arXiv:hep-ph/0101257 23 Jan 2001

DESY 01/003 LU-ITP 01/01 PSI-PR-01-01 UR-1630, ER/40685/965 January 23, 2001 hep-ph/0101257

Off-shell W-pair production — universal versus non-universal corrections

A. Denner Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

S. Dittmaier^∗ Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany

M. Roth Institut für Theoretische Physik, Universität Leipzig, D-04109 Leipzig, Germany

D. Wackeroth Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627-0171, USA

Electroweak radiative corrections to e^+e^− scattering processes typically amount to O(10%) at LEP energies. Their logarithmic increase with energy renders them even more important at future colliders. Although the bulk of these corrections is due to universal process-independent effects, the remaining non-universal corrections are nevertheless phenomenologically important. We describe the structure of the universal corrections to e^+e^− → WW → 4f in detail and discuss the numerical size of universal and non-universal effects using the Monte Carlo generator RacoonWW^†.

Presented at the

5th International Symposium on Radiative Corrections (RADCOR–2000) Carmel CA, USA, 11–15 September, 2000

�Heisenberg fellow of the Deutsche Forschungsgemeinschaft yProgram available from http://www.hep.psi.ch/racoonww/racoonww.html

1 Introduction

At present, the investigation of W-pair production at LEP2 plays an important role in the verification of the Electroweak Standard Model (SM). Apart from the direct observation of the triple-gauge-boson couplings in e^+e^− → W^+W^−, the increasing accuracy in the W-pair-production cross-section and W-mass measurements has put this process into the row of SM precision tests [ 1]. The W-pair cross section is measured at the per-cent level, and the W-boson-mass determination aims at a final accuracy of 30 MeV. Experiments at a future e^+e^− linear collider (LC) with higher luminosity and higher energy will even exceed this precision.

To account for the high experimental accuracy on the theoretical side is a great challenge: the W bosons have to be treated as resonances in the full four-fermion processes e^+e^− → 4f, and radiative corrections need to be included. While several lowest-order predictions are based on the full set of Feynman diagrams, only very few calculations include radiative corrections beyond the level of universal radiative corrections (see Refs. [ 2, 3] and references therein). These universal corrections comprise the leading process-independent effects; for e^+e^− → WW → 4f these include universal renormalization effects (running or effective couplings), the Coulomb singularity at the W-pair-production threshold, and initial-state radiation (ISR) in leading-logarithmic approximation. The remaining corrections are usually viewed as non-universal and can only be included by an explicit diagrammatic calculation. In this article we describe the structure of the universal corrections in detail and discuss the size of the non-universal corrections for LEP2 und LC energies. This issue is not only theoretically interesting, it is also important in practice, since many Monte Carlo generators for W-pair production that are in use neglect non-universal electroweak corrections.

The size of non-universal corrections was already estimated by inspecting the pair production of stable W bosons quite some time ago [ 2, 4, 5]. For LEP2 energies these effects reduce the total W-pair cross section at the level of 1–2%, but for energies in the TeV range the impact grows to O(10%). For differential distributions the size of the non-universal corrections is usually much larger. In the following we investigate the corresponding corrections to off-shell W-pair production, e^+e^− → WW → 4f, by inspecting total cross sections as well as angular and invariant-mass distributions with the Monte Carlo generator RacoonWW [ 6].

2 Radiative corrections to off-shell W-pair production — state of the art

Fortunately, to match the experimental precision for W-pair production a full one-loop calculation for the four-fermion processes is not needed for most purposes, in particular for LEP2 physics. Instead it is sufficient to take into account only those radiative corrections that are enhanced by two resonant W bosons. For centre-of-mass (CM) energies E_{CM} not too close to the W-pair-production threshold, say for E_{CM} >∼ 170 GeV, the neglected O(α) corrections are of the order (α/π)(Γ_W /M_W), i.e. below 0.5% even if possible enhancement factors are taken into account. The theoretically clean way to carry out this approximation is the expansion about the two resonance poles, which is called double-pole approximation (DPA). A full description of this strategy and of different variants used in the literature (some of them involving further approximations) can be found in Refs. [ 6, 7, 8, 9].

At present, two Monte Carlo programs include O(α) corrections to e^+e^− → WW → 4f in DPA and further numerically important higher-order effects: YFSWW3 [ 7] and RacoonWW [ 6]. The salient features of the two approaches, which are conceptually very different, as well as detailed comparisons of numerical results are summarized in Ref. [ 3]. Further numerical results of the two programs can be found in Refs. [ 10, 11]. Both programs have reached an accuracy of roughly ∼ 0.5% for CM energies between 170 GeV and 500 GeV. For higher energies also leading electroweak two-loop effects become important (see also below).

Figure 1 shows a comparison of the results of RacoonWW and YFSWW3 with recent LEP2 data, as given by the LEP Electroweak Working Group [ 12] for the Summer 2000 conferences. The data are in good agreement with the predictions of the two programs, which differ by about 0.3% at LEP2 energies. Below a CM energy of 170 GeV, the prediction in Figure 1 is continued by GENTLE [ 13], which does not include the non-universal electroweak corrections. In its new version GENTLE is tuned to reproduce the DPA prediction of RacoonWW and YFSWW3 on the total cross section at LEP2 within a few per mill (see Ref. [ 3]).

3 Universal electroweak corrections — improved Born approximation

3.1 Preliminaries

Universal radiative corrections are those parts of the full correction that are connected to specific subprocesses, such as collinear photon emission or running couplings, and lead to characteristic enhancement factors. Owing to their universality such corrections are often related to the lowest-order matrix element of the underlying process. In the following we construct an improved Born approximation (IBA) for the processes e^+e^− → WW → 4f that is based on universal corrections only. For the production subprocess the IBA closely follows the approximation formulated in Ref. [ 4] for on-shell W-pair production. For the W decay the IBA is identical with the lowest-order prediction in the G_μ scheme, as suggested in Ref. [ 14].

Figure 1: Total WW production cross section at LEP2 as given by the LEPEWWG [ 12]

In order to define the IBA, we first need the lowest-order matrix element of the process

e^+(p_+, σ_+) + e^−(p_−, σ_−) → W^+(k_+, λ_+) + W^−(k_−, λ_−) → f_1(k_1, σ_1) + f_2(k_2, σ_2) + f_3(k_3, σ_3) + f_4(k_4, σ_4). (3.1)

The arguments label the momenta p_±, k_i and helicities σ_i = ±1/2, λ_j = 0, ±1 of the corresponding particles. The cross section that is defined by including only the so-called signal diagrams for W-pair-mediated four-fermion production, which are shown in Figure 2, is called CC03 cross section^1. Note that the masses of the external fermions (not the ones in closed fermion loops) are neglected whenever possible. In the absence of photon radiation this, in particular, implies that we have helicity conservation for the initial e^+e^− system, i.e. only the combination σ_− = −σ_+ con-

1Of course, the CC03 cross section is a non gauge-invariant quantity. However, evaluated in the ‘t Hooft–Feynman gauge it approximates the full cross sections for W-pair-mediated 4f production very well, as long as no electrons or positrons are in the final state. Therefore, the CC03 cross section is widely used in the literature (see also Refs. [ 2, 3]).

e^+

e^− γ, Z W

W f_1

f_2 f_3

f_4 e^+

e^− ν_e W

W f_1

f_2 f_3

f_4

Figure 2: Lowest-order signal diagrams for e^+e^− ! WW ! 4f

tributes, and we can define σ = σ_− = −σ_+. For definite electron helicity σ, the lowest-order CC03 matrix element is given by

M^{e+e} �_{→WW→4f,σ} Born,CC03 (p+, p^−, k+, k^−, k 2 +, k^2_−) = 3∑ n=1 F^σ_{n,Born}(s, t)M^σ_n(p_+, p_−, k_+, k_−, k^2_+, k^2_−),

(3.2) where M^σ_n are so-called standard matrix elements (SME) containing the spinor chains of the external fermions, and F^σ_{n,Born}(s, t) are invariant functions containing couplings and propagator factors. In lowest order only three SME and invariant functions contribute. Following the notation and conventions of Ref. [ 6], these read (ω_± = (1 ± γ_5)/2)

M^σ_1 = v(p_+)/ε^∗_+(/k_+ − /p_+)/ε^∗_−ω_σu(p_−), M^σ_2 = v(p_+)^1_2 (/k_+ − /k_−)ω_σu(p_−)(ε^∗_+ε^∗_−), M^σ_3 = v(p_+)/ε^∗_+ω_σu(p_−)(ε^∗_−k_+) − v(p_+)/ε^∗_−ω_σu(p_−)(ε^∗_+k_−) (3.3)

with “effective W-polarization vectors”

ε^{∗,μ}_+ = e √ 2s_w 1 k^2_+ − M^2_W + iM_WΓ_W u(k_1)γ^μω_−v(k_2), ε^{∗,μ}_− = e √ 2s_w 1 k^2_− − M^2_W + iM_WΓ_W u(k_3)γ^μω_−v(k_4), (3.4) and F^σ_{1,Born}(s, t) = e^2 2s^2_wt δ_{σ−}, F^σ_{3,Born}(s, t) = −F^σ_{2,Born}(s, t) =

2e^2 s − 2e^2 s − M^2_Z ( 1 − δ_{σ−} 2s^2_w ) . (3.5)

The actual values of the input parameters e, M_W, M_Z, and s_w depend on the inputparameter scheme. In the G_μ-scheme the electromagnetic coupling e is deduced from the Fermi constant G_μ using the tree-level relation e^2 = 4 √ 2G_μM^2_Ws^2_w, and the weak mixing angle is fixed by the gauge-boson masses, which are independent input parameters, s^2_w = 1 − M^2_W/M^2_Z .

Before we define the IBA we comment on the calculation of the full factorizable one-loop correction in DPA^2, which is described in Ref. [ 6], and its relation to the decomposition (3.2). In this case six independent SME contribute for each value of σ, and the functions F^σ_n contain standard loop integrals. Moreover, in order to guarantee the gauge invariance of the corrections, which is mandatory for consistency, it is necessary to perform an on-shell projection of the external fermion momenta k_i. This means that the k_i are changed to related momenta k̂_i in such a way that k̂^2_± = M^2_W. The off-shell values k^2_± are kept only in the propagator factors of (3.4).^3

3.2 Improved Born approximation

The first step in the construction of the IBA consists in a modification of the Born matrix element in such a way that the universal renormalization effects induced by the running of α and by Δρ are absorbed. This is achieved [ 4] by the replacements

e^2 s^2_w → 4 √ 2G_μM^2_W, e^2 → 4πα(s) (3.6)

in the lowest-order functions F^σ_{i,Born} of (3.5), which implies that weak-isospin exchange involves the coupling G_μM^2_W and pure photon exchange the coupling α(s). The running of the electromagnetic coupling is induced by light (massless) charged fermions only, i.e. we evaluate α(s) by α(s) = α(M^2_Z )

1 −^{α(M 2Z)}_{3π} ln(s/M^2_Z ) ∑ f ≠t N c f Q^2_f (3.7)

with the value α(M^2_Z ) = 1/128.887 taken from the fit [ 15] of the hadronic vacuum polarization to the empirical ratio R = σ(e^+e^− → hadrons)/σ(e^+e^− → μ^+μ^−). Thus, the basic matrix element for the IBA reads

M^{e+e} �_{→WW→4f,σ} IBA (p_+, p_−, k_+, k_−, k^2_+, k^2_−) = 3∑ n=1 F^σ_{n,IBA}(s, t)M^σ_n(p_+, p_−, k_+, k_−, k^2_+, k^2_−)

(3.8)

2 In DPA the virtual one-loop correction consists of factorizable and non-factorizable contributions. The factorizable corrections are the ones that are related to the W-pair-production and W-decay subprocesses. The non-factorizable corrections comprise the remaining doubly-resonant virtual corrections and include all diagrams with photon exchange between the production and decay subprocesses.

3This on-shell projection also renders the CC03 cross section gauge-invariant, leading to the socalled DPA Born cross section. However, the DPA Born cross section is a much worse approximation for the 4f cross section than the CC03 variant (see also Refs. [ 3, 8]).

with

F^σ_{1,IBA}(s, t) = 2 √ 2G_μM^2_W t δ_{σ−}, F^σ_{3,IBA}(s, t) = −F^σ_{2,IBA}(s, t) = 4 √ 2G_μM^2_W s − M̂^2_Z δ_{σ−} − 8πα(s)M̂^2_Z s(s − M̂^2_Z )

. (3.9)

Note that we have used the complex Z-boson mass M̂^2_Z = M^2_Z − iM_WΓ_Z in order to regularize the Z resonance below the W-pair-production threshold; otherwise the ISR convolution over the reduced CM energy would lead to complications (see below).

Another important virtual correction is induced by the Coulomb singularity near the W-pair-production threshold. We include this effect in the calculation of the “hard” IBA cross section σ̂^{e+e} �_{→WW→4f} IBA , ∫ dσ̂^{e+e} �_{→WW→4f} IBA (p_+, p_−) = 1 2s ∫ dΦ_{4f} |M^{e+e} �_{→WW→4f} IBA |^2 [ 1 + δ_{Coul}(s, k^2_+, k^2_−) g(β) ] , (3.10) where the correction factor δ_{Coul} is given by [ 16, 17]

δ_{Coul}(s, k^2_+, k^2_−) = α(0) β Im { ln ( β − β + Δ_M β + β + Δ_M )} ,

β = √ s^2 + k^4_+ + k^4_− − 2sk^2_+ − 2sk^2_− − 2k^2_+k^2_− s , β = √ 1 − 4(M^2_W − iM_WΓ_W) s , Δ_M =

|k^2_+ − k^2_−| s (3.11)

with the fine-structure constant α(0). The auxiliary function g(β) = ( 1 − β^2

)_2

(3.12)

restricts the impact of δ_{Coul} to the threshold region where it is valid. Its actual form (and its occurrence) is somewhat ad hoc but justified by a numerical comparison to the full O(α) correction. Omitting this factor would lead to a constant positive correction of a few per mill above threshold, although the correct non-universal correction is even negative.

The last ingredient in the IBA is the leading-logarithmic contribution induced by initial-state radiation (ISR). We follow the structure-function approach [ 18], where the full IBA cross section σ_{IBA} reads ∫ dσ_{IBA} =

∫_1 0 dx_1

∫_1 0 dx_2 Γ^{LL}_{ee} (x_1, Q^2)Γ^{LL}_{ee} (x_2, Q^2) ∫ dσ̂^{e+e} �_{→WW→4f} IBA (x_1p_+, x_2p_−). (3.13)

The structure functions Γ^{LL}_{ee} (x, Q^2) include the leading logarithms [α ln(Q^2/m^2_e )]^n up to order n = 3, and the soft-photon effects are exponentiated; the explicit expressions can also be found in Refs. [ 2, 6]. The QED splitting scale Q^2 is not fixed in leadinglogarithmic approximation and has to be set to a typical momentum scale of the process. It can be used to adjust the IBA to the full correction, but also to estimate the intrinsic uncertainty of the IBA by choosing different values for Q^2.

Finally, we have to fix the W-boson width Γ_W in the evaluation of the IBA. In order to avoid any kind of mismatch with the decay, Γ_W should be calculated in lowest order using the G_μ scheme. This choice guarantees that the “effective branching ratios”, which result after integrating out the decay parts, add up to one when summing over all channels. Of course, if naive QCD corrections are taken into account by multiplying with (1 + α_s/π) for each hadronically decaying W boson, these QCD factors also have to be included in the calculation of the total W width.

Note that unlike the full one-loop calculation in DPA, the IBA is also applicable near the W-pair production threshold, since no pole expansion is involved.

4 Comparison of the improved Born approximation with state-of-the-art results

4.1 Total cross section

In order to investigate the reliability of the IBA defined in (3.13), we have implemented this IBA in the Monte Carlo program RacoonWW, which provides state-of-the-art predictions for the full O(α) corrections in DPA, as discussed above. For the following numerical evaluations we have adopted the input-parameter set of Refs. [ 3, 6].

Figure 3 compares different predictions for the total cross section (without any phase-space cuts) for the semileptonic process e^+e^− → udμ^−ν_μ(γ) for CM energies E_{CM} up to 1 TeV. The IBA is evaluated for the two different scales Q^2 = s = E^2_{CM} and Q^2 = |t_{min}| = E^2_{CM} ( 1 − √ 1 − 4M^2_W/E^2_{CM} ) /2 − M^2_W, and “best” labels the RacoonWW prediction including all universal and non-universal corrections as described in detail in Ref. [ 6]. The motivation for Q^2 = s is obvious; Q^2 = |t_{min}| is motivated by the fact that t_{min} corresponds to the minimal momentum transfer in the t-channel diagrams for forward scattering of on-shell W bosons, which dominates the cross section. The comparison of the corresponding relative corrections (normalized to the CC03 Born cross section in G_μ scheme) is shown in Figure 4.

For LEP2 energies, i.e. energies below 210 GeV, the difference between the two IBA versions reflects the typical uncertainty of 1–2% inherent in all predictions that neglect non-universal electroweak corrections. It turns out that the IBA with Q^2 = s is closer to the “best” prediction, with a maximal deviation at the upper LEP2

Figure 3: Predictions for the total cross section for the process e^+e^− ! udμ^−ν_μ based on various approximations for radiative corrections

Figure 4: Relative corrections to the total cross section for the process e^+e^− ! udμ^−ν_μ in various approximations energies: ∼ 0.6% at 200 GeV and ∼ 0.8% at 210 GeV. Note that the “best” prediction is not included below 170 GeV, since the uncertainty of all predictions based on a DPA formally runs out of control near the W-pair-production threshold. On the other hand, the IBA does not suffer from this constraint. Since the IBA with Q^2 = s agrees with the “best” prediction near 170 GeV at the per-mill level this IBA version is an appropriate extrapolation of the “best” RacoonWW prediction down to the W-pair-production threshold. Of course, the theoretical uncertainty below 170 GeV is then of the order of one to a few per cent.

For LC energies the IBA becomes more and more uncertain; for 1 TeV the two IBA versions differ already by ∼ 5%. This signals that non-leading electroweak corrections become more and more important. The dominant effects are due to Sudakov logarithms [ 19] of the type α ln^2(s/M^2_W ) which originate from the exchange of soft and collinear massive gauge bosons, i.e. W and Z bosons. The IBA does not account for these effects. Nevertheless the IBA with Q^2 = |t_{min}| follows the “best” prediction within ∼ 1–2% even for high energies. This is plausible, because the total cross section is strongly dominated by the t-channel pole for forward scattering for high energies, and this contribution is well approximated by the IBA. Note, however, that the good agreement could not be predicted without a comparison with the full DPA correction including non-universal electroweak corrections. On the other hand, it can be expected that the quality of the IBA with Q^2 = |t_{min}| also becomes worse if forward scattering is excluded or suppressed by phase-space cuts; this issue is further discussed below in the context of differential distributions.

4.2 Differential distributions

In order to define differential distributions, the kinematic information on the fermion momenta in e^+e^− → WW → 4f(γ) is required. In the presence of photon radiation, a consistent treatment of photons that are soft or collinear to charged fermions is crucial. If such photons are not recombined with the nearest charged fermion, i.e. if these photon–fermion systems are not treated as single “quasi-particles”, the bare fermion momenta in general lead to distributions that are not IR-safe, i.e. they involve mass-singular logarithms of the form α ln m_f . For fermions other than muons such effects are definitely unphysical. In order to avoid such artifacts, we recombine soft and collinear photons according to the procedure^4 described in Refs. [ 3, 6].

4In this approach, first photons close to the beams are dropped in events, i.e. their momenta are set to zero. If the photon survives the cut to the beam, it is recombined with the charged fermion f if M_{ffl} < M_{rec}, where f is the fermion with the smallest invariant mass M^2_{ffl} = (p_f + k_fl)^2 with the photon. Finally, events are discarded in which charged fermions are close to the beam. The size of the recombination cut M_{rec}, thus, determines how many photons are recombined with the charged fermions. In Refs. [ 3, 6] the two values M_{rec} = 5 GeV and 25 GeV are chosen, defining a “bare” and a “calo(rimetric)” setup, respectively.

Figure 5: Predictions for the W^+-production-angle distribution (left) and corresponding relative corrections (right) for the process e^+e^− ! udμ^−ν_μ at E_{CM} = 200 GeV based on various approximations for radiative corrections

Figure 6: Predictions for the W^+-production-angle distribution (left) and corresponding relative corrections (right) for the process e^+e^− ! udμ^−ν_μ at E_{CM} = 500 GeV based on various approximations for radiative corrections 10

In Figures 5 and 6 the full RacoonWW and IBA predictions for the W^+-production-angle distribution are compared for the process e^+e^− → udμ^−ν_μ at the typical LEP2 energy of E_{CM} = 200 GeV and the LC energy E_{CM} = 500 GeV. The uncertainty of the IBA predictions induced by the QED splitting scale Q is about 1–2% and ∼ 5% for LEP and LC energies, respectively. The deviation of the IBA prediction from the full result is up to ∼ 5% and ∼ 5–10%, where the agreement is best for forward scattering (cos θ_W+ → 1), as anticipated above. The IBA uncertainty and the deviation from the full result further grow with increasing energy. This comparison is performed using the “calo” setup for the photon recombination of photons, but the sensitivity of the W-production-angle distribution to the recombination procedure is very weak (see Refs. [ 3, 6]).

The sensitivity to photon recombination is maximal in the invariant-mass distributions of the reconstructed W bosons, which can be seen by comparing Figures 7 and 8. The full correction shows a very strong dependence on the recombination procedure, which was discussed in Ref. [ 10] in detail. The more inclusive recombination (“calo”) leads to large positive corrections above resonance and thus to a shift of the resonance to the right, which can be of the order of some 10 MeV [ 10]. Since this distortion of the W line shape is mainly induced by final-state radiation and radiation off the W bosons, the IBA, as defined above, does not account for this effect. It is obvious that the W-invariant-mass distributions can only be properly described if photon radiation from the W-decay processes is taken into account properly. Figures 7 and 8 refer to the LEP energy E_{CM} = 200 GeV, but this conclusion is, of course, valid for all energies.

5 Conclusions

Electroweak radiative corrections to e^+e^− → WW → 4f typically amount to O(10%) at LEP2 energies and further increase for higher energies. We have explicitly given analytical results for the universal process-independent corrections, which include effective coupling constants, the Coulomb singularity near the W-pair-production threshold, and leading ISR effects. They have been implemented in the Monte Carlo generator RacoonWW, which calculates the full O(α) corrections in double-pole approximation. Using this program a comparison between universal effects and the full correction has been presented.

For LEP2 energies the universal corrections are dominant, and the remaining nonuniversal contributions reduce the total W-pair cross section by 1–2%. In angular distributions non-universal effects can reach several per cent, mainly in regions where the cross section is small. The radiative corrections to W-invariant-mass distributions lead to a distortion of the W resonance, which is mainly due to photon radiation off

Figure 7: Predictions for the W^+-invariant-mass distribution (left) and corresponding relative corrections (right) for the process e^+e^− ! udμ^−ν_μ at E_{CM} = 200 GeV based on various approximations for radiative corrections, using the \calo" setup for photon recombination

Figure 8: Predictions for the W^+-invariant-mass distribution (left) and corresponding relative corrections (right) for the process e^+e^− ! udμ^−ν_μ at E_{CM} = 200 GeV based on various approximations for radiative corrections, using the \bare" setup for photon recombination 12 the charged final-state fermions and off the W bosons. This line-shape distortion is not accounted for by the above-mentioned universal effects.

For LC energies, i.e. energies up to the TeV range, non-universal effects become more and more important. While the universal effects still describe W-pair production in the forward region within some per cent, non-universal corrections reach the order of several 10% for intermediate and large W-production angles.

Acknowledgments

We would like to thank the organizers of the conference, in particular Howard Haber, for providing a very pleasant atmosphere during the whole conference. Two of us (A.D. and S.D.) would like to thank the organizers for financial support. This work was supported in part by the Swiss Bundesamt für Bildung und Wissenschaft, by the European Union under contract HPRN-CT-2000-00149, by the U.S. Department of Energy under grant DE-FG02-91ER40685 and by the U.S. National Science Foundation under grant PHY-9600155.

References

[1] T. Barklow, these proceedings;

S. Wynhoff, these proceedings.

[2] W. Beenakker et al., in Physics at LEP2 (Report CERN 96-01, Geneva, 1996), Vol. 1, p. 79, hep-ph/9602351.

[3] M. Grünewald et al., in Reports of the Working Groups on Precision Calculations for LEP2 Physics (Report CERN 2000-009, Geneva, 2000), p. 1, hep-ph/0005309.

[4] M. Böhm, A. Denner and S. Dittmaier, Nucl. Phys. B376 (1992) 29; E: B391 (1993) 483.

[5] S. Dittmaier, Acta Phys. Pol. B28 (1997) 619;

A. Denner and S. Dittmaier, Proceedings of the Joint ECFA/DESY Study: Physics and Detectors for a Linear Collider, Frascati, London, Munich, Hamburg, 1996, ed. R. Settles, DESY 97-123E (Hamburg, 1997), p. 131 (hepph/9706388);

M. Kuroda, I. Kuss and D. Schildknecht, Phys. Lett. B409 (1997) 405.

[6] A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Nucl. Phys. B587 (2000) 67.

[7] S. Jadach et al., Phys. Lett. B417 (1998) 326; Phys. Rev. D61 (2000) 113010;

hep-ph/0007012.

[8] W. Beenakker, A.P. Chapovsky and F.A. Berends, Nucl. Phys. B548 (1999) 3.

[9] Y. Kurihara, M. Kuroda and D. Schildknecht, Nucl. Phys. B565 (2000) 49.

[10] A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Phys. Lett. B475 (2000) 127; EPJdirect Vol. 2 C4 (2000) 1 (hep-ph/9912447).

[11] S. Jadach et al., hep-ph/0009352.

[12] Homepage of the LEP Electroweak Working Group,

http://lepewwg.web.cern.ch/LEPEWWG/.

[13] D. Bardin, M. Bilenky, A. Olchevski and T. Riemann, Phys. Lett. B308 (1993) 403;

D. Bardin et al., Comput. Phys. Commun. 104 (1997) 161.

[14] A. Denner and T. Sack, Z. Phys. C46 (1990) 653.

[15] S. Eidelmann and F. Jegerlehner, Z. Phys. C67 (1995) 585.

[16] V.S. Fadin, V.A. Khoze and A.D. Martin, Phys. Lett. B311 (1993) 311;

D. Bardin, W. Beenakker and A. Denner, Phys. Lett. B317 (1993) 213; V.S. Fadin et al., Phys. Rev. D52 (1995) 1377.

[17] A. Denner, S. Dittmaier and M. Roth, Nucl. Phys. B519 (1998) 39.

[18] E.A. Kuraev and V.S. Fadin, Yad. Fiz. 41 (1985) 753 [Sov. J. Nucl. Phys. 41 (1985) 466];

G. Altarelli and G. Martinelli, in “Physics at LEP”, eds. J. Ellis and R. Peccei, CERN 86-02 (CERN, Geneva, 1986), Vol. 1, p. 47;

O. Nicrosini and L. Trentadue, Phys. Lett. B196 (1987) 551; Z. Phys. C39 (1988) 479;

F.A. Berends, G. Burgers and W.L. van Neerven, Nucl. Phys. B297 (1988) 429, E:B304 (1988) 921.

[19] W. Beenakker et al., Phys. Lett. B317 (1993) 622; Nucl. Phys. B410 (1993) 245.