Received: September 3, 1998, Accepted: October 13, 1998

HYPER VERSION

QCD power corrections from a simple model for the running coupling

Bryan R. Webber^∗

Cavendish Laboratory, University of Cambridge Madingley Road, Cambridge CB3 0HE, U.K. E-mail: webber@hep.phy.cam.ac.uk

Abstract: A simple parametrization of the QCD running coupling at low scales is introduced and used to illustrate various schemes for the estimation of non-perturbative power corrections. The ‘infrared matching’ scheme proposed earlier gives satisfactory results when combined with next-to-leading (or higher) order perturbative predictions. Estimates based on renormalons are shown to be inconsistent with universal behaviour of the running coupling.

Keywords: QCD, Phenomenological Models, Nonperturbative Effects.

∗Research supported in part by the U.K. Particle Physics and Astronomy Research Council and by the EC Programme “Training and Mobility of Researchers”, Network “Hadronic Physics with High Energy Electromagnetic Probes”, contract ERB FMRX-CT96-0008.

Contents

1. Introduction 1

2. Model for the running coupling 2

3. Power corrections 3

4. Renormalons 6

5. Conclusions 9

1. Introduction

In several recent papers [1]–[6] the hypothesis of a universal low-energy behaviour of the QCD running coupling has been used to estimate power-behaved corrections to various QCD observables. While the only essential parameters are a few moments of the coupling in the infrared region, the absence of a satisfactory explicit model for the non-perturbative contributions has made the arguments hard to follow and the approximation scheme unclear. In the present paper, a simple model is introduced with sufficiently good properties to allow quantitative comparisons of various proposed schemes for the estimation of power corrections.

Let us start by recalling that the running coupling has the general form

α_s(k^2) ≡ 1 b_0 a(k^2/Λ^2) , (1.1)

where for N_f active flavours b_0 =

33 − 2N_f 12π (1.2)

and to 1-loop order at high energies a(x) ∼ 1 ln x

. (1.3)

A fundamental problem with simply continuing this expression to low energies is the Landau pole at k^2 = Λ^2 (x = 1). On general causality grounds, at least if the running coupling is to be related analytically to some physical observable, we expect singularities of the function α_s(k^2) to occur on the negative real axis only.

A number of explicit models have been proposed [7]–[10] for including non-pertur-bative contributions at low k^2 and cancelling the Landau pole. A particularly simple one with many good features is the ‘analytic model’ [8, 9], a(x) = 1 ln x + 1 1 − x . (1.4)

This expression has no Landau pole, only a branch point at k^2 = 0. However, the extra term introduces a 1/k^2 correction to the logarithmic running of the coupling at large k^2. This would have to be cancelled somehow in quantities that are proportional to α_s(Q^2) in leading order but are not expected to have 1/Q^2 corrections, such as the e^+e^− total cross section. In addition the numerical value of α_s becomes rather large, α_s(0) = 1/b_0 = 1.4 for N_f = 3, which calls into question the notion of an expansion in powers of α_s at low scales. One might also prefer to have an expression with free parameters, other than the overall momentum scale Λ, that could be fitted to experimental data. The expressions suggested in ref. [7] do have free parameters, but they also have non-analytic terms, unwanted power corrections and/or singularities at unphysical values of k^2.

2. Model for the running coupling

If we require

• No power corrections larger than 1/k^{2p},

• Singularities on the negative real k^2 axis only,

• Some freedom to adjust the form and value at low k^2,

then the following generalization of eq. (1.4) suggests itself: a(x) = 1 ln x + x + b (1 − x)(1 + b)

( 1 + c x + c )_p . (2.1)

For definiteness we shall consider here b = 1/4, c = 4, p = 4, i.e. a(x) = 1 ln x

+ 125

1 + 4x (1 − x)(4 + x)^4

, (2.2)

which leads to the form of α_s shown in fig. 1, where the values N_f = 3, Λ = 0.25 GeV have been chosen, giving α_s(Q^2) = 0.118 at Q = 91 GeV. For this choice of parameters, α_s(k^2) lies very close to the perturbative expression (dot-dashed) above k = 1 GeV, the difference falling like 1/k^8. Below 1 GeV, however, it remains finite and positive, reaching a maximum value of 0.8 at k = 0.4 GeV. As discussed below, the moments of this function are consistent with those deduced from data on power corrections. The multipole on the negative real axis looks somewhat unphysical, but should be regarded only as an approximation to a more complicated singularity structure.

Figure 1: Model for the running coupling (solid curve), compared with one-loop perturbative form (dot-dashed) and expansions to first, second and third order in α_s(Q^2) (dashed, Q = 91 GeV). The dotted curve shows the 2-loop modification (2.3).

In order to relate the parameter Λ in eq. (1.1) to the scale parameter in some particular renormalization scheme, eq. (2.1) should be generalized to reproduce the 2-loop behaviour of α_s(k^2) at large k^2. As has been discussed for the simpler form (1.4) [8], this can be achieved without spoiling the analytic properties through a replacement of the form x → x 1 + ( ln x 2π )_2 b , (2.3)

where b = b_1 2b^2_0 = 3(153 − 19N_f ) (33 − 2N_f )^2

. (2.4)

As shown by the dotted curve in fig. 1, this makes only a very small difference at fixed values of the parameters, although of course these values would also need some readjustment. For simplicity we shall therefore use the 1-loop formula (2.2) in the remainder of this paper.

3. Power corrections

As a model for a QCD observable which is of perturbative order α^q_s and is expected to have a leading power correction of order 1/Q^p, consider the integral [11] F_{p,q}(Q) = p Q^p ∫_Q 0 dk k k^p [ α_s(k^2) ]_q . (3.1)

Then to lowest order in α_s(Q^2) we have F_{p,q} = F^{(0)}_{p,q} where

F^{(0)}_{p,q} (Q) = [ α_s(Q^2) ]_q . (3.2)

Using the explicit expression given by eqs. (1.1) and (2.2), we can evaluate the integral exactly, as shown for p = q = 1 by the solid curve in fig. 2. The difference between F_{p,q} and F^{(0)}_{p,q} arises from the running of α_s(k^2) in the integrand, which receives both perturbative and non-perturbative contributions. It is not possible to disentangle these unambiguously, because the two terms in eq. (2.2) separately give divergent contributions. A perturbative expansion in powers of α_s(Q^2) sees only the first term; expanding to O(α^{q+N}_s ) means using [ α_s(k^2) ]_q N ≡ [ α_s(Q^2) ]_q^N∑ n=0 (n + q − 1)! n! (q − 1)! [ b_0α_s(Q^2) ln ( Q^2/k^2 )]_n (3.3)

in eq. (3.1) to obtain

F^{(N)}_{p,q} (Q) = [ α_s(Q^2) ]_q^N∑ n=0 (n + q − 1)!

(q − 1)! [ 2b_0 p α_s(Q^2) ]_n , (3.4)

which diverges as N → ∞. This is the infrared renormalon problem [11]–[16]. As one would expect from the corresponding curves in fig. 1, the perturbative estimate (3.4) of F_{p,q} undershoots for low values of N, but becomes arbitrarily large for sufficiently high N (fig. 2).

To correct the O(α^{q+N}_s ) perturbative estimate (3.4) we clearly have to write

F_{p,q}(Q) = F^{(N)}_{p,q} (Q) + δF^{(N)}_{p,q} (Q) , (3.5)

where the correction term is δF^{(N)}_{p,q} (Q) = p Q^p ∫_Q 0 dk k k^p ([ α_s(k^2) ]_q − [ α_s(k^2) ]_q N ) . (3.6)

In the approximation scheme proposed in ref. [2], one notes that the two terms in the integrand of eq. (3.6) must become similar at values of k in the perturbative region, say k > μ_I, and that this region cannot contribute to the renormalon divergence. Therefore we neglect the integrand above μ_I, the ‘infrared matching’ scale, and write δF^{(N)}_{p,q} (Q) ≃ p Q^p ∫_{μI} 0 dk k^{p−1} ([ α_s(k^2) ]_q − [ α_s(k^2) ]_q N )

= ( μ_I Q )_p F_{p,q}(μ_I) − G^{(N)}_{p,q} (μ_I, Q) , (3.7)

where

G^{(N)}_{p,q} (μ_I, Q) = [ α_s(Q^2) ]_q^N∑ n=0 (n + q − 1)! n! (q − 1)! [ 2b_0 p α_s(Q^2) ]_n Γ(n + 1, p ln(Q/μ_I)) , (3.8)

Figure 2: Exact value of the integral (3.1) for p = q = 1 (solid curve), compared with perturbative estimates (3.4) for N = 0, . . . , 7 (dashed).

Γ being the incomplete gamma function,

Γ(n + 1, z) = ∫_∞ z t^n e^{−t} dt . (3.9)

The point of this exercise is that all the necessary non-perturbative information is now contained in the Q- and N-independent parameters F_{p,q}(μ_I), which represent weighted averages of α^q_s over the infrared region 0 < k < μ_I. The resulting contribution to F_{p,q}(Q) is a power correction of order 1/Q^p. The second term on the right-hand side of eq. (3.7) subtracts the divergent renormalon part of the perturbative prediction. After this subtraction, the total correction δF^{(N)}_{p,q} (Q) is not simply power-behaved, as may be seen from the difference between the exact result and any of the fixed-order curves in fig. 2.

For the model of the running coupling shown q p = 1 p = 2 p = 3 p = 4

1 0.511 0.450 0.410 0.388 2 0.283 0.218 0.176 0.155 3 0.170 0.114 0.081 0.064

Table 1: Values of F_{p,q}(2 GeV).

in fig. 1, we see that μ_I = 2 GeV is a reasonable matching scale, for which one finds the values of F_{p,q}(μ_I) given in table 1. The results F_{1,1}(2 GeV) ≃ F_{2,1}(2 GeV) ≃ 0.5 are consistent with the values deduced [1, 2, 3, 5, 14] from experimental data on event shapes [17, 18, 19] and structure functions [20, 21], respectively.^1

Using these values in eq. (3.7), we obtain the (μ_I = 2 GeV) ‘matching estimates’ of the integral (3.1), shown by the dot-dashed curves in fig. 3 for N = 0, 1, 2, 6. The N = 1 case corresponds to the most common situation, where we have to match to

1Note that in refs. [2, 3] the notation F_{p,1}(μ_I) = ᾱ_{p−1}(μ_I) was used.

Figure 3: Exact value of the integral (3.1) for p = q = 1 (solid curves), compared with perturbative (dashed) and infrared matching (dot-dashed) estimates for N = 0, 1, 2, 6.

a NLO perturbative calculation. There is still some discrepancy at large Q because the matching in the interval μ_I < k < Q is not perfect. The discrepancy is reduced when the NNLO term is added (N = 2). The N = 6 case is shown to illustrate the cancellation of the renormalon and the improvement in the matching when very many perturbative terms are included.

Since we know the exact form of the integrand, we could of course improve the matching estimates at large Q by choosing a larger value of the matching scale μ_I. However in reality we usually know only the behaviour as k^2/Q^2 → 0, and μ_I must be kept small in order for this behaviour to predominate in the correction term (3.6).

4. Renormalons

A common way to deal with the renormalon divergence of the perturbative estimate (3.4) as N → ∞ is to Borel transform and define the sum by the principal value of the Borel integral [13, 16, 22, 23, 24, 25]. Recall that if

F (α_s) = ∞∑ n=0 c_nα^{n+1}_s (4.1) then the Borel transform is F̃ (u) =^∞∑ n=0 c_n n! u^n (4.2)

and the sum would be defined as

F (α_s) = P ∫_∞ 0 du F̃ (u) e^{−u/αs} , (4.3) where P indicates the principal value. In the case of eq. (3.4) we have

F̃^{(∞)}_{p,q} (u) = u^{q−1} (q − 1)! p p − 2b_0u (4.4)

and hence the ‘renormalon estimate’ of the perturbative part of F_{p,q}(Q) is F^{(ren)}_{p,q} (Q) = [ α_s(Q^2) ]_q H_q ( p 2b_0α_s(Q^2) ) , (4.5)

where

H_q(z) = z^q (q − 1)! e^{−z}Ei(z) − q−2∑ n=0 n! z^{−n−1} (4.6)

and Ei represents the exponential integral function,

Ei(z) = −P ∫_∞ −z e^{−t} t dt . (4.7)

The non-perturbative part of F_{p,q}(Q) then taken to be of the order of the residue of the renormalon pole at u = p/2b_0: δF^{(ren)}_{p,q} (Q) = [ α_s(Q^2) ]_q δH_q ( p 2b_0α_s(Q^2) ) , (4.8)

where δH_q(z) = z^q (q − 1)!

e^{−z} . (4.9)

Taking ±δF^{(ren)}_{p,q} for the estimated non-perturbative part gives the upper/lower ends of the “error bars” shown in fig. 4.

The renormalon estimate (4.5) corresponds to a principal-value definition of the integral (3.1), i.e. to using the perturbative form (1.3) for α_s(k^2) everywhere and taking the average of contours running just above and below the point k = Λ. This implies that α_s(k^2) < 0 for k < Λ, necessitating a positive non-perturbative contribution when p = q = 1 (see fig. 4). As p increases, the negative contribution from k < Λ is suppressed and the region of positive α_s dominates, so that the a negative nonperturbative contribution is required. Nevertheless, for the simple model (2.2) assumed here for α_s, the renormalon estimate is quite satisfactory when q = 1, within the assumed uncertainty (4.8) shown by the error bars.

Figure 4: Exact values of the integral (3.1) for (solid curves), and renormalon estimates (points). For comparison the LO perturbative (dashed) and NLO matched (dot-dashed) estimates are also shown.

For higher powers of α_s, q > 1, the situation is different. Using the perturbative expression for α_s(k^2) in (3.1) means that the integrand has a multiple pole, and the physical interpretation of the principal value is not so obvious. A useful alternative interpretation (valid also for q = 1) is as follows. The function F (Q) = F_{p,q}(Q) satisfies the differential equation Q p dF dQ + F = [ α_s(k^2) ]_q , (4.10)

which has the general solution

F (Q) = p Q^p ∫_Q Q_0 dk k k^p [ α_s(k^2) ]_q , (4.11)

where Q_0 is an arbitrary constant of integration. The renormalon estimate (4.5) corresponds to a particular choice of Q_0 > 0, namely the solution of α_s(Q^2_0) = p 2b_0z_q

, (4.12)

z = z_q being the point where H_q(z) = 0, i.e. where

Ei(z) = e^z q−2∑ n=0 n! z^{−n−1} . (4.13)

Explicit values are

z_1 = 0.373 , z_2 = 1.347 , z_3 = 2.342 , z_q ∼ q − 0.67 . (4.14)

Clearly the solution (4.11) corresponds (for q p = 1 p = 2 p = 3 p = 4

1 1.45 1.20 1.13 1.10 2 3.85 1.96 1.57 1.40 3 10.40 3.22 2.18 1.80

Table 2: Values of Q_0(p, q)/Λ.

Q > Q_0) to setting α_s(k^2) ≡ 0 throughout 0 < k < Q_0. Thus the renormalon estimate (4.5) is equivalent to using the perturbative expression for α_s(k^2) everywhere above an ‘effective cutoff’ Q_0(p, q) given by eq. (4.12), and setting α_s(k^2) ≡ 0 below that value. Using the 1-loop expression for α_s(Q^2_0), we obtain

Q_0(p, q) = Λ e^{zq/p} ∼ Λ e^{(q−0.67)/p} . (4.15)

Note that the effective cutoff Q_0(p, q) grows rapidly with increasing q, especially for p = 1 (table 2).

Setting α_s(k^2) = 0 for k < Q_0(p, q) is equivalent to the principal-value definition of the integral in (3.1), because the principal value of the integral from 0 to Q_0(p, q) is zero. As q increases, the higher effective cutoff leads to a lower renormalon estimate of the integral, necessitating a non-perturbative correction greater than the estimate (4.8) (see fig. 4). The fact that the cutoff on α_s is imposed at a scale that depends on p and q makes the renormalon approach look somewhat unnatural. Given that the analyticity properties are destroyed by the principal value prescription, one might as well choose to set α_s(k^2) = 0 below some fixed value of Q_0, to be treated as a free parameter.

Another way of defining the divergent sum (3.4) is by truncating the series at its smallest term [13], i.e. summing up to the integer nearest to N(Q) = p 2b_0α_s(Q^2)

− q +^1_2 (4.16)

and assigning an uncertainty equal to the smallest term. This is valid if the series is an asymptotic expansion. The resulting ‘optimal truncation’ estimate is again a solution of the differential equation (4.10), but the effective cutoff Q_0(p, q) is now given by N(Q_0) = 0, i.e. α_s(Q^2_0) = p 2b_0(q −^1_2 )

(4.17)

which is just eq. (4.12) with z_q replaced by q −^1_2 . In view of eqs. (4.14), one then expects results very similar to those of the renormalon approach, which is indeed the case (fig. 5).

5. Conclusions

The simple model of the running coupling introduced in sect. 2 has allowed us to study various aspects of the estimation of QCD power corrections in some detail. For this purpose we have used the toy model observable F_{p,q}(Q) defined in eq. (3.1).

Figure 5: Exact values of the integral (3.1) (solid curves), and optimally truncated estimates (points). For comparison the LO perturbative (dashed) and NLO matched (dot-dashed) estimates are also shown.

The ‘infrared matching’ procedure introduced in ref. [2] gives fairly good results when matched with the NLO (N = 1) perturbative estimate, improving rapidly as higher orders are included (fig. 3). In principle it eliminates the renormalon problem completely, at the price of introducing new non-perturbative parameters, which are the moments of α_s at low scales (table 1). The simple model expresses these moments in terms of its own non-perturbative parameters, b, c and p in eq. (2.1). For the present study the latter were fixed at the values in eq. (2.2), which give agreement with a range of data on power corrections. In future these parameters could be varied to achieve a best fit. For serious comparisons with data, the 2-loop modification (2.3) should be used, and the varying number of active flavours would also need to be taken into account.

A renormalon analysis of the perturbation series suggests another way to estimate power corrections, either through Borel transformation or by optimal truncation of the series. Although this approach seems to involve no non-perturbative parameters, it is equivalent to using the perturbative expression for the running coupling above a cutoff Q_0 and setting it to zero below Q_0. Since the value of the effective cutoff Q_0 depends on the details of the integrand, viz. the powers of momentum and α_s (table 2), this procedure cannot correspond to any universal model for α_s. In particular, the effective cutoff increases rapidly with the power of α_s, and therefore renormalon estimates of higher-order effects will fall below those of any universal model for sufficiently high orders.

Whether a universal model of the running coupling, including non-perturbative terms, can be extended to higher orders is of course open to question anyway. For the parameter values used in eq. (2.2), the model coupling is nowhere larger than 0.8 (fig. 1), and so an expansion in powers of α_s(k^2)/π does not seem unreasonable. The hope is also that large coefficients due to infrared renormalons should not appear in this expansion.

Acknowledgments

I am most grateful to M. Dasgupta, Yu.L. Dokshitzer and G. Marchesini for helpful conversations.

References

[1] Yu.L. Dokshitzer, G. Marchesini and B.R. Webber, Nucl. Phys. B 469 (1996) 93 [hep-ph/9512336].

[2] Yu.L. Dokshitzer and B.R. Webber, Phys. Lett. B 352 (1995) 451 [hep-ph/9504219];

Phys. Lett. B 404 (1997) 321 [hep-ph/9704298].

[3] M. Dasgupta and B.R. Webber, Phys. Lett. B 382 (1996) 273 [hep-ph/9604388];

Nucl. Phys. B 484 (1997) 247 [hep-ph/9608394]; Eur. Phys. J. C 1 (1998) 539 [hep-ph/9704297];

M. Dasgupta, G.E. Smye and B.R. Webber, JHEP 04 (1998) 017 [hep-ph/9803382].

[4] P. Nason and B.R. Webber, Phys. Lett. B 395 (1997) 355 [hep-ph/9612353].

[5] Yu.L. Dokshitzer, A. Lucenti, G. Marchesini and G.P. Salam, Nucl. Phys. B 511 (1998) 396 [hep-ph/9707532]; JHEP 05 (1998) 003 [hep-ph/9802381].

[6] F. Hautmann, Phys. Rev. Lett. 80 (1998) 3198 [hep-ph/9710256].

[7] Yu.L. Dokshitzer, V.A. Khoze and S.I. Troyan, Phys. Rev. D 53 (1996) 89 [hep-ph/9506425].

[8] D.V. Shirkov and I.L. Solovtsov, JINR Rapid Comm. 2 [76] (1996) 5 [hep-ph/9604363];

Phys. Rev. Lett. 79 (1997) 1209 [hep-ph/9704333];

D.V. Shirkov, Nucl. Phys. 64 (Proc. Suppl.) (1998) 106 [hep-ph/9708480].

[9] G. Grunberg, Phys. Lett. B 372 (1996) 121 [hep-ph/9512203]; CPTH-PC463-0896 [hep-ph/9608375].

[10] A.I. Alekseev and B.A. Arbuzov, Mod. Phys. Lett. A 13 (1998) 1747 [hep-ph/9704228].

[11] Yu.L. Dokshitzer and N.G. Uraltsev, Phys. Lett. B 380 (1996) 141 [hep-ph/9512407].

[12] A.H. Mueller, Nucl. Phys. B 250 (1985) 327; in QCD 20 Years Later, Vol. 1, World Scientific, Singapore, 1993; Phys. Lett. B 308 (1993) 355.

[13] V.I. Zakharov, Nucl. Phys. B 385 (1992) 452; lectures at YKIS97 [hep-ph/9802416].

[14] B.R. Webber, Phys. Lett. B 339 (1994) 148 [hep-ph/9408222].

[15] G.P. Korchemsky and G. Sterman, Nucl. Phys. B 437 (1995) 415 [hep-ph/9411211]; in Proceedings of the 30th Rencontres de Moriond, Meribel les Allues, France, March 1995 [hep-ph/9505391];

G.P. Korchemsky, G. Oderda and G. Sterman, in Proceedings of the 5th International Workshop on Deep Inelastic Scattering and QCD (DIS 97), Chicago, April 1997 [hep-ph/9708346].

[16] R. Akhoury and V.I. Zakharov, Phys. Lett. B 357 (1995) 646 [hep-ph/9504248]; Nucl.

Phys. B 465 (1996) 295 [hep-ph/9507253].

[17] DELPHI Collaboration, P. Abreu et al., Z. Physik C 73 (1997) 229;

D. Wicke, in Proceedings QCD97, Montpellier, July 1997, Nucl. Phys. 64 (Proc. Suppl.) (1998) 27 [hep-ph/9708467].

[18] JADE Collaboration, P.A. Movilla Fernandez et al., Eur. Phys. J. C 1 (1998) 461 [hep-ex/9708034];

O. Biebel, Nucl. Phys. 64 (Proc. Suppl.) (1998) 22 [hep-ex/9708036].

[19] H1 Collaboration, C. Adloff et al., Phys. Lett. B 406 (1997) 256 (hep-ex/9706002).

[20] New Muon Collaboration, M. Arneodo et al., Nucl. Phys. B 483 (1997) 3 [hep-ph/9610231];

M. Virchaux and A. Milsztajn, Phys. Lett. B 274 (1992) 221.

[21] CCFR/NuTeV Collaboration, W.G. Seligman et al., Phys. Rev. Lett. 79 (1997) 1213 [hep-ex/9701017];

A.L. Kataev, A.V. Kotikov, G. Parente and A.V. Sidorov, Phys. Lett. B 417 (1998) 374 [hep-ph/9706534].

[22] M. Beneke, V.M. Braun and V.I. Zakharov, Phys. Rev. Lett. 73 (1994) 3058 [hep-ph/9405304];

P. Ball, M. Beneke and V.M. Braun, Nucl. Phys. B 452 (1995) 563 [hep-ph/9502300]; M. Beneke and V.M. Braun, Phys. Lett. B 348 (1995) 513 [hep-ph/9411229], Nucl. Phys. B 454 (1995) 253 [hep-ph/9506452];

M. Beneke, V.M. Braun and L. Magnea, Nucl. Phys. B 497 (1997) 297 [hep-ph/9701309].

[23] M. Neubert, Phys. Rev. D 51 (1995) 5924 [hep-ph/9412265].

[24] P. Nason and M.H. Seymour, Nucl. Phys. B 454 (1995) 291 [hep-ph/9506317].

[25] E. Stein, M. Meyer-Hermann, L. Mankiewicz and A. Schäfer, Phys. Lett. B 376 (1996) 177 [hep-ph/9601356];

M. Meyer-Hermann, M. Maul, L. Mankiewicz, E. Stein and A. Schäfer, Phys. Lett. B 383 (1996) 463 [hep-ph/9605229], ibid. 393 (1997) 487 (E);

M. Maul, E. Stein, A. Schäfer and L. Mankiewicz, Phys. Lett. B 401 (1997) 100 [hep-ph/9612300];

M. Maul, E. Stein, L. Mankiewicz, M. Meyer-Hermann and A. Schäfer, hep-ph/9710392; M. Meyer-Hermann and A. Schäfer, hep-ph/9709349;

E. Stein, M. Maul, L. Mankiewicz and A. Schäfer, Torino preprint DFTT 13/97,

hep-ph/9803342.