arXiv:hep-ph/0407270 v1 22 Jul 2004

QCD Vacuum Topology and Glueballs

Hilmar Forkel

IFT - Universidade Estadual Paulista, Rua Pamplona, 145, 01405-900 Sao Paulo, SP, Brazil, and Institut für Theoretische Physik, Universität Heidelberg, D-69120 Heidelberg, Germany

Abstract. We outline a comprehensive study of spin-0 glueball properties which, in particular, keeps track of the topological gluon structure. Specifically, we implement (semi-hard) topological instanton physics as well as topological charge screening in the QCD vacuum into the operator product expansion (OPE) of the glueball correlators. A realistic instanton size distribution and the (gauge-invariant) renormalization of the instanton contributions are also implemented. Predictions for 0^{++} and 0^{−+} glueball properties are presented.

INTRODUCTION

While the naive quark-model description of the classical hadrons is surprisingly successful, we lack an equally simple and systematic approach to hadrons which are not predominantly built from valence quarks. Glueballs [1], containing no valence quarks at all, are a case in point: although “valence gluons” had a limited amount of success in glueball models, their role as relevant degrees of freedom (as opposed to strings, e.g.) is much less clear. This is partly because, in contrast to valence quarks, gluons cannot be traced by observable internal quantum numbers. In the following, we sketch a recent study of glueballs which instead relies on some robust topological gluon properties to keep track of the elusive hadronic glue. A comprehensive analysis of both spin-0 glueball channels along these lines can be found in Ref. [2].

SKETCH OF APPROACH

Our approach is based on the correlations functions of the scalar (0^{++}) and pseudoscalar (0^{−+}) glueball channels,

Π_G(−q^2) = i ∫ d^4x e^{iqx} ⟨0|T O_G (x) O_G (0) |0⟩ (1)

where O_G with G ∈ {S, P} are the standard gluonic interpolating fields (with lowest mass dimension): O_S (x) = α_sG^a_{μν} (x) G^{aμν} (x) and O_P (x) = α_sG^a_{μν} (x) G̃^{aμν} (x). The zeromomentum limits of these correlators are governed by low-energy theorems (LETs) [3] which impose stringent constraints on the sum rules and require nonperturbative shortdistance physics [4, 2].

Our theoretical framework for calculating the glueball correlators at short distances, i.e. large, spacelike momenta Q^2 ≡ −q^2 ≫ Λ_{QCD}, is the instanton-improved operator product expansion (IOPE)

Π_G(Q^2) = ∑ D=0,4,... C̃^{(G)}_D (Q^2; μ)⟨Ô_D⟩_μ , (2)

which factorizes “hard” mode (with momenta |k| > μ) and “soft” mode contributions (with |k| ≤ μ). The perturbative Wilson coefficients are standard. In Ref. [2] we calculate and study nonperturbative contributions due to direct instantons [5] and topologicalcharge screening.

In order to make contact with the hadronic information contained in the glueball correlators, one writes the dispersive representation

Π_G ( Q^2 ) = 1 π ∫ ∞ 0 ds ImΠ_G (−s) s + Q^2 (3) (necessary subtractions implied) and inserts the standard sum-rule description of the spectral functions,

ImΠ^{(ph)}_G (s) = ImΠ^{(pole)}_G (s) + ImΠ^{(cont)}_G (s) , (4)

which contains one or two resonance poles ImΠ^{(pole)} (s) = π ∑^2_{i=1} f^2_{Gi}m^4_{Gi}δ ( s − m^2_{Gi} ) and the local-duality continuum ImΠ^{(cont)}_G (s) = θ (s − s_0) ImΠ^{(IOPE)}_G (s).

One then writes QCD sum rules by matching the Borel-transformed IOPE correlators - weighted with powers of −Q^2 - to these phenomenological counterparts, whose glueball parameters are thereby determined.

RESULTS AND CONCLUSIONS

Our study [2] has produced several remarkable and phenomenologically important results. Contrary to naive expectation, much of the topological gluon physics was found to happen at surprisingly short distances |x| ∼ 0.2 − 0.3 fm. To study its impact on glueball properties, we have performed a comprehensive quantitative analysis of eight Borel sum rules. The results reveal a rather diverse pattern of spin-0 glueball properties.

In the scalar channel, the improved treatment of the direct-instanton sector reduces our earlier (spike-distribution based) result for the 0^{++} glueball mass by about 20%, to m_S = 1.25 ± 0.2 GeV. This is somewhat smaller than the quenched lattice results [6] which are, however, expected to be reduced by light-quark effects and quarkonium admixtures. Our mass prediction is consistent with the broad glueball state found in a recent K-matrix analysis [7] (including the new Crystal Barrel states). The systematics in our results from different Borel-moment sum rules indicates a rather large width of the scalar glueball, Γ_S ∼ 0.3 GeV. Our prediction for the glueball decay constant, f_S = 1.05 ± 0.1 GeV, is several times larger than the value obtained when ignoring the nonperturbative Wilson coefficients. The implied, small glueball size is in agreement with lattice results. Furthermore, our prediction for f_S implies substantially larger partial widths of radiative J/ψ and ϒ decays into scalar glueballs and is therefore important for experimental glueball searches, in particular for the interpretation of the recent CLEO [8] and forthcoming CLEO-III data on ϒ → γ f_0 and other decay branches.

In the 0^{−+} glueball channel we have found compelling evidence for topological charge screening to provide critical contributions to the IOPE. Besides restoring the axial Ward identity, they are found to resolve the positivity-bound violation and to create a strong signal for both the η^′ and the pseudoscalar glueball.

After including the screening contributions, all four 0^{−+} Borel-moment sum rules are stable and yield consistent results. (Previous analyses of the 0^{−+} sum rules had discarded the lowest-moment sum rule and therefore missed the chance to implement the firstprinciple information from the low-energy theorem, as well as a very useful consistency check.) The two-resonance fit is clearly favored over the one-pole approximation, i.e. the IOPE provides clear signals for the η^′ resonance (with small η admixtures due to mixing) in addition to a considerably heavier 0^{−+} glueball. Our mass prediction m_P = 2.2 ± 1.5 GeV for the pseudoscalar glueball lies inside the range obtained from quenched and unquenched lattice data. The coupling f_P = 0.6 ± 0.2 GeV is again enhanced by the nonperturbative Wilson coefficients, but less strongly than in the scalar channel. The consequently larger partial width of radiative quarkonium decays into pseudoscalar glueballs and the enhanced γγ → G_Pπ^0 cross section at high momentum transfers will be relevant for the experimental identification of the lowest-lying 0^{−+} glueball and help in measuring its properties.

Our nonperturbative IOPE, including the topological short-distance physics, will be useful for calculating other spin-0 glueball properties as well. Quantitative estimates of the mentioned production rates in gluon-rich channels (including J/ψ and ϒ decays) and characteristic glueball decay properties and signatures, including γγ couplings, OZI suppression and branching fractions incompatible with qq̄ decay, would be particularly interesting.

This work was supported by FAPESP.

REFERENCES

1. M. Gell-Mann, Acta Phys. Aust. Suppl. 9, 733 (1972); H. Fritzsch and M. Gell-Mann, 16th Int. Conf.

High-Energy Phys., Chicago, Vol. 2, 135 (1972).

2. H. Forkel, Direct instantons, topological charge screening and QCD glueball sum rules, preprint IFT- P.039/2003, hep-ph/0312049. (See also H. Forkel, Braz. J. Phys. 34, 229 (2004).)

3. V.A. Novikov, M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Nucl. Phys. B191, 301 (1981); H.

Leutwyler and A. Smilga, Phys. Rev. D 46, 5607 (1992). 4. H. Forkel, Phys. Rev. D 64, 34015 (2001); hep-ph/0005004.

5. For a review of QCD instantons see T. Schaefer and E.V. Shuryak, Rev. Mod. Phys. 70, 323 (1998).

For an elementary introduction see H. Forkel, A Primer on Instantons in QCD, hep-ph/0009136. 6. W. Lee and D. Weingarten, Phys. Rev. D 61, 014015 (2000) and references therein; C. Morningstar and M. Peardon, Phys. Rev. D 60, 034509 (1999).

7. V.V. Anisovich, hep-ph/0310165.

8. CLEO Collaboration, A. Anastassov et al., Phys. Rev. Lett. 82, 286 (1999); S. Richichi et al., ibid. 87, 141801 (2001); G. Masek et al., Phys. Rev. D 65, 072002 (2002).