arXiv:1105.5472v3 [hep-ph] 13 Sep 2011

Could Z_b(10610) be a B^∗B̄ molecular state?

Jian-Rong Zhang^1, Ming Zhong^{1,2}, and Ming-Qiu Huang^1 1 Department of Physics, National University of Defense Technology, Hunan 410073, China 2 Kavli Institute for Theoretical Physics China, CAS, Beijing 100190, China

Assuming the newly observed structure Z_b(10610) as a bottomonium-like molecular state B^∗B̄, we calculate its mass in the framework of QCD sum rules. The numerical result is 10.54 ± 0.22 GeV for B^∗B̄, which coincide with the mass of Z_b(10610). This consolidates the statement made by Belle Collaboration that the Z_b(10610) resonance could be a B^∗B̄ molecular state.

PACS numbers: 11.55.Hx, 12.38.Lg, 12.39.Mk

I. INTRODUCTION

Very recently, Belle Collaboration observed two narrow structures Z_b(10610) and Z_b(10650) in the π^±Υ(nS) (n = 1, 2, 3) and π^±h_b(mP ) (m = 1, 2) mass spectra that are produced in association with a single charged pion in Υ(5S) decays [1]. The measured masses of the two structures are 10608.4 ± 2.0 MeV and 10653.2 ± 1.5 MeV, respectively. Experimental analysis favors quantum numbers of J^P = 1^+ for both states. As Z_b(10610) and Z_b(10650) are charged, they can not be simple bb̄ combinations. The measured masses of these two new states exceed by only a few MeV the thresholds for the open beauty channels B^∗B̄ and B^∗B̄^∗. They could be interpreted as molecular states and determined by the strong interaction dynamics of B^∗B̄ and B^∗B̄^∗ meson pairs [1–3].

The concepts of molecular states were put forward long ago in [4]. Some of the exotic X, Y, and Z resonances have been described as possible charmonium-like molecular candidates in the literatures since their masses are very close to the meson-meson thresholds. Explicitly, it is interpreted Z^+(4430) as a D^∗D̄_1 molecular state [5], Y (3930) as a D^∗D̄^∗ molecular state [6–8], Y (4140) as a D^∗_sD̄^∗_s molecular state [7, 9], Y (4260) as a χ_cρ^0 [10] or an ωχ_{c1} molecular state [11], X(4350) as a D^∗_s D^∗_{s0} molecular state [12, 13], Y (4274) as a D_sD_{s0}(2317) molecular state [14] etc.. If molecular states can be confirmed, QCD will be further testified and then one will understand QCD low-energy behaviors more deeply.

The newly observed Z_b resonances may open a new window to study molecular states in the bottomonium-like family. Therefore, it is interesting to investigate whether they could be bottomoniumlike molecular candidates. The quantitative description of their properties like masses are helpful for understanding their structures. Unfortunately, quarks are confined inside hadrons in the real world, and the strong interaction dynamics of these states are governed by nonperturbative QCD effect completely. In this work, by assuming Z_b(10610) as a B^∗B̄ molecular state, we calculate the mass of this resonance in the framework of QCD sum rule (QCDSR) method [15], which is a nonperturbative formulation firmly rooted in QCD basic theory and has been used to study some charmonium-like molecular states [16–18]. It is not so straightforward from the meson-meson configuration of fields to construct a B^∗B̄^∗ current with a quantum number of J^P = 1^+. The Z_b(10650) will not be discussed here. Our final numerical result 10.54 ± 0.22 GeV for B^∗B̄ agrees well with the experimental data of Z_b(10610), while the masses of the J^P = 1^+ bb̄qq̄ tetraquark states were found to be around 10.1 ∼ 10.3 GeV in QCDSR [19, 20], which are lower than the measured values of Z_b states. The present work thus favors that the Z_b(10610) resonance could be a B^∗B̄ molecular state rather than a bb̄qq̄ tetraquark state.

The rest of the paper is organized as three parts. We discuss QCD sum rules for the molecular state in Sec. II, where the phenomenological representation and the operator product expansion (OPE) contribution up to dimension six operators for the two-point correlator are derived. The numerical analysis is made in Sec. III. The mass of the B^∗B̄ molecular state is extracted out and found to coincide with the experimental value of Z_b(10610) resonance. The Sec. IV is a short summary and outlook.

II. MOLECULAR STATE QCD SUM RULES

The starting point of the QCD sum rule method is to construct the interpolating current properly and then write down the correlator (for reviews see [21–24] and references therein). The molecular state currents are built up with the color-singlet currents for their composed hadrons. As for B^∗B̄, the current is constructed as

j^μ_{B∗B̄} = (q̄_eγ^μb_e)(b̄_f iγ_5q_f ), (1)

where q indicates the light quark and the subscript e and f are color indices. Note that the current is local and the four field operators act at the same space-time point. It is a limitation inherent in the QCDSR disposal of the hadrons since the bound states are not point particles in a rigorous manner. The current is different from that of tetraquark state which is diquark-antidiquark configuration of fields. These two types of currents can be related to each other by Fiertz rearrangement and differ by color and Dirac factors [25]. It will have a maximum overlap for the molecular state with the meson-meson type current. The masses of the bb̄qq̄ tetraquark states were calculated in QCDSR and found to be around 10.1 ∼ 10.3 GeV in [19], and 10144 ± 106 MeV in [20]. Both of the predicted values for tetraquark states are lower than the Z_b mass. Therefore, it’s hard to accommodate Z_b as tetraquark states.

The two-point correlator is defined as

Π^{μν} (q^2) = i ∫ d^4xe^{iq.x}⟨0|T [j^μ_{B∗B̄} (x)j^{ν+}_{B∗B̄} (0)]|0⟩. (2) Lorentz covariance implies that it can be generally parameterized as

Π^{μν} (q^2) = ( q^μq^ν q^2

− g^{μν} )Π^{(1)}(q^2) + q^μq^ν q^2

Π^{(0)}(q^2). (3)

The term proportional to g_{μν} will be chosen to extract the mass sum rule. In phenomenology, Π^{(1)}(q^2) can be expressed as

Π^{(1)}(q^2) =

[λ^{(1)}]^2 M^2_{B∗B̄} − q^2 + 1 π ∫_∞ s_0 ds ImΠ^{(1)}phen(s) s − q^2 , (4)

where M_B∗¯_B denotes the mass of the B^∗B̄ resonance, s_0 is the threshold parameter, and λ^{(1)} gives the coupling of the current to the hadron ⟨0|j^μ_{B∗B̄} |B^∗B̄⟩ = λ^{(1)}ϵ^μ. In the OPE side, Π^{(1)}(q^2) can be written as

Π^{(1)}(q^2) = ∫_∞ 4m^2_b ds ρOPE(s) s − q^2 , (5)

where the spectral density is ρOPE(s) =^1_π ImΠ(1)(s). Applying quark-hadron duality and making a Borel transform, we have the sum rule from Eqs. (4) and (5)

[λ^{(1)}]^2e^{−M 2B∗B̄ /M 2} = ∫_{s0} 4m^2_b dsρOPE(s)e^{−s/M 2} , (6) with M^2 the Borel parameter. Making the derivative in terms of M^2 to the sum rule and then dividing by itself, we have the mass of the B^∗B̄ state

M^2_{B∗B̄} = ∫_{s0} 4m^2_b dsρOPEse^{−s/M 2} / ∫_{s0} 4m^2_b dsρOPEe^{−s/M 2} . (7) For the OPE calculations, we work at leading order in α_s and considers condensates up to dimension six, with the similar techniques developed in [26]. To keep the heavy-quark mass finite, the momentum-space expression for the heavy-quark propagator and the expressions with two and three gluons attached are used [27]. The light-quark part of the correlation function is calculated in the coordinate space and then Fourier-transformed to the momentum space in D dimension. The resulting light-quark part is combined with the heavy-quark part before it is dimensionally regularized at D = 4. The spectral density can be written as ρOPE(s) = ρpert(s) + ρ^{⟨q̄q⟩}(s) + ρ^{⟨q̄q⟩2} (s) + ρ^{⟨gq̄σ·Gq⟩}(s) + ρ^{⟨g2 G2⟩}(s) + ρ^{⟨g3 G3⟩}(s), (8) where ρpert, ρ^{⟨q̄q⟩}, ρ^{⟨q̄q⟩2} , ρ^{⟨gq̄σ·Gq⟩}, ρ^{⟨g2G2⟩}, and ρ^{⟨g3 G3⟩} are the perturbative, quark condensate, fourquark condensate, mixed condensate, two-gluon condensate, and three-gluon condensate spectral densities, respectively. They are

ρpert(s) = 3 2^{12}π^6 ∫_{αmax} α_{min} dα α^3 ∫_{1−α} β_{min} dβ β^3

(1 − α − β)(1 + α + β)r(m_b, s)^4, ρ^{⟨q̄q⟩}(s) = − 3⟨q̄q⟩ 2^7π^4 m_b ∫_{αmax} α_{min} dα α^2 ∫_{1−α} β_{min} dβ β (1 + α + β)r(m_b, s)^2, ρ^{⟨q̄q⟩2} (s) = κ ⟨q̄q⟩^2 2^4π^2 m^2_b √ 1 − 4m^2_b /s, ρ^{⟨gq̄σ·Gq⟩}(s) = 3⟨gq̄σ · Gq⟩ 2^8π^4 m_b ∫_{αmax} α_{min} dα { ∫_{1−α} β_{min} dβ β r(m_b, s) − 2 1 − α [m^2_b − α(1 − α)s] } , ρ^{⟨g2 G2⟩}(s) = ⟨g^2G^2⟩ 2^{11}π^6 m^2_b ∫_{αmax} α_{min} dα α^3 ∫_{1−α} β_{min} dβ(1 − α − β)(1 + α + β)r(m_b, s), ρ^{⟨g3 G3⟩}(s) = ⟨g^3G^3⟩ 2^{13}π^6 ∫_{αmax} α_{min} dα α^3 ∫_{1−α} β_{min} dβ(1 − α − β)(1 + α + β)[r(m_b, s) + 2m^2_b β],

with r(m_b, s) = (α + β)m^2_b − αβs. The integration limits are given by α_{min} = ( 1 − √ 1 − 4m^2_b /s ) /2, α_{max} = ( 1+ √ 1 − 4m^2_b /s ) /2 and β_{min} = αm^2_b /(sα−m^2_b ). We have applied ⟨qq̄qq̄⟩ = κ⟨qq̄⟩^2 to estimate the four-quark condensate, where the parameter κ is introduced to account for deviation from the factorization hypothesis [22].

III. NUMERICAL ANALYSIS

In this section, the Eq.(7) will be numerically analyzed. The b quark mass is taken as m_b = 4.20^{+0.17}_{−0.07} GeV [28]. The condensates are ⟨q̄q⟩ = −(0.23 ± 0.03)^3 GeV^3, ⟨gq̄σ · Gq⟩ = m^2_0 ⟨q̄q⟩, m^2_0 = 0.8 GeV^2, ⟨g^2G^2⟩ = 0.88 GeV^4, and ⟨g^3G^3⟩ = 0.045 GeV^6 [22, 26]. In the QCDSR approach, there is approximation in the OPE of the correlation function, and there is a very complicated and largely unknown structure of the hadronic dispersion integral in the phenomenological side. Therefore, the match of the two sides is not independent of M^2. One expects that there exists a range of M^2, in which the two sides have a good overlap and the sum rule can work well. In practice, one can analyse the convergence in the OPE side and the pole contribution dominance in the phenomenological side to determine the allowed Borel window: on one hand, the lower constraint for M^2 is obtained by the consideration that the perturbative contributions should be larger than the condensate contributions, so that the convergence of the OPE is under control and the higher dimension terms can be safely ignored; on the other hand, the upper limit for M^2 is obtained by the restriction that the pole contributions should be larger than the continuum state contributions, so as to guarantee that the contributions from high resonance states and continuum states remains a small part in the phenomenological side. Meanwhile, the threshold parameter √ s_0 is not completely arbitrary but characterizes the beginning of the continuum states. The energy gap between the groundstate and the first excitation is around 500 MeV in many cases of nucleons or charmonium-like states. Whereas,

FIG. 1: The phenomenological contribution in sum rule (6) for √ s0 = 11.4 GeV. The solid line is the relative pole contribution (the pole contribution divided by the total, pole plus continuum contribution) as a function of M^2 and the dashed line is the relative continuum contribution.

this may not be always straightforwardly generalized to the bottomonium-like states since their absolute masses are much larger than masses of nucleons or charmonium-like states. One should consider whether there is a proper region of Borel parameter M^2 for a fixing √ s_0, or whether one could find a working window for the sum rule. On all accounts, it is expected that the two sides have a good overlap in the determined work window and information on the resonance can be safely extracted.

Firstly, we take the factorization hypothesis of the four-quark condensate ⟨qq̄qq̄⟩ = κ⟨qq̄⟩^2 with κ = 1. The comparison between pole and continuum contributions of sum rule (6) as a function of the Borel parameter M^2 for the threshold value √ s_0 = 11.4 GeV is shown in FIG. 1. Its OPE convergence by comparing the perturbative, quark condensate, four-quark condensate, mixed condensate, two-gluon condensate, and three-gluon condensate contributions as a function of M^2 is shown in FIG. 2. The ratio of perturbative contributions to the total OPE contributions at M^2 = 9.0 GeV^2 is nearly 58% and it increases with M^2. Thus the perturbative contributions will dominate in the total OPE contributions when M^2 ≥ 9.0 GeV^2. On the other hand, the relative pole contribution is approximate to 50% at M^2 = 10.5 GeV^2 and it decreases with M^2. In order to guarantee that the pole contribution can dominate in the total contributions, we have the value M^2 ≤ 10.5 GeV^2. Thus, the range of M^2 for B^∗B̄ is taken as M^2 = 9.0 ∼ 10.5 GeV^2 for √ s_0 = 11.4 GeV. Similarly, the proper range of M^2 is 9.0 ∼ 9.8 GeV^2 for √ s_0 = 11.2 GeV, and 9.0 ∼ 11.2 GeV^2 for √ s_0 = 11.6 GeV. We see that the corresponding Borel parameter range is M^2 = 9.0 ∼ 9.1 GeV^2 for √ s_0 = 11.0 GeV, and M^2 = 9.0 ∼ 9.4 GeV^2 for √ s_0 = 11.1 GeV, which are very narrow as working windows. Therefore, the threshold parameter √ s_0 is taken as 11.2 ∼ 11.6 GeV.

The mass of B^∗B̄ is numerically calculated to be 10.56 ± 0.18 GeV and shown in FIG. 3.

The coupling constant λ^{(1)} between current and the particle is calculated from Eq.(6) in the same working windows. We arrive at λ^{(1)} = 0.27 ± 0.07 GeV^5. The equivalent quantity of the tetraquark current is 0.09 ∼ 0.11 GeV^5 in [20]. The coupling constant λ^{(1)} is roughly three times as large as the one of the tetraquark current and the meson-meson molecular current has a larger overlap with the Z_b state in comparison to the diquark-antidiquark tetraquark current.

To investigate the effect of the factorization breaking, we assume that ⟨qq̄qq̄⟩ = κ⟨qq̄⟩^2 with κ = 2. From the similar analysis process, the corresponding working windows are taken as: M^2 = 9.0 ∼ 9.9 GeV^2 for √ s_0 = 11.2 GeV, M^2 = 9.0 ∼ 10.6 GeV^2 for √ s_0 = 11.4 GeV, and M^2 = 9.0 ∼ 11.4 GeV^2 for √ s_0 = 11.6 GeV. We extract the mass value 10.52 ± 0.21 GeV. Finally, we average two results for κ = 1, 2 and arrive at the mass value 10.54 ± 0.22 GeV for B^∗B̄, which agrees with the experimental value 10608.4 ± 2.0 MeV for Z_b(10610).

FIG. 2: The OPE contribution in sum rule (6) for √ s0 = 11.4 GeV. The OPE convergence is shown by comparing the perturbative, quark condensate, four-quark condensate, mixed condensate, two-gluon condensate, and threegluon condensate contributions.

FIG. 3: The mass of the B^∗B̄ molecular state as a function of M^2 from sum rule (7). The continuum thresholds are taken as √ s0 = 11.2 ∼ 11.6 GeV. The ranges of M^2 is 9.0 ∼ 9.8 GeV^2 for √ s0 = 11.2 GeV, 9.0 ∼ 10.5 GeV^2 for √ s0 = 11.4 GeV, and 9.0 ∼ 11.2 GeV^2 for √ s0 = 11.6 GeV.

IV. SUMMARY AND OUTLOOK

By assuming Z_b(10610) as a B^∗B̄ molecular state, the QCD sum rule method has been applied to calculate the mass of the resonance. Our numerical result is 10.54 ± 0.22 GeV for B^∗B̄. It is compatible with the newly measured experimental data of Z_b(10610) by Belle Collaboration, which supports the statement that Z_b(10610) resonance could be a B^∗B̄ molecular state. It is expected that this work is helpful for understanding the structure of Z_b(10610). For the newly observed structure Z_b(10650), one could consider how to construct a B^∗B̄^∗ molecular state current with a quantum number of J^P = 1^+ from the meson-meson configuration of fields. For further work, one needs to take into account other dynamical analysis to identify the structures of Z_b hadrons.

Acknowledgments

This work was supported in part by the National Natural Science Foundation of China under Contract Nos.11105223, 10947016 and 10975184.

[1] I. Adachi et al., (Belle Collaboration), arXiv:1105.4583 [hep-ex].

[2] A. E. Bondar, A. Garmash, A. I. Milstein, R. Mizuk, and M. B. Voloshin, arXiv:1105.4473 [hep-ph]. [3] D. Y. Chen, X. Liu, and S. L. Zhu, arXiv:1105.5193 [hep-ph]. [4] M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976).

[5] C. Meng and K. T. Chao, arXiv:0708.4222; X. Liu, Y. R. Liu, W. Z. Deng, and S. L. Zhu, Phys. Rev. D 77, 034003 (2008); X. Liu, Y. R. Liu, W. Z. Deng, and S. L. Zhu, Phys. Rev. D 77, 094015 (2008).

[6] X. Liu, Z. G. Luo, Y. R. Liu, and S. L. Zhu, Eur. Phys. J. C 61, 411 (2009). [7] X. Liu and S. L. Zhu, Phys. Rev. D 80, 017502 (2009). [8] Y. C. Yang and J. L. Ping, Phys. Rev. D 81, 114025 (2010).

[9] N. Mahajan, Phys. Lett. B 679, 228 (2009); T. Branz, T. Gutsche, and V. E. Lyubovitskij, Phys. Rev. D 80, 054019 (2009); G. J. Ding, Eur. Phys. J. C 64, 297 (2009).

[10] X. Liu, X. Q. Zeng, and X. Q. Li, Phys. Rev. D 72, 054023 (2005). [11] C. Z. Yuan, P. Wang, and X. H. Mo, Phys. Lett. B 634, 399 (2006). [12] J. R. Zhang and M. Q. Huang, Commun. Theor. Phys. 54, 1075 (2010). [13] Y. L. Ma, Phys. Rev. D 82, 015013 (2010).

[14] X. Liu, Z. G. Luo, and S. L. Zhu, Phys. Lett. B 699, 341 (2011).

[15] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B147, 385 (1979); B147, 448 (1979);

V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Fortschr. Phys. 32, 585 (1984). [16] R. D. Matheus, F. S. Navarra, M. Nielsen, and C. M. Zanetti, Phys. Rev. D 80, 056002 (2009); R. M. Albuquerque, J. M. Dias, and M. Nielsen, Phys. Lett. B 690, 141 (2010).

[17] Z. G. Wang, Phys. Lett. B 690, 403 (2010).

[18] J. R. Zhang and M. Q. Huang, Phys. Rev. D 80, 056004 (2009). [19] W. Chen and S. L. Zhu, Phys. Rev. D 83, 034010 (2011).

[20] R. D. Matheus, S. Narison, M. Nielsen, and J. M. Richard, Phys. Rev. D 75, 014005 (2007). [21] B. L. Ioffe, in “The spin structure of the nucleon”, edited by B. Frois, V. W. Hughes, N. de Groot, World Scientific (1997), arXiv:9511401.

[22] S. Narison, QCD Spectral Sum Rules, World Scientific, Singapore, 1989.

[23] P. Colangelo and A. Khodjamirian, in: M. Shifman (Ed.), At the Frontier of Particle Physics: Handbook of QCD, vol. 3, Boris Ioffe Festschrift, World Scientific, Sigapore, 2001, pp. 1495-1576, arXiv:0010175.

[24] M. Neubert, Phys. Rev. D 45, 2451 (1992); Phys. Rep. 245, 259 (1994). [25] M. Nielsen, F. S. Navarra, and S. H. Lee, Phys. Rep. 497, 41 (2010).

[26] H. Kim, S. H. Lee, and Y. Oh, Phys. Lett. B 595, 293 (2004); F. S. Navarra, M. Nielsen, and S. H. Lee, Phys.

Lett. B 649, 166 (2007).

[27] L. J. Reinders, H. R. Rubinstein, and S. Yazaki, Phys. Rep. 127, 1 (1985). [28] C. Amsler et al., (Particle Data Group), Phys. Lett. B 667, 1 (2008).