arXiv:hep-ph/0007046 5 Jul 2000

Predictions for Fermion Pair Production at e^+e^− Colliders

M. Jack^{a ¶}, A. Hoefer^a, A. Leike^b , and T. Riemann^a

DESY 00-073
hep-ph/0007046

aDeutsches Elektronen-Synchrotron DESY, Platanenallee 6, D-15738 Zeuthen, Germany

bLudwig-Maximilians-Universität, Sektion Physik, Theresienstr. 37, D-80333 München, Germany

We discuss the status and some ongoing upgrades of the ZFITTER program for applications at e+e^− colliders LEP 1/SLC, LEP 2, GigaZ, and TESLA. The inclusion of top quark pair production is under work.

1. Introduction

One of the great achievements in theoretical and experimental physics over the last three decades is the unique calculation of quantum corrections in the Standard Model (SM) of fundamental particle interactions, following the pioneering work of G. ’t Hooft and M. Veltman [ 1, 2, 3], and their observational evidence at the 10 σ confidence level [ 4]. Especially the electroweak sector of the SM is being investigated at the high energy e^+ e^− colliding facilities LEP 1 and SLC, and now at LEP 2, with unprecedented precision. This, though, could well be surpassed in the future e.g. by the GigaZ mode of the TESLA Linear Collider (LC) project [ 5, 6]. One main focus, besides the search for direct signals of New Physics, was and still is on studying the properties of the neutral and charged weak gauge bosons.

Here we concentrate on the measurement of different cross sections and asymmetries in fermion pair production. Fermion pair production is an essential tool to determine parameters like the mass and total and partial decay widths of the weak neutral gauge boson Z and the neutral current fermionic couplings. The theoretical break-through for this was the first complete evaluation of electroweak quantum corrections to e^+ e^− → μ^+μ^− in the Weinberg model in [ 7], with a collection of the scalar one-loop integrals first given in [ 8].

For today’s predictions at the few per mil level,

¶Talk given at “Loops and Legs 2000”, Bastei, Germany, April 9-14, to appear in the Proceedings.

this calculation can only be seen as the first essential step. It did not include such important ingredients as a refined treatment of the Z boson resonance, of QCD and higher order corrections, or realistic QED hard bremsstrahlung effects.

During the last twenty years many dedicated efforts were invested to perform the necessary improvements, to implement them into computer codes which may be applied in the analysis of experimental data and in regularly repeated comparisons of the codes. A representative collection of the underlying expressions, their implementations and numerical comparisons may be found in [ 9, 10, 11, 12]; see also [ 13, 14, 15, 16] for individual comparisons. The most recent workshop on LEP 2 physics is yet under way [ 17]. Prominent examples of such codes are:

− ALIBABA, − BHM, − KORALZ, KK, − TOPAZ0, − ZFITTER.

On the latter, the semi-analytical Fortran program ZFITTER [ 18], we will now focus. Earlier program descriptions are [ 19, 20]. The core of ZFITTER relies on a complete electroweak oneloop calculation [ 21, 22, 23, 24, 25]. It is also based on many additional formulae; from [ 18] one may extract a list of papers that ZFITTER uses in addition, [ 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59,

60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94].

2. Status of two-fermion codes at LEP and higher energies

ZFITTER [ 18] calculates radiative corrections to the muon decay constant [ 21, 26, 34, 11], to the Z decay width [ 26, 34, 11], and to the W decay width [ 33]^§. Cross sections and asymmetries are treated in a semi-analytical approach. Improved Born observables σ^0_{T,F B}(s^{(′)}, s^{(′)}) [ 34, 35, 22, 11] containing the complete virtual weak and QCD corrections are convoluted with analytical flux functions ρ(s^′/s) (radiators) for the QED corrections [ 37, 23, 24, 25]. This is done in a onedimensional numerical integration over the finalstate invariant mass squared s^′ = M^2_{ff̄} [ 18]. The especial Bhabha scattering case is treated in an effective Born approximation only following [ 11, 38]. As an example, the initial-state corrections to total cross sections for s-channel processes are reproduced in short (v ≡ 1 − s^′/s): σ^{ini}_T (s) = ∫ d ( s^′ s ) σ^0_T (s^′) ρ^{ini}_T ( s^′ s ) , (1) ρ^{ini}_T ( s^′ s ) = ( 1 + S̄^{ini} ) β_ev^{βe−1} + H̄^{ini}_T ( s^′ s ) ,(2)

β_e = 2α π Q^2_e ( ln s m^2_e − 1 ) . (3)

The radiators ρ^{ini}_T , ρ^{ini+fin}_T , and ρ^{int}_T with S̄ and H̄_T are determined in [ 37], and including all relevant higher order terms e.g. in [ 18]. Eq. (1) can be straightforwardly generalized to different asymmetries A_{F B} , A_{pol} , A_{LR} etc. or to scattering angle distributions like dσ/dcos θ, then with different effective Born terms and radiators. Kinematical cuts to the final-state phase space may also be applied [ 81, 23, 24, 25, 95]. Also a more model-independent description of cross section observables, e.g. in form of an S-matrix approach, can be thought of [ 75, 90, 68, 69, 83, 84, 85, 44].

Concerning the status of present codes for LEP 1 and SLC applications, one can summarize

§ A Fortran bug was corrected in ZFITTER v.6.30 [ 18] resulting in a 0.3% shift of the W partial widths.

that the level of precision for cross section predictions in s-channel fermion pair production is now better than 10^{−4} on the Z boson resonance and better than 0.3 × 10^{−3} for center-of-mass energies √ s = M_Z ± 3 GeV (single contributions). For the recently updated branch with cuts on finalstate maximum acollinearity and minimum energies in ZFITTER [ 16, 25], this is demonstrated in Table 1, comparing with program TOPAZ0 [ 96] when the QED initial-final state interference is switched on. For earlier comparisons with acollinearity cuts also consult [ 16, 97, 98, 99].

At LEP 2 center-of-mass energies up to roughly 200 GeV an agreement of the codes at the order of few per mil is being achieved [ 17]. This was studied earlier for the two-fermion programs

ZFITTER [ 20, 18], BHM [ 100, 11], TOPAZ0 [ 96], and
KORALZ/KK [ 101, 102] for different cuts on min-

imum s^′ [ 11, 103, 14, 15, 104] or on maximum acollinearity and minimum energies of the finalstate fermions [ 16, 97, 98, 99]. Similar studies of Bhabha scattering include the code ALIBABA [ 105] in [ 13, 106]. The conclusion was that precisions are of the order of few per mil to 1% for LEP 1 or LEP 2 energies respectively, excluding a radiative return to the Z by sufficiently strong cuts. Compared with the final experimental precisions at LEP 1/SLC and LEP 2 these theoretical accuracies are satisfactory [ 107]. It is worth mentioning that for the envisaged accuracy several recent improvements had to be undertaken, e.g. a better treatment of initial- and final-state pair production corrections, the exponentiation of initial-final state corrections, convolution of the ZZ and W W box corrections, etc. As a result, ZFITTER v.6.30 [ 18] became more complicated and also slower, and the same might be true also for the other codes.

Thinking of applications of the ZFITTER code and of other programs at a future e^+ e^− Linear Collider (LC) with much higher luminosities and energies, the above observations at LEP/SLC energies might only prove to be preliminary and a further upgrade could become necessary. Two different scenarios may be envisaged for the use of the ZFITTER code at a LC:

First, precision physics could again be performed on the Z boson resonance, but then with

Table 1 A comparison of predictions from ZFITTER v.6.30 [ 18] (Jun 2000) and TOPAZ0 v.4.4 [ 96] for muonic cross sections and forward-backward asymmetries around the Z peak. First row is without initial-final state interference, second row with, third row the relative/absolute effect of that interference in per mil (M_Z = 91.1871 ± 0.0021 GeV, M_H = 125 GeV, m_t = 173.8 GeV, α_S = 0.119, Δα^{(5)}_{had}(M_Z ) = 0.0280398089). σ_μ [nb] with θ_{acol} < 10^∘ θ_{acc} = 0^∘ M_Z − 3 M_Z − 1.8 M_Z M_Z + 1.8 M_Z + 3 0.21928 0.46282 1.44814 0.67722 0.39362

TOPAZ0 0.21772 0.46077 1.44805 0.67891 0.39486 {7.17 {4.45 {0.06 +2.49 +3.14 0.21923 0.46278 1.44794 0.67716 0.39356

ZFITTER 0.21768 0.46075 1.44790 0.67893 0.39485 {7.16 {4.41 {0.03 +2.61 +3.27 A^μ_{FB} with θ_{acol} < 10^∘ θ_{acc} = 0^∘ M_Z − 3 M_Z − 1.8 M_Z M_Z + 1.8 M_Z + 3 –0.28473 –0.16935 0.00014 0.11494 0.16089

TOPAZ0 –0.28181 –0.16686 0.00068 0.11367 0.15919 +2.92 +2.49 +0.54 {1.27 {1.70 –0.28519 –0.16958 0.00005 0.11479 0.16068

ZFITTER –0.28244 –0.16731 0.00065 0.11375 0.15909 +2.75 +2.27 +0.60 {1.04 {1.59

1000 times the luminosity of LEP 1 [ 5, 6] in order to search e.g. for virtual effects from a SM or MSSM (minimal supersymmetric) Higgs boson or from supersymmetric particles [ 108, 6]. With such a GigaZ option, experimental accuracies could increase by a factor of 100 or more [ 5, 6]. Updates of the codes could include higher order QED radiative effects, effects by beamstrahlung, or an update of the still critical Bhabha scattering case when demanding high precisions. What is more, complete electroweak two loop calculations [ 109] might become necessary; see also the many talks on this topic at this conference. At energies up to roughly 800 GeV like for the Tesla project [ 110], issues like experimental and theoretical precisions are still quite vague, but it is clear that the demands on codes for two-fermion production will be quite challenging due to higher beam energies, higher luminosities, and improved analysis techniques. On the one hand, electroweak and QED corrections become equally important which may demand a critical look at the numerical validity of the usually applied improved Born approximation at higher energies. On the other hand, higher order electroweak corrections will also grow in importance with increasing energies [ 111]. First studies of codes ZFITTER, TOPAZ0, and KK show some evidence that an agreement of 5 per mil to 1 per cent can be reached for the complete energy range [ 112, 113] (see Fig. 1).

3. Top pair production at LC energies

At a future LC, top pair production will be studied in detail. One of the main topics of investigation will be the analysis of the elementary properties of the top quark, including the measurement of its mass m_t, total and partial decay widths, and couplings to the weak gauge bosons. The recent progress in calculations at the tt̄ threshold itself is summarized e.g. in [ 114] and is continuously being updated in [ 115]. A determination of the weak neutral vector and axial-vector couplings of the top quark to the Z boson will be performed in the perturbative region sufficiently above √ s ≈ 350 GeV by measuring cross sections, forward-backward and polarization asymmetries. Here ZFITTER may natu-

Figure 1. Cross section ratios for muon-pair production with different s^′ cuts for codes ZFITTER v.6.22 (Oct 1999) [ 18], TOPAZ0 v.4.4 [ 96], KK v.4.12 [ 102] from 60 to 800 GeV c.m. energy; without initial-final state interference (INI PP: initial-state pair production; LL: leading logarithmic terms) [ 112].

rally step in to do the job. The one key point now to be considered is the inclusion of the mass of the final-state heavy fermions. Up to now final-state masses could be neglected for applications at the LEP or SLC center-of-mass energies.

For the massive case, the complete one-loop electroweak corrections in the SM with the running of the QED coupling, fermionic self energies, vertex corrections, and electroweak box contributions have been determined in [ 116]. A recent update of the QCD effects was given in [ 117]. Work is right now in progress treating the electroweak effects in form of effective couplings together with form factors in an improved Born approach [see term σ^0_T (s^′) in (1)], suitable for a quick calculation of interesting observables with the ZFITTER code [ 118]. For results within the MSSM please refer to [ 119, 120].

In the remaining part of this contribution, we focus on the top mass dependent radiative corrections from QED bremsstrahlung which correspond to the radiators ρ^a_A(s^′/s), a = ini, fin, int, A = T, F B [see (1)]. One may expect at most some additional several per cent photonic corrections from the finite top quark mass. Initial-state corrections to σ_T [ 121] and final-state effects to the angular distribution dσ/d cos ϑ (i.e. also to A_{F B} ) are known [ 122, 30, 117].

For the massive cross sections σ_T , A_{F B} = σ_T /σ_{F −B} , dσ/dcos ϑ, analytic expressions like (1) would be nice to have. Soft and virtual QED corrections with final-state masses have been known for a long time for pure QED [ 123] and also in the SM [ 116, 119]. For the hard massive radiators ρ^a_A(s^′/s; m^2_f /s) the situation is the following: With an s^′ cut only, hard photonic corrections for total cross sections σ_T (s) with m_f ≠ 0 were shown in [ 121] and [ 30] for the initialand final-state corrections respectively. Having in mind a cut on the cosine of the scattering angle cos ϑ of one final-state fermion, the differential cross section dσ/dcos θ first has to be determined. For this case, only formulae with finalstate bremsstrahlung are given in [ 30]; without cuts, the total cross section and forwardbackward asymmetry had been presented earlier in [ 122].

It should be mentioned that the QED corrections to cross section contributions σ_L and σ_R for a left- or right-handed polarized e^− beam are not automatically given by the results ρ^a_A for unpolarized cross sections; there are additional radiators that do depend on the initial helicities [ 124]. Of course, the effective Born results σ^0_T also have to be replaced by the corresponding massive terms σ^0_{L,R} with polarization. Nevertheless, the predictions for A_{LR}, as being measured at SLC at the Z resonance using a polarized e^− beam, may be to a very good precision described by the massless radiator functions (as is presently done in ZFITTER) since there hard bremsstrahlung is strongly suppressed, and, in addition, for polarization asymmetries the photonic corrections cancel to a large extent (see e.g. [ 83]).

3.1. The distribution dσ^{int}_T /ds^′

The hard-photon contribution from QED interference to total cross sections for heavy fermions,

e^−(p_1) + e^+ (p_2) → f(p_3) + f̄ (p_4) + γ(k), (4)

will be calculated here by two methods; one is tensor integration. The final-state phase space is split into two two-particle phase spaces. The (ff̄ ) rest frame is boosted with respect to the center-of-mass system (cms). The phase space integration is then conveniently carried out in two steps: First, the final-state tensor F^{μν} is integrated over p_3 and p_4 in the (ff̄ ) rest frame, leaving Lorentz covariant expressions in k^ρ and q^ρ ≡ p^ρ_3 + p^ρ_4 . Contracting then with the initialstate tensor I_{μν} , the remaining integration over the cosine of the photon polar angle with respect to the beam axis is carried out in the center-of-mass system. Evidently, the cms fermion production angle is not accessible in this approach and thus neither the angular distribution nor A_{F B} . The integrated distribution gets: dσ^{int}_T ds^′ = ∑ V1_,2=γ,Z,Z^0 dσ^{int}_T ds^′ (V_1V_2), (5)

where dσ^{int}_T ds^′ (Z^′Z) = −4 α^3 Q_eQ_f (6)

· ℜe[χ_Z0 (s^′)χ^∗_Z (s)](v_ea^′_e + a_ev^′_e) · 1 s^2 1 + s^′/s 1 − s^′/s [ β_f (v_f a^′_f + a_f v^′_f ) − 2m^2_f s L_f ( s s^′ v_f a^′_f + a_f v^′_f )] , and L_f = log ( 1 + β_f 1 − β_f ) , (7)

β_f = √ 1 − 4m^2_f s^′ , (8)

χ_Z(s) =

G_μM^2_Z √ 2 2πα s s − M^2_Z + iM_Z Γ_Z

. (9)

For Z-boson exchange we have: v_f = I^f_3 − 2Q_f sin^2 θ_W and a_f = I^f_3 with I^e_3 = −1/2, Q_e = −1. For the contributions from γ-exchange, for example, we have simply v_f = Q_f , a_f = 0, etc. and χ_γ → 1. Massive contributions are proportional to 2m^2_f /s · L_f which drop out for β_f → 1 in the massless case. The formula (6) is quite compact.

It may of course also be used in the context of searches for extra heavy gauge bosons Z^′ e.g. through ZZ^′ mixing effects (see e.g. [ 74, 76, 125] and program ZEFIT [ 82]). The massless limit is given in Eq. (1.3.14) in [ 18].

Numerical results are shown in Fig. 2. We obtained that figure also with another approach (see the next section), where we also include a short discussion.

3.2. The distribution dσ^{int}_{F B}/ds^′

Another phase space parameterization makes the fermion production angle accessible. The approach goes back to [ 81] and is explained in sections (1.2) and (1.5.1) of [ 18]; see also [ 16] for more details, where also the first analytical integration is described. After that, the integration is much simplified, and it is here where presently the Fortran program topfit.f [ 124] starts the numerical treatment. We have some understanding of the resulting integrand, and it seems to us that the remaining analytical integrations may also be performed while retaining a finite final fermion mass m_f [ 124]. This would open the way to treat the massive initial-final state interference on the same footing as the other corrections, namely with only one numerical integration (over s^′).

The numerical effects from final mass corrections to the initial-final state interference QED bremstrahlung are depicted in Fig. 2. There, both the invariant mass distributions dσ^{int}_{T,F B}/d √ s^′ are shown without and with final-state mass effects for m_f = m_t = 174 GeV and √ s = 500 GeV.

The tree-level cross section, shown for comparison, is σ^0 = 0.51 pb.

For large invariant masses, √ s^′ → √ s, the infrared peak clearly dominates. It has to be regularized by soft and virtual corrections. The main difference between the massive and massless cases is a suppression of cross sections near the thresh- old √ s^′ ≈ 2m_t. This suppression is stronger for dσ^{int}_{F B} than for dσ^{int}_T . The total corrections from bremsstrahlung are roughly by a factor four larger

Figure 2. Invariant mass cross section distribu- tions dσ^{int}_T /d √ s^′ and dσ^{int}_{F B} /d √ s^′.

for dσ_{F B} than for dσ_T in both cases. Including final-state masses m_t, however, reduces the radiative corrections for both dσ_{F B} and dσ_T again by roughly a factor of four.

4. Conclusions

Summarizing, the semi-analytical Fortran program ZFITTER for e^+ e^− → ff̄ with radiative corrections is applied in electroweak precision physics at LEP and SLC. With its quick cross section evaluations and precision of about 10^{−3} at the Z peak and of order few per mil to 1% up to √ s ≈ 800 GeV, the code is well-equipped for the latest data analyses at present accelerators and to become an important tool for data-fitting in fermion pair production at a future LC.

In the massive case, the code has to be upgraded for the still missing branch of continuum top quark pair production at a LC. First attempts in this direction have been presented here. With the upgraded code, or a condensed version topfit for continuum tt̄ physics, a determination of the weak couplings of the top quark may be studied. ZFITTER, or topfit respectively, would then describe all fermion pair final-states including radiative corrections and different realistic cuts for the complete range of energies e.g. at DAPHNE, LEP/SLC, and at a LC, i.e. for √ s ≈ O(1 GeV) up to O(1 TeV). However, at DAPHNE energies a specialized code might be better suited in view of the different hadronic final states there which are observed besides fermion pairs [ 126, 127].

REFERENCES

1. M. Veltman, Nucl. Phys. B7 (1968) 637. 2. G. ’t Hooft, Nucl. Phys. B35 (1971) 167. 3. G. ’t Hooft and M. Veltman, Nucl. Phys. B44 (1972) 189, B50 (1972) 318.

4. A. Sirlin, “Ten years of precision electroweak physics,” talk given at 19th Int. Symp. on Lepton and Photon Interactions at High Energies (LP 99), Stanford, California, 9-14 Aug 1999, hep-ph/9912227.

5. R. Hawkings and K. Moenig, “Electroweak and CP violation physics at a linear collider Z-factory”, to appear in Eur. J. Phys., hepex/9910022; K. Moenig, “Electroweak measurements on the Z”, preprint to be published in the proceedings of 2nd ECFA - DESY Study on Physics and Detectors for a LC, Oxford, U.K., March 20-23, 1999, to appear as report DESY-123F.

6. J. Erler et al., “Physics Impact of the GigaZ”, preprint CERN-TH-2000-109,

hep-ph/0005024.

7. G. Passarino and M. Veltman, Nucl. Phys.

B160 (1979) 151.

8. G. ’t Hooft and M. Veltman, Nucl. Phys.

B153 (1979) 365.

9. D. Bardin et al., “Z line shape”, in Proc.

of Workshop on Z Physics at LEP, Geneva, Switzerland, Feb 20-21 and May 8-9, 1989, report CERN 89–08 (1989) (G. Altarelli, R. Kleiss, and C. Verzegnassi, eds.), vol. 1, p. 89.

10. D. Bardin et al., “Forward - backward asymmetries”, in Proc. of Workshop on Z Physics at LEP, Geneva, Switzerland, Feb 20-21 and

May 8-9, 1989, report CERN 89–08 (1989) (G. Altarelli, R. Kleiss, and C. Verzegnassi, eds.), vol. 1, p. 201.

11. D. Bardin, G. Passarino, and W. Hollik (eds.), “Reports of the working group on precision calculations for the Z resonance”, report CERN 95–03 (1995), hep-ph/9709229.

12. E. Accomando et al., “Standard model processes”, in Physics at LEP2, report CERN 96–01 (1996) (G. Altarelli, T. Sjöstrand, and F. Zwirner, eds.), p. 207, 1996,

hep-ph/9601224.

13. W. Beenakker and G. Passarino, Phys. Lett.

B425 (1998) 199.

14. D. Bardin and G. Passarino, “Upgrading of precision calculations for electroweak observables”, preprint CERN-TH/98-92 (1998),

hep-ph/9803425 v.2.

15. D. Bardin, M. Grünewald, and G. Passarino, “Precision calculation project report”,

hep-ph/9902452.

16. P. Christova, M. Jack, S. Riemann, and T. Riemann, “Predictions of ZFITTER v.6 for fermion-pair production with acollinearity cut”, preprint DESY 99–037,

hep-ph/9908289.

17. M. Kobel, Z. Was et al., “ Two-Fermion Production in Electron-Positron Collision”, Two-Fermion Working Group Report in: S. Jadach, G. Passarino, and R. Pittau (eds.), “Report on the LEP 2 Monte Carlo Workshop”, CERN Yellow Report (2000), in preparation.

18. D. Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olshevski, S. Riemann, and T. Riemann, Fortran program package ZFITTER v.6.30 and description: “ZFITTER v.6.21: A semi-analytical program for fermion pair production in e^+ e^− annihilation”, preprint DESY 99–070 (1999), to appear in Comp. Phys. Comm., hep-ph/9908433; obtainable from http://www.ifh.de/∼riemann /Zfitter- /zf.html.

19. D. Bardin, M. Bilenky, P. Christova, T. Riemann, M. Sachwitz, and H. Vogt, Comp. Phys. Comm. 59 (1990) 303.

20. D. Bardin, M. Bilenky, A. Chizhov, O. Fedorenko, S. Ganguli, A. Gurtu, M. Lokajicek,

G. Mitselmakher, A. Olshevsky, J. Ridky, S. Riemann, T. Riemann, M. Sachwitz, A. Sazonov, D. Schaile, Y. Sedykh, I. Sheer, and L. Vertogradov, “ZFITTER v.4.5: An analytical program for fermion pair production in e^+ e^− annihilation”, preprint CERN-TH. 6443/92 (May 1992), hep-ph/9412201.

21. D. Bardin, P. Christova, and O. Fedorenko, Nucl. Phys. B175 (1980) 435, B197 (1982) 1. 22. D. Bardin, M. Bilenky, G. Mitselmakher, T.

Riemann, and M. Sachwitz, Z. Phys. C44 (1989) 493.

23. D. Bardin, M. Bilenky, A. Chizhov, A. Sazonov, O. Fedorenko, T. Riemann, and M. Sachwitz, Nucl. Phys. B351 (1991) 1.

24. D. Bardin, M. Bilenky, A. Sazonov, Y. Sedykh, T. Riemann, and M. Sachwitz, Phys. Lett. B255 (1991) 290.

25. P. Christova, M. Jack, and T. Riemann, Phys.

Lett. B456 (1999) 264.

26. A. Akhundov, D. Bardin, and T. Riemann, Nucl. Phys. B276 (1986) 1.

27. A. Arbuzov, D. Bardin, J. Blümlein, L. Kalinovskaya, and T. Riemann, Comp. Phys. Comm. 94 (1996) 128.

28. A. Arbuzov, “Light pair corrections to electron positron annihilation at LEP/SLC”,

hep-ph/9907500.

29. A. Arbuzov, Fortran packages pairho and funang (March 2000) [ 28].

30. A. Arbuzov, D. Bardin, and A. Leike, Mod.

Phys. Lett. A7 (1992) 2029, E: ibid., A9 (1994) 1515.

31. L. Avdeev et al., Phys. Lett. B336 (1994) 560, E: ibid., B349 (1995) 597.

32. R. Barbieri et al., Phys. Lett. B317 (1993) 381.

33. D. Bardin, S. Riemann, and T. Riemann, Z.

Phys. C32 (1986) 121.

34. D. Bardin, M. Bilenky, O. Fedorenko, and T.

Riemann, “The electromagnetic O(α^3) contributions to e^+ e^− annihilation into fermions in the electroweak theory. Total cross-section σ_T and integrated asymmetry A_{F B} ”, Dubna preprint JINR E2-87-663 (1987), JINR E2-88- 324 (1988).

35. D. Bardin, A. Leike, T. Riemann, and M.

Sachwitz, Phys. Lett. B206 (1988) 539. 36. D. Bardin and A. Chizhov, “On the O(α_{em}α_s) corrections to electroweak observables”, in Proc. Int. Topical Seminar on Physics of e^+ e^− Interactions at LEP energies, 15-16 Nov 1988, JINR Dubna, USSR, JINR preprint E2-89-525 (1989) (D. Bardin et al., eds.), p. 42.

37. D. Bardin, M. Bilenky, A. Chizhov, A. Sazonov, Y. Sedykh, T. Riemann, and M. Sachwitz, Phys. Lett. B229 (1989) 405.

38. D. Bardin, W. Hollik, and T. Riemann, Z.

Phys. C49 (1991) 485.

39. D. Bardin and G. Passarino, “The standard model in the making: Precision study of the electroweak interactions” (Oxford, UK, Clarendon, 1999).

40. W. Beenakker et al., “Applications of renormalization group methods to radiative corrections”, in Proc. of the Int. Workshop on Radiative Corrections for e^+ e^− Collisions, Schloß Ringberg, Tegernsee, Germany, April 1989 (J. H. Kühn, ed.), p. 3, Springer, Berlin, 1989.

41. F. Berends et al., Nucl. Phys. B297 (1988) 429, E: ibid., B304 (1988) 921.

42. S. Berman, Phys. Rev. 112 (1958) 267. 43. M. Bilenky and A. Sazonov, “QED corrections at Z^0 pole with realistic kinematical cuts”, Dubna preprint JINR-E2-89-792 (1989).

44. A. Bohm and N. Harshman, “On the mass and width of the Z-boson and other relativistic quasistable particles”, Texas Univ. preprint (2000), hep-ph/0001206.

45. G. Bonneau and F. Martin, Nucl. Phys. B27 (1971) 381.

46. W. Celmaster and R. J. Gonsalves, Phys. Rev.

Lett. 44 (1980) 560.

47. K. Chetyrkin et al., Phys. Lett. B85 (1979) 277.

48. K. Chetyrkin et al., “QCD corrections to the e^+e^− cross-section and the Z boson decay rate”, in Reports of the Working Group on Precision Calculations for the Z Resonance, report CERN 95–03 (1995) (D. Bardin, W. Hollik, and G. Passarino, eds.), p. 175,

hep-ph/9503396.

49. G. Degrassi et al., Phys. Lett. B383 (1996) 219.

50. G. Degrassi, Fortran package m2tcor (Oct 1996) [ 51, 52].

51. G. Degrassi et al., Phys. Lett. B394 (1997) 188.

52. G. Degrassi and P. Gambino, “Two loop heavy top corrections to the Z^0 boson partial widths”, Padua Univ. preprint DFPD-99-TH- 19 (1999), hep-ph/9905472.

53. M. Dine and J. Sapirstein, Phys. Rev. Lett.

43 (1979) 668.

54. A. Djouadi and C. Verzegnassi, Phys. Lett.

B195 (1987) 265.

55. A. Djouadi, Nuovo Cim. 100A (1988) 357. 56. S. Eidelman and F. Jegerlehner, Z. Phys. C67 (1995) 585.

57. J. Field and T. Riemann, Comp. Phys.

Comm. 94 (1996) 53.

58. J. Fleischer et al., Phys. Lett. B293 (1992) 437.

59. S. Gorishny et al., Phys. Lett. B273 (1991) 141.

60. M. Greco et al., Nucl. Phys. B101 (1975) 234, Phys. Lett. B56 (1975) 367, Nucl. Phys. B171 (1980) 118, E: ibid., B197 (1982) 543.

61. R. Harlander et al., Phys. Lett. B426 (1998) 125.

62. S. Jadach et al., Phys. Lett. B280 (1992) 129. 63. F. Jegerlehner, Fortran function hadr5 (Feb 1995) [ 56].

64. G. Källén and A.Sabry, K. Dan. Vidensk.

Selsk. Mat.-Fys. Medd. 17 (1955) 29. 65. G. Källén, Springer Tracts in Modern Physics 46 (1968) 67.

66. A. Kataev, Phys. Lett. B287 (1992) 209. 67. T. Kinoshita and A. Sirlin, Phys. Rev. 113 (1959) 1652.

68. M. Grünewald, S. Kirsch, and T. Riemann, Fortran program SMATASY v.6.xy, obtainable from /afs/cern.ch/user/g/gruenew /public/smatasy/ or from http://l3www.cern.ch /homepages /gruenew/welcome.html.

69. S. Kirsch and T. Riemann, Comp. Phys.

Comm. 88 (1995) 89.

70. B. Kniehl et al., Phys. Lett. B209 (1988) 337. 71. B. Kniehl, Fortran package bkqcdl5 14.f (1990) [ 72].

72. B. Kniehl, Nucl. Phys. B347 (1990) 86. 73. E. Kuraev and V. Fadin, Sov. J. Nucl. Phys.

41 (1985) 466.

74. A. Leike and T. Riemann, Z. Phys. C51 (1991) 113.

75. A. Leike, T. Riemann, and J. Rose, Phys.

Lett. B273 (1991) 513.

76. A. Leike, S. Riemann, and T. Riemann, Phys.

Lett. B291 (1992) 187.

77. G. Mann and T. Riemann, Annalen Phys. 40 (1984) 334.

78. T. Matsuura, Fortran subroutines TRILOG and S12.

79. G. Montagna et al., Phys. Lett. B231 (1989) 492, Nucl. Phys. B357 (1991) 390.

80. G. Montagna et al., Phys. Lett. B406 (1997) 243.

81. G. Passarino, Nucl. Phys. B204 (1982) 237. 82. S. Riemann, Fortran program ZEFIT v. 5.0 (1997).

83. T. Riemann, Phys. Lett. B293 (1992) 451. 84. T. Riemann, Acta Phys. Polon. B28 (1997) 2317.

85. T. Riemann, “The Z boson resonance parameters”, in Irreversibility and Causality, Proc. of the 21^{st} Int. Colloquium on Group Theoretical Methods in Physics, 15-20 July, 1996, Goslar, Germany, Lecture Notes in Physics, vol. 504 (A. Bohm, H. Doebner, and P. Kielanowski, eds.), p. 157, Springer, Berlin, 1998, hep-ph/9709208.

86. Y. Sedykh, Fortran subroutine FDSIMP. 87. I. Silin, Fortran subroutine SIMPS. 88. M. Skrzypek, Acta Phys. Polon. B23 (1992) 135.

89. M. Steinhauser, Phys. Lett. B429 (1998) 158. 90. R. Stuart, Phys. Lett. B262 (1991) 113. 91. J. van der Bij and M. Veltman, Nucl. Phys.

B231 (1984) 205.

92. J. van der Bij, Nucl. Phys. B248 (1984) 141. 93. J. van der Bij and F. Hoogeveen, Nucl. Phys.

B283 (1987) 477.

94. T. van Ritbergen and R. G. Stuart, Phys.

Lett. B437 (1998) 201.

95. G. Montagna et al., Phys. Lett. B309 (1993) 436.

96. G. Montagna et al., Comp. Phys. Comm. 93 (1996) 120, 117 (1999) 278.

97. P. Christova, M. Jack, S. Riemann, and T. Riemann, “Predictions for fermion-pair production at LEP”, in Proceedings of the Fourth Int. Symposium on Radiative Corrections, Barcelona, Spain, Sep 8-12, 1998 (J. Sola ed.), p. 392, World Scientific, Singapore, 1999, hep-ph/9812412.

98. M. Jack and T. Riemann, “Prospects and problems in fermion pair production”, to be published in the proceedings of 4th Int. Workshop on LC (LCWS 99), Sitges, Barcelona, Spain, 28 Apr - 5 May 1999,

hep-ph/9909401.

99. M. Jack, “QED radiative corrections to e^+ e^− → f̄ f with realistic cuts at LEP energies and beyond”, to be published in the proceedings of QFTHEP 99, Moscow, Russia, 27 May - 2 June, 1999, DESY 99-166,

hep-ph/9911296.

100.G. Burgers, W. Hollik, and M. Martinez, Fortran program BHM.

101. S. Jadach et al., Comp. Phys. Comm. 79 (1994) 503, Phys. Lett. B449 (1999) 97, Comp. Phys. Comm. 124 (2000) 233.

102. S. Jadach et al., “The precision Monte Carlo event generator KK for two-fermion final states in e^+ e^− collisions”, preprint DESY- 99-106, CERN-TH/99-235, UTHEP-99-08- 01, to appear in Comp. Phys. Comm., hepph/9912214.

103. G. Montagna et al., Z. Phys. C76 (1997) 45. 104. S. Jadach et al., Phys. Lett. B456 (1999) 77, B465 (1999) 254.

105. W. Beenakker et al., Nucl. Phys. B349 (1991) 323.

106. S. Jadach, “Coherent exclusive exponentiation”, these proceedings.

107. G. Quast, “Weak Boson Parameters at LEP”, these proceedings.

108. S. Heinemeyer, “Precision Observables in the Standard Model and the MSSM”, to appear as report DESY-123F.

109. A. Freitas et al., “Exact Results for Fermionic Two-Loop Contributions to Muon Decay in the Standard Model”, these proceedings.

110. R. Brinkmann (eds.) et al., Conceptual design of a 500-GeV e+ e- Linear Collider with integrated X-ray laser facility, Vol. 1, 2, 1997, preprint DESY-97-048, ECFA 97-182.

111. W. Beenakker et al., hep-ph/0006009, J. Kühn et al., hep-ph/0005301, and these proceedings.

112. P. Christova, M. Jack, S. Riemann, and T.

Riemann, “Radiative corrections to e^+ e^− → f̄f”, to appear as report DESY-123F, report number LC-TH-2000-008 (Feb 2000),

hep-ph/0002054.

113. A. Arbuzov, D. Bardin, and S. Jadach, private communication, LEP2 Monte-Carlo Workshop, March 2000.

114. A. Hoang et al., Eur. Phys. J. direct C3 (2000) 1.

115. W. Bernreuther, J. Kühn, M. Martinez, R. Miquel (conv.) et al., Top Quark Physics Working Group of the ECFA/DESY Workshop on Physics with TESLA, see the corresponding LC-notes at http://www.desy.de /∼lcnotes/LCnotes welcome.html.

116. W. Beenakker, S. C. van der Marck and W.

Hollik, Nucl. Phys. B365 (1991) 24.

117. V. Ravindran and W. L. van Neerven, Phys. Lett. B445 (1998) 214, and references therein.

118. D. Bardin, L. Kalinovskaya, and G. Nanava, in preparation.

119. W. Hollik and C. Schappacher, Nucl. Phys.

B545 (1999) 98, hep-ph/9807427.

120. J. Guasch et al., “Top-quark production and decay in the MSSM”, preprint DESY 00-036,

hep-ph/0003109.

121. A. Akhundov, D. Y. Bardin, and A. Leike, Phys. Lett. B261 (1991) 321.

122. J. Jersak et al., Phys. Lett. B98 (1981) 363, Phys. Rev. D25 (1982) 1218, E: ibid., D36 (1987) 310.

123. F. Berends, R. Kleiss, S. Jadach, and Z. Was, Acta Phys. Polon. B14 (1983) 413.

124. P. Christova, A. Leike, and T. Riemann, in preparation.

125. A. Djouadi, A. Leike, T. Riemann, D.

Schaile, and C. Verzegnassi, Z. Phys. C56 (1992) 289.

126. S. Binner et al., Phys. Lett. B459 (1999) 279. 127. A. Hoefer, J. Gluza, and F. Jegerlehner in preparation.