arXiv:1103.1700v1 [nucl-th] 9 Mar 2011

Exotics from Heavy Ion Collisions

Akira Ohnishi^∗, Sungtae Cho^†, Takenori Furumoto^{∗,∗∗}, Tetsuo Hyodo^‡, Daisuke Jido^∗, Che Ming Ko^§, Su Houng Lee^{†,∗}, Marina Nielsen^¶, Takayasu Sekihara^{∗,‖}, Shigehiro Yasui^{††} and Koichi Yazaki^{∗,∗∗}

∗Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan †Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea ∗∗RIKEN Nishina Center, Hirosawa 2-1, Wako, Saitama 351-0198, Japan ‡Department of Physics, Tokyo Institute of Technology, Meguro 152-8551, Japan §Cyclotron Inst. and Dep. of Physics and Astronomy, Texas A&M Univ., Texas 77843, U.S.A. ¶Instituto de Física, Universidade de São Paulo, C.P. 66318, 05389-970 São Paulo, SP, Brazil ‖Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan ††Institute of Particle and Nuclear Studies, KEK, Ibaraki 305-0801, Japan

(ExHIC Collaboration)

Abstract. Discriminating hadronic molecular and multi-quark states is a long standing problem in hadronic physics. We propose here to utilize relativistic heavy ion collisions to resolve this problem, as exotic hadron yields are expected to be strongly affected by their structures. Using the coalescence model, we find that the exotic hadron yield relative to the statistical model result is typically an order of magnitude smaller for a compact multi-quark state, and larger by a factor of two or more for a loosely bound hadronic molecule. We further find that some of the newly proposed heavy exotic states could be produced and realistically measured at RHIC and LHC.

Keywords: Exotic hadrons, multi-quark state, hadronic molecule, high energy heavy ion collisions, coalescence model, statistical model PACS: 14.40.Rt,24.10.Pa,25.75.Dw

We are now in a new stage of hadron physics, where various exotic hadron candidates have been discovered starting from a penta-quark state Θ^+(1530) [1] and tetra-quark states, D_{sJ}(2317) [2] and X(3872) [3]. We cannot properly explain these states within the simple quark model, then multi-quark and/or hadronic molecule components would be expected. An important aspect of exotic hadron physics thus involves the discrimination between a compact multi-quark configuration and a loosely bound molecular configuration. We have recently found that hadron yields in relativistic heavy ion collisions could provide useful information to address this question [4]. The hadron yield in the coalescence model relative to the statistical model result is found to be smaller in a compact multi-quark configuration because of the suppressed coalescence probability from additional quarks, and larger in a loosely bound hadronic molecule state because of the large size in which constituent hadrons can coalesce.

In the statistical model, the number of produced hadrons of a given type h per unit rapidity is given by [5]

N^{stat}_h =V_H g_h 2π^2 ∫ ∞ 0 p^2d p γ^{−1}_h e^{(Eh−BhμB−Sh μS)/TH} ± 1

, (1)

where g_h, γ_h, B_h, S_h are, respectively, the degeneracy, fugacity, baryon number and strangeness of the hadron. Following the expanding fire-cylinder model [6] for central Au+Au collisions at √ s_{NN} = 200 GeV at RHIC, the volume, temperature, and baryon and strangeness chemical potentials of the source at statistical hadron production are taken to be V_H = 1908 fm^3,T_H = 175 MeV, μ_B = 20 MeV and μ_S = 10 MeV, respectively. The fugacity γ_c = 6.40 is introduced for c and c̄ quarks, to reproduce the expected total charm quark number N_c = 3.

In the coalescence model [6, 7], the hadron yield of type h containing n constituents at mid-rapidity is obtained using harmonic oscillator (Gaussian) wave functions as,

N^{coal}_h ≃g_h n ∏_{j=1}^{N j}_{g j}^{n−1}∏_{i=1}^{(4πσ 2i )3/2}

V (1 + 2μ_iT σ^2_i ) [ 4μ_iT σ^2_i 3(1 + 2μ_iT σ^2_i )

]_{li} , (2)

where N_j (g_j) is the number (degeneracy) of the j-th constituent, μ_i (l_i) is the reduced mass (orbital angular momentum) for the i-th Jacobi coordinate, and σ_i = 1/ √ μ_iω with ω being the oscillator frequency. Taking the quark numbers N_u = N_d = 245 and N_s = 150 at hadronization (T = 175 MeV,V = 1000 fm^3) for RHIC [6], we find that the addition of a s(p)-wave quark leads to the coalescence factor of 0.360 (0.093). Hadrons with more constituents or finite orbital angular momentum [8] are hence suppressed. By fitting the reference normal hadron yields (such as ρ, Λ(1115) or Λ_c(2286)) in the statistical model, we fix ω = 550,519(385) MeV for hadrons composed of light quarks, and light and strange (charm) quarks, respectively. Weakly bound hadronic molecules are assumed to be formed at the kinetic freezeout point (T_F = 125 MeV, V_F = 11322 fm^3). For a two-body s-wave hadronic molecule state, ω is determined from the radius (ω = 3/(2μ_R⟨r^2⟩)) or the binding energy (ω = 6 × B.E.).

We show the list of hadrons considered here in Table 1, including the proposed states, T^1_{cc} [9, 10], Z^+(4430) [11], K̄KN[12], D̄N and D̄NN [13], Θ_{cs} [14], H [15], K̄NN[16], ΩΩ [17], and H^{++}_c [10]. In Fig. 1, we show the ratio R_h = N^{coal}_h /N^{stat}_h between the yields in the coalescence and statistical models. The grey band (0.2 < R_h < 2) covers the normal hadron ratios with 2q and 3q (open triangles), including the cryptoexotic hadrons with usual 2q/3q configurations. The ratio is below the normal band (R_h < 0.2) for a compact multi-quark configuration (diamonds). In particular, for light multi-quark configurations such as the tetraquark configurations of f_0(980) and a_0(980), the ratios are an order of magnitude smaller than those of normal hadrons or molecular configurations. This is consistent with a naive expectation that the probability to combine n-quarks into a compact region is suppressed as n increases. This suppression also applies to 5q states in multi-quark hadrons (Λ(1405), Θ^+(1530) and K̄KN) and the 8q state in K̄NN. The ratios obtained by assuming hadronic molecular configurations (circles) are found to lie mostly above the normal band (R_h > 2). Moreover, these ratios depend on the size of the hadronic molecule; loosely bound extended molecules with larger size would be formed more abundantly. For Λ(1405) as an example, we find R_h = 1.1 for a small size (ω = 174 MeV) obtained from the relation between the binding energy and ω, while a coupled channel analysis [18] gives a larger ⟨r^2⟩ and hence a small ω (= 20.5 MeV), leading thus to a larger R_h = 4.9.

We conclude from the above discussions that the yield of a hadron in relativistic heavy ion collisions reflects its structure and thus can be used as a new method to discriminate the different pictures for the structures of multi-quark hadrons. Indeed, based on the

TABLE 1. Quantum numbers, configurations, and oscillator frequencies in hadronic molecule configurations for exotics discussed in this proceedings. The undetermined quantum numbers, un-established particles, newly predicted particles, and p-wave coalescence configurations are marked by^{∗)},^{‡)},^{†)}, and (p) respectively. For hadron molecules, ω_{Mol.} is fixed by the binding energy of hadrons (B), the interhadron distances (R), or the same as that for the subsystem (T). m and ω_{Mol.} are given in the unit of MeV.

Particle m I Jπ 2q/3q/6q 4q/5q/8q Mol. ω_{Mol.}

f_0(980) 980 0 0+ qq̄,ss̄ (p) qq̄ss̄ KK̄ 67.8(B) a_0(980) 980 1 0+ qq̄ (p) qq̄ss̄ KK̄ 67.8(B) D_s(2317) 2317 0 0+ cs̄ (p) qq̄cs̄ DK 273(B) T^1_{cc}^{†)} 3797 0 1+ − qqc̄c̄ D̄D̄^∗ 476(B) X(3872) 3872 0 1+^{∗)} − qq̄cc̄ D̄D^∗ 3.6(B) Z^+(4430)^{‡)} 4430 1 0−^{∗)} − qq̄cc̄ (p) D_1D̄^∗ 13.5(B)

Λ(1405) 1405 0 1/2− qqs (p) qqqsq̄ K̄N 20.5(R)-174(B) Θ^+(1530)^{‡)} 1530 0 1/2+^{∗)} − qqqqs̄ (p) − − K̄KN^{†)} 1920 1/2 1/2+ − qqqss̄ (p) K̄KN 42(R) D̄N^{†)} 2790 0 1/2− − qqqqc̄ D̄N − Θ_{cs}^{†)} 2980 1/2 1/2+ − qqqsc̄ (p) − 6.48(R)

H^{†)} 2245 0 0+ qqqqss − ΞN 73.2(B) K̄NN^{‡)} 2352 1/2 0−^{∗)} qqqqqs (p) qqqqqqsq̄ K̄NN 20.5-174(T) ΩΩ^{†)} 3228 0 0+ ssssss − ΩΩ 98.8(R) H^{++}_c^{†)} 3377 1 0+ qqqqsc − Ξ_cN 187(B) D̄NN^{†)} 3734 1/2 0− − qqqqqqqc̄ D̄NN 6.48(T)

ratio f_0(980)/ρ^0 ∼ 0.2 from the preliminary measurement of the STAR Collaboration at RHIC [19] and the statistical model prediction ρ^0 = 42, we find the number f_0(980) ∼ 8. This is enhanced from the statistical model result (∼ 5.6). Comparing with the coalescence model results (3.8, 0.73, 0.10, 13 for qq̄,ss̄,qq̄ss̄,KK̄), the measured yield is consistent with the picture that the f_0(980) has substantial KK̄ components, and a pure tetraquark configuration can be ruled out for its structure. Further experimental effort to reduce the error is therefore highly desirable in understanding the structure of f_0(980) and to put an end to this highly controversial issue. Similarly, efforts to measure the yields of other hadrons and newly proposed exotic states listed in Table 1 will provide new insights to a long standing challenge in hadron physics.

ACKNOWLEDGMENTS

This work was initiated at the workshop on "Exotics from Heavy Ion Collisions", at the Yukawa Institute of Theoretical Physics. This work was supported in part by the Korean BK21 Program and KRF-2006-C00011, KAKENHI (Nos. 21840026, 22105507 and 22- 3389, 21105006 and 22105514), the global COE programs (Kyoto U. and Tokyo Inst. of Tech.) from MEXT, the U.S. National Science Foundation under Grant No. PHY- 0758115, the Welch Foundation under Grant No. A-1358, and the CNPq and FAPESP.

FIGURE 1. (Color online) Multi-quark hadron production at RHIC in the coalescence model relative to the statistical model. The patterns also holds for LHC as freezeout conditions are similar to that of RHIC.

REFERENCES

1. T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003). 2. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 90, 242001 (2003). 3. S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003). 4. S. Cho et al. [ ExHIC Collaboration ], arXiv:1011.0852 [nucl-th]. 5. A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 772, 167 (2006). 6. L. W. Chen, et al. Phys. Lett. B 601, 34 (2004).

7. H. Sato and K. Yazaki, Phys. Lett. B 98, 153 (1981); R. C. Hwa and C. B. Yang, Phys. Rev. C 67, 064902 (2003); V. Greco, C. M. Ko and P. Levai, Phys. Rev. Lett. 90, 202302 (2003); R. J. Fries et al., Phys. Rev. Lett. 90, 202303 (2003); L. W. Chen and C. M. Ko, Phys. Rev. C 73, 044903 (2006).

8. Y. Kanada-En’yo and B. Muller, Phys. Rev. C 74, 061901 (2006). 9. S. Zouzou, B. Silvestre-Brac, C. Gignoux and J. M. Richard, Z. Phys. C 30, 457 (1986). 10. S. H. Lee and S. Yasui, Eur. Phys. J. C 64, 283 (2009). 11. K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 100, 142001 (2008). 12. D. Jido and Y. Kanada-En’yo, Phys. Rev. C 78, 035203 (2008). 13. S. Yasui and K. Sudoh, Phys. Rev. D 80, 034008 (2009). 14. H. J. Lipkin, Phys. Lett. B 195, 484 (1987).

15. R. L. Jaffe, Phys. Rev. Lett. 38, 195 (1977) [Erratum-ibid. 38, 617 (1977)]. 16. Y. Akaishi and T. Yamazaki, Phys. Rev. C 65, 044005 (2002).

17. Z. Y. Zhang et al., Phys. Rev. C 61, 065204 (2000); S. Pal, C. M. Ko and Z. Y. Zhang, Phys. Lett. B 624, 210 (2005).

18. D. Jido el al. Nucl. Phys. A 725, 181 (2003); T. Hyodo and W. Weise, Phys. Rev. C 77, 035204 (2008); T. Sekihara, T. Hyodo and D. Jido, Phys. Lett. B 669, 133 (2008); arXiv:1012.3232 [nucl-th].

19. P. Fachini [STAR Collaboration], Nucl. Phys. A 715, 462 (2003); Nucl. Phys. A830, 837C (2009).