medium on the Θ^+ propagator. The results turn out to depend sensitively on the scaled nucleon mass and on the parity of the Θ^+.

PACS numbers: 12.40.-y, 14.20.Dh Keywords: Pentaquark Θ^+, Dense matter, Heavy ion collision

∗Electronic address: hchkim@pusan.ac.kr †Electronic address: clee@pusan.ac.kr ‡Electronic address: Heejung.Lee@vu.es

Since the discovery of the pentaquark (uudds̄) baryon Θ^+ [1, 2, 3, 4, 5, 6], which was motivated by the work of Diakonov et al. [7], its properties [8, 9, 10, 11, 12, 13, 14] and production mechanism [15] have been extensively investigated. The unique feature of the Θ^+ lies in its small mass (1540 MeV) and very narrow width (< 25 MeV), which is shared by the recently found pentaquark state Ξ_{3/2} [16]. Since the Θ^+ is known to decay into a neutron and a K^+, its strangeness must be +1 [1]. The isospin of the Θ^+ is concluded to be zero [5, 6]. However, its spin and parity have not been measured experimentally yet. In spite of the great amount of theoretical work on the Θ^+, there is no agreement on its spin and parity. For example, chiral models advocate a positive parity for the Θ^+ [10] whereas lattice quantum chromodynamics (QCD) and the QCD sum rule claim that its parity should be negative [13, 14].

Recent works on the Θ^+ have concentrated on how to determine its parity [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. In particular, Thomas et al. [18] have put forward an unambiguous method to determine the parity of the Θ^+ via polarized proton-proton scattering at and just above the threshold of the Θ^+ and Σ^+: If the parity of Θ^+ is positive, the reaction is allowed at the threshold region only when the spin of two protons is S = 0. On the other hand, if the parity is negative, the reaction is allowed only when S = 1. Hanhart et al. [19] extended the work of Thomas et al. [18] to determine the parity of the Θ^+, asserting that the sign of the spin correlation function A_{xx} agrees with the parity of the Θ^+ near threshold. Similarly, Rekalo and Tomasi-Gustafsson [27] proposed methods for pinning down its parity via a measurement of the spin correlation coefficients in three different reactions, i.e., pn → ΛΘ^+, pp → Σ^+Θ^+, and pp → π^+ΛΘ^+. Nam et al. [23, 24] found the cross sections for the NN → ΘY with the positive-parity Θ^+ to be approximately ten times larger than those with the negative-parity one. A similar tendency was found in the photoproduction of the Θ^+ [17, 25, 28]. Hence, it is of great importance to understand how the mass and the width of the Θ^+ can be changed in a medium when its two different parities are considered.

There are many indications that the fundamental properties of hadrons, e.g., masses of hadrons, are modified in a medium. Dilepton experiments at Gesellschaft für Schwerionenforschung (GSI) showed a clear signature of dropping ρ masses [29] even though some controversial arguments still remain [30]. Recent experiments in relativistic heavy-ion collisions give stronger support for the dropping masses of hadrons [31, 32]. The mass shifts of hadrons also play an essential role in understanding neutron stars [33, 34, 35], e.g., the masses and the sizes of neutron stars, and the cooling history of young neutron stars [36].

Recent studies of the Θ^+ in the context of heavy-ion collisions suggest that the Θ^+ yield may provide information on the early stage of a heavy-ion collision due to its weak interaction with other hadrons produced in the course of the collision [37]. In this regard, it is of great importance to understand how the Θ^+ is modified in dense matter.

Our aim in this work is to investigate medium modifications of the Θ^+ baryon, focusing on the parity of the Θ^+. We will demonstrate how changes of its chemical potential in dense matter depend on its parity. We will also investigate the effect of scaled nucleon masses in dense medium.

We begin by introducing the effective Lagrangian for nΘK coupling [28]: L_{nΘK} = − g^⋆_A 2f_π Θ̄γ_μγ_5 (∂^μK^+n − ∂^μK^0p) + h.c., (1)

where g^⋆_A denotes the pseudo-vector coupling constant for the nΘK vertex. Here, positive parity of the Θ^+ is assumed. Since the parity of the Θ^+ has not been determined yet from

FIG. 1: Density dependent self energy contribution to the Θ^+ propagator. The baryon line p, n indicates the density dependent propagator of baryons in symmetric nuclear matter.

experiments, we also need to consider the Lagrangian for a negative-parity Θ^+ in which there is no iγ_5 in the vertex. For numerical estimates, we used g^⋆_A = 0.28 for positive parity and g^⋆_A = 0.16 for negative parity. These coupling constants are fixed to reproduce the decay width Γ_Θ+ = 15 MeV. The nucleon propagator in a dense medium with the Fermi momentum k_F can be written as [38]

G^0_{αβ} = (γ_μk^μ + M)_{αβ} [ 1 k^2_λ − M^2 + iϵ + iπ E^0(k) δ ( k^0 − E^0(k) ) θ(k_F − |⃗k|) ]

= G^0_F (k)_{αβ} + G^0_D(k)_{αβ} , (2)

where E^0(k) = √ ⃗k2 + M 2, G0_F (k) indicates the nucleon propagator in free space and G0_D (k) indicates the density-dependent part of the propagator. For simplicity, we consider symmetric nuclear matter. Note that the density is given as

ρ_N = γ 6π^2 k^3_F (3)

with a degeneracy γ = 4 for symmetric nuclear matter. We assume that the kaon propagator in dense matter becomes

Δ^0_K (k) = 1 k^2_μ − m^2_K + iϵ

, (4)

where m_K is the kaon mass in free space. There are many experimental and theoretical indications that the effective masses of baryons and mesons change in a medium. To be more consistent, one may have to consider the density-dependent nucleon and kaon properties. However, since we cannot treat them self-consistently in our analysis and since our aim is to understand how the properties of Θ^+ change in a medium, we take the free-space nucleon and kaon masses as a first-order approximation. Later, we consider the density-dependent nucleon mass as a second approximation.

The density-dependent part of the Θ self-energy can be obtained by considering the contribution of G^0_D (k) to the diagram in Fig. 1:

Σ(p) = 1 i i^4 (2π)^4 | | | | g^⋆_A 2f_π | | | | 2 ∫ d^4k [ (p/ − k/)γ_5Δ^0_K (p − k)G^0_D(k)γ_5(p/ − k/) ] = Σ^s(p) − γ^0Σ^0(p) + ⃗γ · ⃗p Σ^v (p), (5)

where p is the incident momentum of the Θ, and k stands for the loop momentum carried by the nucleon in the medium. The Θ^+ propagator in the medium is modified as G(p) = 1 γ^0(p_0 + Σ^0) − ⃗γ · ⃗p(1 + Σ^v) − (M_Θ + Σ^s) + iϵ

, (6)

FIG. 2: Shifts in the chemical potential of Θ^+ in symmetric nuclear matter. The solid curve is for positive parity Θ^+ whereas the dot-dashed curve is for negative parity Θ^+.

where M_Θ is the Θ^+ mass in free space. The chemical potential p_0 of the Θ^+ can be obtained by solving the equation ( p_0 + Σ^0(p)

)_2 − |⃗p|^2(1 + Σ^v)^2 − (M_Θ + Σ^s(p))^2 = 0. (7)

In the case of the negative-parity Θ^+, we obtain a similar expression with one opposite sign in Σ^s(p) due to the absence of iγ_5 in the Lagrangian.

In order to estimate the chemical potential in the rest frame of Θ^+, we consider ⃗p = 0. There are both real and imaginary parts in the density-dependent self-energy. However, since the imaginary part is very small compared to the Θ^+ mass in the medium, one can treat the real and the imaginary parts separately in the first approximation. Then, the chemical potential can be obtained from the linear equation

p^±_0 = M_Θ + Re( ± Σ^s(p_0) − Σ^0(p_0)), (8)

where the superscript ± indicates the parity of the Θ^+ in the Lagrangian. The contribution to the decay width can also be obtained in this order by

Γ^±(p_0) = 2 × Im( ± Σ^s(p_0) − Σ^0(p_0)), (9)

where p_0 is the solution of Eq. (8). However, since the phase space for Θ^+ → KN disappears beyond k_F ≈ 260 MeV, detailed investigations of the decay width are not required. Thus, we will concentrate on the effective masses in this work.

FIG. 3: Shift in the chemical potential of the Θ^+ in symmetric nuclear matter with scaled nucleon masses. When the reduced nucleon effective mass is applied, the kink disappear, and the shift shows a monotonic behavior. The notations are the same as in Fig. 2

In Fig. 2, the shifts ΔM in the chemical potential of Θ^+ in a medium are summarized in the solid curve for the positive-parity Θ^+ and the dot-dashed curve for the negative-parity one. In some k_F region, there is more than factor of two difference between the positive and the negative parity states.

In the previous section, we obtained the density-dependent results in the first approximation where there are no shifts in the nucleon and the kaon masses. However, the effective masses of nucleons and kaons are well known to change in a medium. In order to investigate the effects of these density-dependent masses, one has to solve the equation of state for the nucleon more consistently. However, since our goal is to see the properties of the Θ^+ not the nucleon itself, we test the possible effects of the density-dependent nucleon mass by considering its simple scaling in Eqs. (8) and (9):

M^⋆_N = 1 1 + 0.23ρ/ρ_0

M_N . (10)

The scaling for the kaon is rather uncertain, so we have assumed the kaon mass to be constant in our estimate drawn in Fig. 3. The kinks in Fig. 2 disappear when the nucleon mass is scaled, and the shift of the Θ^+ mass turns out to be monotonic. Note that the parity inverts the sign in the mass shifts as k_F increases because the pole (when M_Θ = E_N + E_K ) disappears due to the reduced nucleon mass.

In this letter, we investigated the medium modification of the Θ^+ chemical potential. We also investigated the effects of the density-dependent nucleon masses. We found that the contributions to the chemical potential were very sensitive to the scaled nucleon mass and the parity of the Θ^+. While we considered the KN one-loop diagrams only, possible contributions of particle-hole diagrams, such as Y h and Y^∗h, may not be negligible in describing the medium modification of the Θ^+ [39].

Most of the Θ^+ produced in a dense medium will decay outside of the fireball due to the very narrow decay width. Thus, the change in the chemical potential may not be easily detected in experiments. Furthermore, current experiments cannot provide good enough statistics for the Θ^+ production, at the moment; thus, it may be hard to obtain meaningful information on the parity from Θ^+ production in heavy ion collisions. However, if the momentum of the Θ^+ is small enough, its medium modification may be detected. For example, the Θ^+ produced via π + N → Θ^+ + K near threshold can have a small momentum [40]. In that case, the Θ^+ may be bound inside the nuclei. A recent study [39] supports a possible bound of the Θ^+ inside light and medium nuclei. Hence, we believe that the present investigation will provide a guideline for future experiments and for related theories.

We would like to thank H. Kim (Yonsei Univ., Korea), J. K. Ahn (Pusan Nat’l Univ., Korea & Laser Electron Photon Experiment at SPring-8) and I. K. Yoo (Pusan Nat’l Univ., Korea & NA49 Collaboration at CERN) for useful comments and discussions. HChK would like to express his gratitude to A. Hosaka and S. I. Nam for valuable discussions. The work of HChK is supported by a Korea Research Foundation grant (KRF-2003-041-C20067). The work of CHL and HJL is supported by a Korea Research Foundation grant (KRF-2002-070- C00027).

[1] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003) [arXiv:hep-ex/0301020].

[2] V. V. Barmin et al. [DIANA Collaboration], Phys. Atom. Nucl. 66, 1715 (2003) [Yad. Fiz.

66, 1763 (2003)] [arXiv:hep-ex/0304040].

[3] S. Stepanyan et al. [CLAS Collaboration], Phys. Rev. Lett. 91, 252001 (2003) [arXiv:hep-ex/0307018].

[4] V. Kubarovsky et al. [CLAS Collaboration], Phys. Rev. Lett. 92, 032001 (2004) [Erratum-ibid.

92, 049902 (2004)] [arXiv:hep-ex/0311046].

[5] J. Barth et al. [SAPHIR Collaboration], arXiv:hep-ex/0307083.

[6] A. Airapetian et al. [HERMES Collaboration], Phys. Lett. B 585, 213 (2004) [arXiv:hep-ex/0312044].

[7] D. Diakonov, V. Petrov, and M. V. Polyakov, Z. Phys. A 359, 305 (1997) [arXiv:hep-ph/9703373].

[8] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003) [arXiv:hep-ph/0307341];

M. Karliner and H. J. Lipkin, Phys. Lett. B 575, 249 (2003) [arXiv:hep-ph/0402260]; S. Capstick, Ph. R. Page and W. Roberts, Phys. Lett. B570, 185 (2003) [hep-ph/0307019]; E. Shuryak and I. Zahed, Phys. Lett. B 589, 21 (2004) [arXiv:hep-ph/0310270];

[9] Y. Oh, H. Kim, and S. H. Lee, Phys. Rev. D 69, 094009 (2004) [arXiv:hep-ph/0310117]; [10] M. Praszałowicz, talk at Workshop on Skyrmions and Anomalies, editted by M. Jeżabek and M. Praszałowicz, World Scientific 1987, page 112, and Phys. Lett. B575, 234 (2003)

[hep-ph/0308114]; H. Weigel, Eur. Phys. J. A2, 391 (1998) [hep-ph/9804260]; H. Walliser and V. B. Kopeliovich, Nucl. Phys. B660, 156 (2003) [hep-ph/0302013]; A. Hosaka, Phys. Lett. B 571, 55 (2003) [arXiv:hep-ph/0307232]; D. Diakonov and V. Petrov, Phys. Rev. D 69, 056002 (2004) [arXiv:hep-ph/0309203]; H-Ch. Kim and M. Praszalowicz, Phys. Lett. B 585, 99 (2004) [arXiv:hep-ph/0308242].

[11] N. Itzhaki, I. R. Klebanov, P. Ouyang, and L. Rastelli, Nucl. Phys. B 684, 264 (2004) [arXiv:hep-ph/0309305].

[12] D. E. Kahana and S. H. Kahana, Phys. Rev. D 69, 117502 (2004) [arXiv:hep-ph/0310026]. [13] S. L. Zhu, Phys. Rev. Lett. 91, 232002 (2003) [arXiv:hep-ph/0307345]; J. Sugiyama, T. Doi, and M. Oka, hep-ph/0309271.

[14] F. Csikor, Z. Fodor, S. D. Katz, and T. G. Kovacs, JHEP 0311, 070 (2003) [arXiv:hep-lat/0309090]; S. Sasaki, hep-lat/0310014.

[15] Y. Oh, H. Kim, and S. H. Lee, Phys. Rev. D 69, 014009 (2004) [arXiv:hep-ph/0310019];

T. Hyodo, A. Hosaka, and E. Oset, Phys. Lett. B 579, 290 (2004); [16] C. Alt et al. [NA49 Collaboration], arXiv:hep-ex/0310014. [17] K. Nakayama and K. Tsushima, arXiv:hep-ph/0311112. [18] A. W. Thomas, K. Hicks, and A. Hosaka, hep-ph/0312083. [19] C. Hanhart et al., hep-ph/0312236.

[20] Q. Zhao and J. S. Al-Khalili, arXiv:hep-ph/0312348. [21] B. G. Yu, T. K. Choi, and C. R. Ji, arXiv:nucl-th/0312075.

[22] C. E. Carlson, C. D. Carone, H. J. Kwee, and V. Nazaryan, arXiv:hep-ph/0312325. [23] S. I. Nam, A. Hosaka, and H-Ch. Kim, arXiv:hep-ph/0401074. [24] S. I. Nam, A. Hosaka, and H-Ch. Kim, arXiv:hep-ph/0402138. [25] S. I. Nam, A. Hosaka, and H-Ch. Kim, in preparation. [26] T. Mehen and C. Schat, arXiv:hep-ph/0401107. [27] M. P. Rekalo and E. Tomasi-Gustafsson, arXiv:hep-ph/0401162.

[28] S. I. Nam, A. Hosaka, and H-Ch. Kim, Phys. Lett. B 579, 43 (2004) [arXiv:hep-ph/0308313]. [29] G. Q. Li, C. M. Ko, and G. E. Brown, Phys. Rev. Lett. 75, 4007 (1995). [30] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000). [31] E. V. Shuryak and G. E. Brown, Nucl. Phys. A717, 322 (2003). [32] P. F. Kolb and M. Prakash, Phys. Rev. C67, 044902 (2003).

[33] G. Q. Li, C-H. Lee, and G. E. Brown, Phys. Rep. 79, 5214 (1997); Nucl. Phys. A625, 372 (1997).

[34] N. K. Glendenning, Astrophys. J. 293, 470 (1985).

[35] M. J. Savage and M. B. Wise, Phys. Rev. D 53, 349 (1996) [arXiv:hep-ph/9507288]. [36] J. A. Pons, J. A. Miralles, M. Prakash, and J. M. Lattimer, Astrophys. J. 553, 382 (2001). [37] J. Randrup, Phys. Rev. C 68, 031903 (2003) [arXiv:nucl-th/0307042]; L. W. Chen, V. Greco, C. M. Ko, S. H. Lee, and W. Liu, arXiv:nucl-th/0308006; J. Letessier, G. Torrieri, S. Steinke, and J. Rafelski, Phys. Rev. C 68, 061901 (2003) [arXiv:hep-ph/0310188].

[38] J. W. Negele and E. Vogt, Advances in Nuclear Physics (Plenum Press, New York-London, 1986), Vol. 16.

[39] D. Cabrera, Q. B. Li, V. K. Magas, E. Oset, and M. J. Vincente Vacas, arXiv:nucl-th/0407007. [40] J. K. Ahn, a private communication (2004).