arXiv:hep-ph/0410384 v1 28 Oct 2004

International Journal of Modern Physics A © World Scientific Publishing Company

Analysis of J^{P C} = 1^{−+} Exotic Hybrid ηπ, η^′π Decays

Ailin Zhang Department of Physics, Shanghai University, Shangda Road Shanghai, 200436, P. R. China

T.G. Steele Department of Physics and Engineering Physics, University of Saskatchewan Saskatoon SK, S7N 5E2, Canada

Received (Day Month Year) Revised (Day Month Year)

Investigations of the mass and decays of the J^{P C} = 1^{−+} hybrid are reviewed, including calculation of the π_1(1^{−+}) → ηπ, η^′ π decay widths within the QCD sum rules technique. In this calculation, the recently-proposed η, η^′ quark mixing scheme is employed. The results indicate that the decay width Γ_{π1 →ηπ} ≈ 250 MeV is large compared with the decay width Γ_{π1→η}′_π ≈ 20 MeV. Inspired by these results, some phenomenological approaches are suggested to gain an understanding of the underlying mechanism of ηπ and η^′π hybrid decays.

Keywords: Hybrids; Sum rules; Decay.

The property of asymptotic freedom enables Quantum Chromodynamics (QCD) to provide an excellent description of short-distance strong-interaction processes in terms of fundamental interactions between quarks and gluons, but presents significant challenges for the description of long-distance soft processes. Quark models (such as potential and bag models) provide a good picture for the structure of hadrons, but the mechanism of confinement and generation of masses in such models is not fully understood. Furthermore, direct application of QCD to hadrons as bound states of quarks and gluons has not been achieved completely, and the relation between QCD and quark models is not fully elucidated. The study of gluon freedom may give some hints at a solution to these problems.

Despite the general success of quark models for conventional qq̄ mesons and qqq baryons, some hadrons in the low and medium energy region (1–2.5 GeV) are difficult to explain as conventional hadrons. Exotic hadrons such as glueballs (composed purely of gluons), hybrids (quark and gluonic combinations), and multi-quark states of more than three constituent quarks have been proposed to explain these hadrons. Study of these exotic states can lead to a greater understanding of the non-perturbative low energy dynamics of QCD.

Neutral qq̄ mesons have quantum numbers of parity and charge conjugation 1

2 Ailin Zhang and T. G. Steele

J^{P C} given by P = (−1)^{L+1} and C = (−1)^{L+S} ; they cannot have exotic quantum numbers such as 0^{+−}, 1^{−+}, 2^{+−}, . . .. Such exotic quantum numbers could only be achieved via exotic hadronic states.

The lowest-lying hybrid is predicted to be the J^{P C} = 1^{−+} state. The spectrum and the decays of this exotic hybrid have been studied in many models. The MIT bag model predicts a mass in the range 1.4–1.8 GeV,1 and the flux tube model predicts a mass of approximately 1.7 GeV along with the decay mode predictions π_1 → [b_1(1235)π]_S ≈ 150 MeV, π_1 → [f_1(1235)π]_S ≈ 40 MeV, π_1 → ηπ, η^′π ≈ 0.2 Further flux tube model decay width predictions include π_1 → b_1π ≈ 24 MeV, π_1 → f_1π ≈ 5 MeV, π_1 → ρπ ≈ 9 MeV, π_1 → ηπ, η^′π ≈ 0.3 Within the QCD sum rules technique, the mass predictions are in the 1.4–2.1 GeV range, with decay mode calculations of π_1 → ρπ ≈ 274 MeV, π_1 → η^′π ≈ 3 MeV.4 Finally, lattice gauge theory results in a mass prediction of about 2.0 GeV.5 There are some analyses with other methods, which will not be mentioned here because of space limitations.

In experiments, the most likely candidates for 1^{−+} exotic hybrids, the π_1(1600) and π_1(1400), have been observed by many groups. The π_1(1400) was observed by E852 and Crystal Barrel collaboration in the ηπ final states with width Γ > 300 MeV.6^,7 The π_1(1600) was observed not only in ρπ final states with width Γ = 168 ± 20^{+150}_{−12} MeV but also in η^′π final states with width Γ = 340 ± 40 ± 50 MeV by E852.8^,9 If these observations truly represent an 1^{−+} exotic hybrid, then the experimental signal is obviously inconsistent with theoretical predictions. Furthermore, experimental evidence for glueball and multi-quark states candidates10^,11 will open the Pandora’s box for the mixing among them, further complicating the analyses. So far, no one exotic hadron has been pinned down definitely, and clear identification and explanation of these exotic states will present experimental and theoretical challenges.

As described below, we have re-analyzed the channels π_1(1^{−+}) → ηπ, η^′π using QCD sum-rule techniques which incorporate a quark-mixing scheme15 for η, η^′.13 Inspired by these results, we have examined the implications of two possible assumed decay mechanisms of hybrids in the ratio of decay widths.14

QCD sum rule techniques12 are an effective non-perturbative method which relates fundamental parameters of QCD to hadronic parameters. To calculate the channels π_1(1^{−+}) → ηπ, η^′π, the hybrid interpolating current was chosen as j_μ(x) = gq̄γ^αG^a_{αμ}T^aq. QCD sum-rule analysis of the three point correlator

Γ_μ(p, q) = i ∫ d^4xd^4ye^{i(qx+py)}⟨0|T (j_π (x)j_η′ (y)j_μ (0))|0⟩ (1) with the anomalous current j_η′ (x) = −^{3αs}_{4π} G_{μν}G̃^{μν} +2 ∑ u,d,s m_iq̄γ_5q results in Γ(π_1 →

ηπ) = 0 and Γ(π_1 → η^′π) ∼ 3 MeV.4

It is well known that the η(548) and η^′(958) are mixed states. In the quark mixing scheme, the orthogonal flavor basis was chosen as η_q = qq̄ = (uū + dd̄)/ √ 2 , η_s = ss̄,

Exotic Hybrid 3 and η = cos ϕη_q − sin ϕη_s , η^′ = sin ϕη_q + cos ϕη_s.

where ϕ = 39.3^∘ ± 1.0^∘.15

In order to take account of the η, η^′ mixing in our sum rules calculation, we used

j^q_{5μ} = 1 √ 2 (ūγ_μγ_5u + d̄γ_μγ_5d) , j^s_{5μ} = s̄γ_μγ_5s

in construction of the three point correlator

Γ_μ(p, q) = i ∫ d^4xd^4ye^{i(qx+py)} ⟨0|T (j_π(x)∂_ν j^{q,s}_{5ν} (y)j_μ (0))|0⟩. (2) and obtained Γ(π_1 → η^′π) ∼ 21 MeV and Γ(π_1 → ηπ) ∼ 250 MeV in a consistent fashion.13 We note that in this calculation, the decay width π_1 → ηπ is much larger than that of π_1 → η^′π.

Can we find some hints about the mechanism of hybrid decays through the study of π_1 → ηπ, η^′π? Let us first consider the radiative decays of J/ψ → ηγ, η^′γ and ϕ → ηγ, η^′γ. We have the experimental values16 Γ(J/ψ → ηγ) Γ(J/ψ → η^′γ) = 0.200 ± 0.023 , Γ(ϕ → η^′γ) Γ(ϕ → ηγ) = 4.7 ± 0.47 ± 0.31 × 10^{−3}.

As is known, the radiative decay of J/ψ could be thought to occur through c̄c → gg → ηγ, η^′γ, resulting in14 Γ(J/ψ → ηγ) Γ(J/ψ → η^′γ) ≃ | | | | | ⟨0|GG̃|η⟩ ⟨0|GG̃|η^′⟩ | | | | | 2 ( 1 − m^2_η /m^2_{J/ψ} 1 − m^2_η′ /m^2_{J/ψ} )_3 , where the gg pair is assumed sufficiently hard and the use of the local operator GG̃ = 1/2ϵ^{μνλρ}G^a_{λρ}G^a_{μν} extracted from the gg pair is a good approximation.

Alternatively, the radiative decay of ϕ could be thought to occur through s̄s → ηγ, η^′γ,14 resulting in Γ(ϕ → η^′γ) Γ(ϕ → ηγ) ≃ | | | | ⟨0|s̄iΓ_5s|η^′⟩ ⟨0|s̄iΓ_5s|η⟩ | | | | 2 ( 1 − m^2_η′ /m^2_ϕ 1 − m^2_η /m^2_ϕ

)_3 . In fact, these approximations involving couplings to different operators are related to the radiative J/ψ and ϕ decay mechanisms. Correspondingly, there exist two possible decay mechanisms for hybrids. The physical picture is that the couplings through two different operators may correspond to two different hybrid decay mechanisms. One corresponds to quark fragmentation into two gluons (denoted by gg), and the other corresponds to gluon fragmentation into a quark and an anti-quark (denoted by qq̄). If these approximations are valid, then we can detect these two different decay mechanisms directly through the ratio of decay widths.

4 Ailin Zhang and T. G. Steele

When the decay π_1 → ηπ, η^′π occur through π_1 → gg → ηπ, η^′π, we have14

Γ(π_1 → ηπ) Γ(π_1 → η^′π) ≃ | | | | | ⟨0|GG̃|η⟩ ⟨0|GG̃|η^′⟩ | | | | | 2 ( 1 − m^2_η/m^2_{π1} 1 − m^2_η′ /m^2_{π1}

)_3 , while a decay π_1 → ηπ, η^′π through π_1 → qq̄ → ηπ, η^′π results in14

Γ(π_1 → ηπ) Γ(π_1 → η^′π) ≃ | | | ⟨0|s̄iΓ_5s|η^′⟩ ⟨0|s̄iΓ_5s|η⟩ | | | 2 ( 1 − m^2_η /m^2_{π1} 1 − m^2_η′ /m^2_{π1}

)_3 . From our results, the decay of π_1 → ηπ, η^′π seems to occur through qq̄ mechanism, which means that the quark in light hybrids is not hard enough to fragment into two gluons.13^,14 To verify the relation between the decay mechanism and decay widths, more decay channels should be analyzed. More importantly, the decay widths and branching ratios of hybrids should be measured.

Acknowledgments

Ailin Zhang is supported by National Science Foundation of China, and T. G. S is grateful for research support from the Natural Sciences and Engineering Research Council of Canada (NSERC).

References 1. A. Chodos, R. L. Jaffe, C. B. Thorn and V. F. Weisskopf, Phys. Rev. D9, 3471 (1974);

M. Chanowitz and S. Sharpe, Nucl. Phys. B222, 211 (1983).

2. N. Isgur and J. Paton, Phys. Rev. D31, 2910 (1985); F. E. Close and P. R. Page, Nucl. Phys. B443, 233 (1995).

3. P. R. Page, E. S. Swanson and A. P. Szczepaniak, Phys. Rev. D59, 034016 (1999). 4. J. Govaerts et al., Nucl. Phys. B284, 674 (1987); K. Chetyrkin and S. Narison, Phys.

Lett. B485, 145 (2000); H. Jin, J. G. Korner and T. G. Steele, Phys. Rev. D67, 014025 (2003).

5. C. Bernard et al., MILC Collaboration, Phys. Rev. D56, 7039 (1997); C. Bernard et al., Nucl. Phys. Proc. Suppl. 119, 260 (2003); C. Bernard et al., Phys. Rev. D68, 074505 (2003).

6. D. R. Thompson et al., E852 Collaboration, Phys. Rev. Lett, 79, 1630 (1997). 7. A. Abele et al., Crystal Barrel Collaboration, Phys. Lett. B423, 175 (1998) 8. G. S. Adams et al., E852 Collaboration, Phys. Rev. Lett, 81, 5760 (1998). 9. E. I. Ivanov et al., E852 Collaboration, Phys. Rev. Lett, 86, 3977 (2001). 10. S. Eidelman et al., Particle Data Group, Phys. Lett. B592, 1 (2004). 11. G. S. Adams et al., Phys. Rev. Lett, 81, 5760 (1998); B. Aubert et al., Phys. Rev. Lett, 90, 242001 (2003); J. Z. Bai et al., Phys. Rev. Lett, 91, 022001 (2003); T. Nakano et al., Phys. Rev. Lett, 91, 012002 (2003).

12. M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147, 385 (1979). 13. Ailin Zhang and T. G. Steele, Phys. Rev. D65, 114013 (2002). 14. Ailin Zhang and T. G. Steele, Phys. Rev. D67, 074020 (2003). 15. T. Feldmann, P. Kroll and B. Stech, Phys. Rev. D58, 114006 (1998). 16. J.Z. Bai et al., BES Collaboration, Phys. Rev. D58, 097101 (1998); A. Aloisio et al., KLOE Collaboration, Phys. Lett. B451, 45 (2002).