arXiv:hep-ph/0112116 v1 7 Dec 2001

The physics of anomalous glue

Steven D. Bass^a

aECT*, Strada delle Tabarelle 286, I-38050 Villazzano, Trento, Italy

We give a brief overview of the physics of gluonic degrees of freedom associated with the strong (QCD) axial anomaly. The role of this anomalous glue in the spin structure of the proton and η^′-hadron interactions is discussed.

The spin structure of the proton and η^′ physics provide complementary windows on the role of gluons in dynamical chiral symmetry breaking. The small value of the flavour-singlet axial charge g^{(0)}_A extracted from polarized deep inelastic scattering [1]

g^{(0)}_A | | |_{pDIS} = 0.2 − 0.35 (1)

and the large mass of the η^′ meson point to large violations of OZI in the flavour-singlet J^P = 1^+ channel [2,3]. The strong (QCD) axial anomaly is central to theoretical explanations of the small value of g^{(0)}_A |_{pDIS} (about 50% of the OZI value 0.6) and the large η^′ mass. Non-perturbative glue associated with the anomaly may also play a key role in the low-energy η^′-nucleon interaction and the QCD structure of light-mass exotic states with J^{P C} = 1^{−+} like those recently observed at BNL and at CERN. Here we briefly outline the main details how this anomalous glue may be central to these phenomena. We refer to [4,5] for more recent detailed discussion of the U_A(1) problem and η^′-hadron interactions.

First, let us start with the axial anomaly. The flavour-singlet axial-vector current

J^{GI}_{μ5} = [ ūγ_μγ_5u + d̄γ_μγ_5d + s̄γ_μγ_5s ]_{GI} μ^2 (2) satisfies the anomalous divergence equation [6]

∂^μJ^{GI}_{μ5} = f∑ i=1 2im_iq̄_iγ_5q_i + 3 α_s 8π G_{μν}G̃^{μν} (3)

Spontaneous chiral symmetry breaking suggests an octet of Goldstone bosons associated with chiral SU (3)_L ⊗ SU (3)_R plus a singlet boson associated with axial U(1) — each with mass m^2_{Goldstone} ∼ m_q. Through coupling to nonperturbative gluon topology via the anomaly in J^{GI}_{μ5} the η and η^′ mesons (each with a flavoursinglet component) acquire additional (larger) mass related by the Witten-Veneziano formula [4]

m^2_η′ + m^2_η − 2m^2_K = − 6 F^2_π χ(0)|_{YM} (4)

where

χ(0) = ∫ d^4z i ⟨vac|T Q(z)Q(0)|vac⟩ (5)

is the topological susceptibility and Q =^{αs}_{4π} GG̃ is the topological charge density. The gluonic contribution to the η and η^′ masses is about 300-400 MeV [5].

The axial anomaly is important to the spin structure of the proton since g^{(0)}_A is measured by the proton forward matrix element of J^{GI}_{μ5} . In the QCD parton model the proton’s flavoursinglet axial charge g^{(0)}_A receives contributions from quark and gluon partons [7] and a possible non-perturbative contribution at x = 0 from gluon topology [2]:

g^{(0)}_A = ( ∑ q Δq − 3 α_s 2π Δg ) partons

+ C (6)

Here^1_2 Δq and Δg are the amount of spin carried by quark and gluon partons in the polarized proton and C is the topological contribution. The polarized gluon and possible topology contributions are induced by the anomaly. A positive value of

Δg acts to reduce the value of g^{(0)}_A |_{pDIS} extracted from polarized deep inelastic scattering. Measuring the gluon polarization Δg is the main goal of high-energy investigations of the spin structure of the proton [8]. A recent QCD motivated fit [9] to the world g_1 data suggests a value Δg = 0.63^{+0.20}_{−0.19} at 1GeV^2, in agreement with the prediction [10] based on colour coherence and perturbative QCD. The topological contribution C in (6) has support only at Bjorken x equal to zero. Polarized deep inelastic scattering experiments cannot access x = 0; they measure g^{(0)}_A |_{pDIS} = g^{(0)}_A −C. The full g^{(0)}_A may be measured through elastic Z^0 exchange in νp elastic scattering. A finite value of C is natural [2] with spontaneous U_A(1) symmetry breaking by instantons [11] where any instanton induced suppression of g^{(0)}_A |_{pDIS} (the axial charge carried by partons with finite momentum fraction x > 0) is compensated by a shift of axial charge to the zero-mode so that the total axial-charge g^{(0)}_A including C is conserved. In contrast, this zero-mode contribution is not generated by instantons if instantons explicitly [12] rather than spontaneously break U_A(1) symmetry. A quality measurement of νp elastic scattering would provide very valuable information about the nature of U_A(1) symmetry breaking in QCD. If some fraction of the spin of the constituent quark is carried by gluon topology in QCD (at x = 0), then the constituent quark model predictions for g^{(0)}_A (about 0.6) are not necessarily in contradiction with the small value of g^{(0)}_A |_{pDIS} extracted from deep inelastic scattering experiments.

The interplay between the proton spin problem and the U(1) problem is further manifest in the flavour-singlet Goldberger-Treiman relation [13] which connects g^{(0)}_A with the η^′–nucleon coupling constant g_η′_{NN} . Working in the chiral limit it reads

M g^{(0)}_A = √ 3 2 F_0 ( g_η′_{NN} − g_{QNN} ) (7) where g_η′_{NN} is the η^′–nucleon coupling constant and g_{QNN} is an OZI violating coupling which measures the one particle irreducible coupling of the topological charge density to the nucleon. (M is the nucleon mass and F_0 ∼ 0.1GeV renormalises the flavour-singlet decay constant.) It is important to look for other observables which are sensitive to g_{QNN} .

Working with the U_A(1)–extended chiral Lagrangian for low-energy QCD [14] one finds a gluon-induced contact interaction in the pp → ppη^′ reaction close to threshold [15,5]:

L_{contact} = − i F^2_0 g_{QNN} m̃^2_{η0} C η_0 ( p̄γ_5p ) ( p̄p ) (8) Here m̃_{η0} is the gluonic contribution to the mass of the singlet 0^− boson and C is a second OZI violating coupling which also features in η^′N scattering. The physical interpretation of the contact term (8) is a “short distance” (∼ 0.2fm) interaction where glue is excited in the interaction region of the proton-proton collision and then evolves to become an η^′ in the final state. This gluonic contribution to the cross-section for pp → ppη^′ is extra to the contributions associated with meson exchange models. There is no reason, a priori, to expect it to be small. The strength of this interaction is presently under vigorous experimental study at COSY [16,17]. Further precision measurements of the low-energy η^′-nucleon interaction in η^′ photoproduction from nucleons will soon be available from Jefferson Laboratory [18].

Recent experiments at BNL [19] and CERN [20] have revealed evidence for meson states with exotic quantum numbers J^{P C} = 1^{−+}. These mesons are particularly interesting because the quantum numbers J^{P C} = 1^{−+} are inconsistent with a simple quark-antiquark bound state. Two such exotics, denoted π_1, have been observed through π^−p → π_1p at BNL [19]: with masses 1400 MeV (in decays to ηπ) and 1600 MeV (in decays to η^′π and ρπ). The π_1(1400) state has also been observed in p̄N processes by the Crystal Barrel Collaboration at CERN [20]. Exotic quantum numbers can be generated through a “valence” gluonic component – for example through coupling to the operator [q̄γ_μqG^{μν} ]. However, the observed states are considerably lighter than the predictions (about 1800- 1900 MeV) of quenched lattice QCD [21] and QCD inspired models [22] for the lowest mass qq̄g state with J^{P C} = 1^{−+}. These results suggest that, perhaps, the “exotic” states observed by the experimentalists might involve significant mesonmeson bound state contributions. Furthermore, the decays of the light mass exotics to η or η^′ mesons plus a pion may hint at a possible connection to U_A(1) dynamics. This idea has recently been investigated [23] in a model of final state interaction in ηπ and η^′π scattering using coupled channels and the Bethe-Salpeter equation following the approach in [24]. In this calculation the meson-meson scattering potentials were derived from the U_A(1) extended chiral Lagrangian working to O(p^2) in the meson momenta. Fourth order terms in the meson fields induced the OZI violating interaction λ Q^2 Tr ∂_μU ∂^μU^† [25] are found to play a key role. Here U is the unitary meson matrix associated with spontaneously broken chiral symmetry. A simple estimate for λ can be deduced from the decay η^′ → ηππ yielding two possible solutions with different signs. Especially interesting is the negative sign solution. When substituted into the Bethe-Salpeter equation this solution yielded a dynamically generated p-wave resonance with exotic quantum numbers J^{P C} = 1^{−+}, mass ∼ 1400 MeV and width ∼ 300 MeV – close to the observed exotics. The topological charge density mediates the coupling of the dynamically generated light-mass exotic to the ηπ and η^′π channels in this model [23].

REFERENCES

1. R. Windmolders, hep-ph/9905505. 2. S.D. Bass, Eur. Phys. J A5 (1999) 17 (hep-ph/9902280).

3. G. Veneziano, Okubofest lecture, CERN preprint TH-5840 (1990).

4. L. Giusti, G.C. Rossi, M. Testa and G.

Veneziano, hep-lat/0108089. 5. S.D. Bass, hep-ph/0111180.

6. S.L. Adler, Phys. Rev. 177 (1969) 2426; J.S.

Bell and R. Jackiw, Nuovo Cimento 60A (1969) 47.

7. G. Altarelli and G.G. Ross, Phys. Lett. B212 (1988) 391; A.V. Efremov and O.V. Teryaev, JINR Report E2–88–287 (1988).

8. G. Rädel and A. De Roeck, hep-ph/0110334;

S.D. Bass and A. De Roeck, hep-ph/0111377.

9. J. Lichtenstadt, talk at Trento workshop on the Spin Structure of the Proton and Polarized Collider Physics; similar numbers are also obtained in E. Leader, A.V. Sidorov and D.B. Stamenov, hep-ph/0111267.

10. S.D. Bass, S.J. Brodsky and I. Schmidt, Phys.

Rev. D60 (1999) 034010.

11. R.J. Crewther, Acta Physica Austriaca Suppl. 19 (1978) 47.

12. G. ’t Hooft, Phys. Rept. 142 (1986) 357. 13. G. Veneziano, Mod. Phys. Lett. A4 (1989) 1605; G.M. Shore and G. Veneziano, Nucl. Phys. B381 (1992) 23.

14. P. Di Vecchia and G. Veneziano, Nucl. Phys.

B171 (1980) 253.

15. S. D. Bass, Phys. Lett B463 (1999) 286 (hep-ph/9907373).

16. The COSY-11 Collaboration (P. Moskal et al.), Phys. Rev. Lett. 80 (1998) 3202; Phys. Lett. B474 (2000) 416; Phys. Lett. B482 (2000) 356.

17. P. Moskal, nucl-ex/0110001;

H. Stroeher, private communication.

18. B. Ritchie and M. Dugger, private communication.

19. The E852 Collaboration (D.R. Thompson et al.) Phys. Rev. Lett. 79 (1997) 1630; (S.U. Chung et al.) Phys. Rev. D60 (1999) 092001; (G.S. Adams et al.) Phys. Rev. Lett. 81 (1998) 5760; (E.I. Ivanov et al.) Phys. Rev. Lett. 86 (2001) 3977.

20. The Crystal Barrel Collaboration (A. Abele et al.) Phys. Lett. B423 (1998) 246.

21. C. Michael, hep-ph/0101287; A.W. Thomas and A.P. Szczepaniak, hep-ph/0106080.

22. N. Isgur, R. Kokoski and J. Paton, Phys.

Rev. Lett. 54 (1985) 869; F.E. Close and P.R. Page, Nucl. Phys. B443 (1995) 233; T. Barnes, F.E. Close and E.S. Swanson, Phys. Rev. D52 (1995) 5242.

23. S. D. Bass and E. Marco, hep-ph/0108189. 24. J. A. Oller and E. Oset, Nucl. Phys. A620 (1997) 438; (E) A652 (1997) 407.

25. P. Di Vecchia, F. Nicodemi, R. Pettorino and G. Veneziano, Nucl. Phys. B181 (1981) 318.