arXiv:hep-ph/0210209 v1 15 Oct 2002

DESY 02-158 hep-ph/0210209

Vacuum structure and high-energy scattering^∗

A. Ringwald^a

aDeutsches Elektronen-Synchrotron DESY, Notkestraße 85, D–22607 Hamburg, Germany

This short review deals with the manifestations of the vacuum structure of non-Abelian gauge theories in high-energy scattering. Specifically, it concentrates on instanton-induced hard scattering processes, both in the electroweak gauge theory and in QCD. Soft scattering processes in QCD and their connection to models of semi-hard vacuum fluctuations are also briefly discussed.

1. INTRODUCTION

Non-Abelian gauge theories like QCD are known to possess a rich vacuum structure. Notably, there are topologically non-trivial vacuum fluctuations of the gauge fields, whose simplest examples are instantons [1]. Instantons have been argued to play an important role in various longdistance aspects of QCD, such as giving a possible solution to the axial U (1) problem [2] or being at work in SU (n_f ) chiral symmetry breaking [3]. Recently, also a number of QCD lattice studies elucidated the topological structure and the instanton content of the vacuum [4].

Another prominent feature of the QCD vacuum is its apparent dual superconductivity. The latter has been recognized since long as an explanation of confinement [5] and is also intensively studied on the lattice [6]. These investigations seem to indicate that the fundamental dual excitations are monopoles or vortices, while instantons might be composite objects of those.

The QCD vacuum structure may be studied on the lattice, starting from first principles. Alternatively, low-energy phenomenology can be exploited to learn about the vacuum, at the expense of introducing model assumptions as for example in the instanton liquid model [3] or in the model of the stochastic vacuum [7], which incorporates the dual superconductor picture of the vacuum.

In this short review, I shall emphasize that manifestations of the vacuum structure of non- Abelian gauge theories can also be searched for

∗Talk presented at QCD 02, Montpellier/F, July 2002.

in high-energy scattering. I shall concentrate in Sect. 2 on instanton-induced hard scattering processes in the electroweak gauge theory (Quantum Flavor Dynamics (QFD)) [8,9,10,11,12,13] and in deep-inelastic scattering (DIS) in QCD [14,15,16, 17,18,19], which are calculable from first principles within instanton-perturbation theory. In Sect. 3, I shall discuss briefly soft scattering processes in QCD.

2. HARD SCATTERING PROCESSES INDUCED BY INSTANTONS

Instantons (I) are minima of the Euclidean action, localized in space and Euclidean time, with unit topological charge Q = 1. In Minkowski space-time, they describe tunneling transitions between classically degenerate, topologically inequivalent vacua, differing in their winding number by one unit, △N_{CS} = Q = 1 [20]. The corresponding energy barrier, under which the instantons tunnel, is inversely proportional to the gauge coupling α_g and the effective I-size ρ_{eff} , M_{sp} ∼ π/(α_g ρ_{eff} ), and of order πM_W /α_W ∼ 10 TeV in QFD [21] and Q in hard scattering in QCD, where Q >∼ 10 GeV is a large momentum transfer e.g. in DIS [14,15,16].

2.1. Instanton-induced processes

Due to axial anomalies [22], I-induced hard scattering processes are always associated with anomalous fermion-number violation [2], in particular baryon plus lepton number violation, △(B + L) = −12 Q, in the case of QFD, chirality violation, △Q_5 = 2 n_f Q, in the case of

QCD. Generically, I-induced total cross-sections for hard parton scattering processes are given in terms of an integral over the instantonantiinstanton (IĪ ) collective coordinates (sizes ρ, ρ̄, IĪ distance R, color orientation U ) [16] (see also [10,11,23])

σ^{(I)}_{p1p2} ∼ ∫ d^4R ∞∫ 0 dρ ∞∫ 0 dρ D(ρ)D(ρ) ∫ dU e^{− 4παg Ω} ( U,^{R2}_{ρρ̄} ,^{ρ̄} )

e^{i(p1 +p2 )·R−∑2i=1} √_{−p2i (ρ+ρ̄)} . . . . (1) Here, the basic blocks arising in I-perturbation theory are the I-size distribution D(ρ) and the function Ω, which takes into account the exponentiation of gauge boson production [8] and can be identified with the IĪ-interaction defined via the valley method [24,11,25].

Figure 1. QCD I-induced process in DIS.

The I-size distribution D(ρ) is known in Iperturbation theory, α_g(μ) ln(ρμ) ≪ 1, up to twoloop renormalization group invariance [2,26]. At one-loop, it reads D(ρ) = d ρ^5 ( 2π α_g(μ) )_{2 Nc} (ρ μ)^{β0 S(I)} e^{− 2παg(μ) S(I)}(2)

with β_0 = 11 N_c/3 − 2 n_f /3 − 1/6 n_s the first coefficient in the β function,

S^{(I)} = { 1 QCD ;

1 + M^2_W ρ^2/2 QFD , (3)

the I-action, μ the renormalization scale, and d a scheme-dependent constant. The quite differenct ρ dependence of the size distribution (2) for QCD and QFD has important consequences for the predictivity: whereas large-size instantons, ρ >∼ M^{−1}_W , are exponentially suppressed in

QFD (cf. (3)) and thus the relevant contributions to the size integrals in (1) arise consistently from the perturbative region (α_W (ρ^{−1}) ≪ 1) even if both initial partons are on-shell, p^2_i ≈ 0, in QCD the power-law behavior of the size distribution, ∼ ρ^{β0−5}, generically causes the dominant contributions to (1) to originate from large ρ ∼ Λ^{−1} ⇒ α_s(ρ^{−1}) ∼ 1 and thus often spoils the applicability of I-perturbation theory. In DIS (cf. Fig. 1), however, one parton, p_1 = q^′ say, carries a space-like virtuality Q^{′2} = −p^2_1 > 0, such that the contribution of large instantons to the integrals is suppressed by an exponential factor in (1), e^{−Q′ (ρ+ρ̄)}, and I-perturbation theory becomes exploitable, i.e. predictable, for sufficiently large Q^′ [15,16]. In this connection it is quite welcome that lattice data on the instanton content of the quenched (n_f = 0) QCD vacuum [27] can be exploited to infer the region of validity of I-perturbation theory for D(ρ) [17,19]: As illustrated in Fig. 2 (left), there is very good agreement for ρ <∼ 0.35 fm.

Figure 2. Illustration of the agreement of lattice data [27] for the I-size distribution (left) and the II-distance distribution (right) with the predictions from I-perturbation theory for ρ <∼ 0.35 fm and R/ρ >∼ 1.05, respectively [17,19].

As far as the IĪ-interaction Ω is concerned, it is seen from simple Fourier correspondences in (1), e.g. R^2 ∼ 1/(p_1+p_2)^2 ≡ 1/s^′, that at high centerof-mass (cm) energies √ s^′ small IĪ-distances are probed, i.e. ρρ̄/R^2 ∼ s^′/Q^{′2} ≡ 1/x^′ − 1 (DIS) or ∼ s^′/M^2_W (QFD). Thus, in order to make a reliable prediction of I-induced hard scattering at high energies, we need to know the interaction for small distances. Again, for QCD one may exploit lattice data on the IĪ-distance distribution [27] to infer the region of validity of the description of the IĪ-interaction by its exact expression given in the valley method [11,25]: one finds good agreement for R/ρ >∼ 1.0 ÷ 1.05 [17,19] (cf. Fig. 2). In this case, however, there are remaining theoretical ambiguities: The integrations over ρ, ρ̄ in the IĪ-distance distribution imply significant contributions also from larger instantons with 0.35 fm <∼ ρ, ρ <∼ 0.6 fm, outside the strict region of perturbation theory. It is not excluded that the valley interaction reliably describes the interactions of small-size instantons, ρ ∼ ρ̄ ≪ ⟨ρ⟩ ≈ 0.5 fm, at smaller R/ρ, say R/ρ >∼ 0.5.

Figure 3. QCD I-subprocess cross-section [16,18].

The energy dependencies of the I-induced parton-parton cross sections illustrated in Fig. 3 for DIS (x^′ = Q^{′2}/(Q^{′2} + s^′)) [16,18] and in Fig. 4 for QFD [11,28] are easily understood on the basis of above mentioned Fourier correspondences and associated saddle-point relations: At increasing energies, smaller and smaller IĪ-distances are probed, and the cross-sections are rapidly growing due to the attractive nature of the IĪ-interac-tion in the perturbative semi-classical regime (cf. Fig. 2 (right)). This goes along with the production of n_g ∼ 1/α_g gauge bosons, in addition to the minimal number of fermions required by the axial anomaly. Furthermore, in the case of DIS, at increasing virtuality Q^′ smaller and smaller instantons are probed and the cross-section diminishes in accord with the size distribution (Fig. 2 (left)).

2.2. QCD-instantons at HERA

With my colleague Fridger Schrempp we have conducted a long-term research program at DE- SY to work out the theory and phenomenology of hard QCD I-induced processes in DIS at HERA [14,15,16,17,18,19]. Meanwhile, the first dedicated search by the H1 collaboration has been published [29]. Several observables characterising the hadronic final state of QCD I-induced events were exploited to identify a potentially I-enriched domain. The results obtained are intriguing but non-conclusive. While an excess of events with I-like topology over the expectation of the standard DIS background is observed, which, moreover, is compatible with the I-signal, it can not be claimed to be significant given the uncertainty of the Monte Carlo simulations of the standard DIS background. The data do not exclude the crosssection predicted by I-perturbation theory for quite small I-sizes ρ_∗ <∼ 0.2 fm and (R/ρ)_∗ >∼ 0.9.

Figure 4. QFD I-subprocess cross-section [11,28].

2.3. QFD-instantons at VLHC?

In the early ‘90s the possibility of observable QFD I-effects at cm energies ≫ 10 TeV was quite intensively investigated [8,9,10,11,12,13]. But despite considerable theoretical efforts the actual size of the cross-sections in the relevant energy regime was never established. In view of the similarity between QFD and hard QCD I-induced processes in DIS and of the recent information about the latter both from the lattice and from experiment, it seems worthwhile to reconsider the subject [28]. Figure 4 represents a state-of-the-art evaluation of the QFD I-induced quarkquark cross-section, which neglects Higgs production [11]. It demonstrates that the cross-section is unobservably small in the conservative fiducial region corresponding to (R/ρ)_∗ > 1. However, it becomes of observable size if the IĪ-attraction remains valid also for slightly smaller values of (R/ρ)_∗ >∼ 0.7 at √ s^′ ≈ 4πM_W /α_W = 30 TeV.

This opens up exciting opportunities at future colliders [9] such as VLHC [30] or at cosmic ray facilities and neutrino telescopes [12].

3. SOFT HIGH-ENERGY PROCESSES

One of the main challenges of QCD is to understand the high-energy, but small momentum transfer cross-sections of hadrons from first principles. In this domain, perturbation theory is not applicable and direct lattice simulations are not possible until now. There have been recently several attempts to face this challenge [31]. Most of them are based on the eikonal representation of the amplitudes in terms of correlators of Wilson lines or loops [32], which thereafter are evaluated using different model assumptions. The most advanced attempt is certainly the one of the Heidelberg group [33] based on the model of the stochastic vacuum [7], which has been already successfully applied to a variety of soft highenergy processes (e.g. [34]). Less developed but rapidly evolving is the understanding of a possible connection of semi-hard instantons to diffraction [35]. There exists the intriguing possibility that larger-size instantons build up diffractive scattering, with the marked I-size scale ⟨ρ⟩ ≈ 0.5 fm (Fig. 2 (left)) being reflected in the conspicuous “geometrization” of soft QCD [36].

REFERENCES

1. A. Belavin et al., Phys. Lett. B 59 (1975) 85. 2. G. ’t Hooft, Phys. Rev. D 14 (1976) 3432. 3. E. V. Shuryak, Nucl. Phys. B 203 (1982) 93; D. Diakonov and V. Y. Petrov, Nucl. Phys. B 272 (1986) 457; T. Schäfer and E. V. Shuryak, Rev. Mod. Phys. 70 (1998) 323.

4. M. Teper, Nucl. Phys. Proc. Suppl. 83 (2000) 146.

5. G. ’t Hooft, in High Energy Physics, EPS International Conference, Palermo 1975; ed. A. Zichichi; S. Mandelstam, Phys. Rept. 23 (1976) 245.

6. A. Di Giacomo, in Confinement, Topology, and other Nonperturbative Aspects of QCD, NATO Advanced Research Workshop, Stara Lesna, Slovakia, 2002, arXiv:heplat/0204032.

7. H. G. Dosch and Y. A. Simonov, Phys. Lett.

B 205 (1988) 339.

8. A. Ringwald, Nucl. Phys. B 330 (1990) 1;

O. Espinosa, Nucl. Phys. B 343 (1990) 310. 9. A. Ringwald, F. Schrempp and C. Wetterich, Nucl. Phys. B 365 (1991) 3; M. Gibbs et al., Z. Phys. C 66 (1995) 285.

10. V. I. Zakharov, Nucl. Phys. B 371 (1992) 637.

M. Porrati, Nucl. Phys. B 347 (1990) 371; V. V. Khoze and A. Ringwald, Nucl. Phys. B 355 (1991) 351.

11. V. V. Khoze and A. Ringwald, Phys. Lett. B 259 (1991) 106.

12. D. A. Morris and A. Ringwald, Astropart.

Phys. 2 (1994) 43.

13. V. A. Rubakov and M. E. Shaposhnikov, Usp.

Fiz. Nauk 166 (1996) 493.

14. A. Ringwald and F. Schrempp, in Quarks ’94, Eighth International Seminar, Vladimir, Russia, 1994, arXiv:hep-ph/9411217.

15. S. Moch, A. Ringwald and F. Schrempp, Nucl. Phys. B 507 (1997) 134.

16. A. Ringwald and F. Schrempp, Phys. Lett. B 438 (1998) 217.

17. A. Ringwald and F. Schrempp, Phys. Lett. B 459 (1999) 249.

18. A. Ringwald and F. Schrempp, Comput.

Phys. Commun. 132 (2000) 267.

19. A. Ringwald and F. Schrempp, Phys. Lett. B 503 (2001) 331.

20. R. Jackiw and C. Rebbi, Phys. Rev. Lett. 37 (1976) 172; C. G. Callan, R. F. Dashen and D. J. Gross, Phys. Lett. B 63 (1976) 334.

21. F. R. Klinkhamer and N. S. Manton, Phys.

Rev. D 30 (1984) 2212.

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

J. S. Bell and R. Jackiw, Nuovo Cim. A 60 (1969) 47.

23. I. Balitsky and V. M. Braun, Phys. Rev. D 47 (1993) 1879; Phys. Lett. B 314 (1993) 237.

24. A. V. Yung, Nucl. Phys. B 297 (1988) 47. 25. J. Verbaarschot, Nucl. Phys. B 362 (1991) 33. 26. C. W. Bernard, Phys. Rev. D 19 (1979) 3013;

T. R. Morris, D. A. Ross and C. T. Sachrajda, Nucl. Phys. B 255 (1985) 115.

27. D. A. Smith and M. J. Teper [UKQCD collaboration], Phys. Rev. D 58 (1998) 014505.

28. A. Ringwald, DESY 02-157.

29. C. Adloff et al. [H1 Collaboration], arXiv:hepex/0205078.

30. The Very Large Hadron Collider (VLHC), http://www.vlhc.org 31. A. Hebecker, in HEP 2001, International Europhysics Conference on High- Energy Physics, Budapest, Hungary, 2001, arXiv:hep-ph/0111092.

32. O. Nachtmann, Annals Phys. 209 (1991) 436. 33. H. G. Dosch, E. Ferreira and A. Krämer, Phys. Rev. D 50 (1994) 1992; O. Nachtmann, in Workshop on Topics in Field Theory, Kloster Banz, Germany, 1993, arXiv:hepph/9609365.

34. H. G. Dosch, O. Nachtmann, T. Paulus and S. Weinstock, Eur. Phys. J. C 21 (2001) 339. A. I. Shoshi, F. D. Steffen and H. J. Pirner, Nucl. Phys. A 709 (2002) 131.

35. D. E. Kharzeev, Y. V. Kovchegov and E. Levin, Nucl. Phys. A 690 (2001) 621; M. A. Nowak, E. V. Shuryak and I. Zahed, Phys. Rev. D 64 (2001) 034008; F. Schrempp, J. Phys. G 28 (2002) 915.

36. F. Schrempp and A. Utermann, Phys. Lett.

B 543 (2002) 197.