Precision Electroweak Experiments at LEP

Joachim Mnich

CERN PPE

CH-1211 Geneva 23

Abstract During the operation of the LEP e^+ e� collider at the Z resonance from 1989 to 1995 the four experiments ALEPH, DELPHI, L3 and OPAL have collected about 16 million decays of the Z into hadrons and charged leptons. The precise measurements of the total cross section allow an accurate determination of the properties of the Z. Including data up to 1994 one obtains for the mass, the total and partial widths:

m_Z = 91 188.4 � 2.2 MeV Γ_Z = 2 496.3 � 3.2 MeV

Γ_{had} = 1 744.8 � 3.0 MeV Γ_‘ = 83.93 � 0.14 MeV.

The number of light neutrino families is deduced to be N_˚ = 2.991 � 0.016 leaving only little room for Z decays into unknown invisible particles.

Precise measurements of forward-backward asymmetries of leptons and quarks as well as the tau-polarization determine the effective weak mixing angle to sin^2ϑ̄_W = 0.2318 � 0.0004. Electroweak observables studied at LEP are found to be in good agreement with the Standard Model and a top quark mass of

m_t = 170 � 10^{+17}�_{19}(m_H) GeV.

can be derived from the measurements. This Standard Model prediction is now confirmed by the direct observation and mass measurement of the top quark in pp̄ experiments.

year R L dt [pb�^1] center-of-mass energy 1990 7.6 m_Z, m_Z ± 1, 2, 3 GeV 1991 17.3 m_Z, m_Z ± 1, 2, 3 GeV 1992 28.6 m_Z 1993 40.0 m_Z, m_Z ± 2 GeV 1994 64.4 m_Z 1995 39.7 m_Z, m_Z ± 2 GeV

Table 1: Integrated luminosity delivered by LEP to each of the four experiments 1990–95. The approximate center-of-mass energies of the LEP runs are also indicated.

Introduction

The Standard Model (SM) of electroweak interaction [1] describes very successfully past and present experiments on charged and neutral current interactions. The experiments performed at LEP studying the production and decay of Z bosons have tremendously improved the precision of the neutral current sector of the SM. From the precise measurements of total cross sections one fundamental input parameter of the SM, the mass of the Z, is obtained with an unprecedented precision. The total and partial decay widths deduced from these measurements determine the number of light neutrino families.

The observed lepton forward-backward asymmetries and the tau-polarization measurements enable the experiments to determine the weak mixing angle and the coupling constants of the Z to charged leptons. Comparing these couplings among the three fermion generations tests one of the cornerstones of the SM: the concept of lepton universality. The precision measurements at the Z resonance are sensitive to weak radiative corrections originating from the large top quark mass. Comparing the value of m_t derived from this measurement with the result from the direct observation is a stringent test of the SM beyond the tree level.

In this article the experimental results on electroweak parameters of the LEP experiments based on the data accumulated from 1989 to 1994 are summarized. At the end the prospects for further improvements for tests of the SM of electroweak interactions at LEP are discussed.

The LEP collider and the detectors

The Large Electron Positron collider LEP at CERN [2] was commissioned in 1989 and has been very successfully operated ever since. As can be seen from tab. 1 the integrated luminosity has been continuously increased such that 200 pb�^1 have been delivered to each experiment by the end of 1995. The first part of the physics program, running at the Z resonance to determine its properties, has been completed in October 1995. By then the four experiments ALEPH, DELPHI, L3 and OPAL have observed in total about 16 million decays of the Z into hadrons and charged leptons. Results on total cross section and forward-backward asymmetry measurements up to 1992 are published [3, 4, 5, 6]. Preliminary results of the 1993/94 runs are available and included here following reference [7].

The large number of accumulated events enables the experiments to study the detectors in great detail and to make full use of the their capabilities. The systematic error, excluding the

Figure 1: Progress in precision achieved by the LEP experiments from 1989 to 1994. Shown are the accumulated total number of Z decays together with the combined preliminary results for m_Z, Γ_Z and m_t (for fixed m_H = 300 GeV) as quoted at summer conferences.

contribution from luminosity, on the cross section e^+e� → hadrons is as low as 0.1% and 0.2−0.4% for leptonic Z decays. In the leptonic channels the systematic and statistical errors match nicely as the typical number of events for each species and experiment is 100–150 thousand. Due to the installation of second generation luminometers, e.g. [8], the experimental error on the luminosity is typically 0.1% to which a theoretical error (0.16%) common to all experiments from the calculation of the low angle Bhabha scattering [9] cross section must be added.

The steady increase in statistics and improvement in performance of the LEP machine and the detectors is reflected in a continuous improvement in the precision of Z parameters. Fig. 1 shows together with the accumulated number of events the measurements of the mass, the total width and the weak radiative corrections expressed as an estimate for the mass of the top quark [10, 7].

An important item for the measurement of the mass and total width of the Z is the precise knowledge of the LEP beam energy. The technique successfully used at LEP is the energy measurement by resonant depolarization [11]. In 1993 the beam energy has been calibrated 24 times at the end of luminosity runs at both energies m_Z ± 2 GeV [12]. The contribution to the error on the Z mass and total width from the knowledge of the LEP beam energy is estimated to be:

Δm_Z = 1.5 MeV ΔΓ_Z = 2.0 MeV (1)

The error on Γ_Z includes the uncertainty due to the beam energy spread [7]. These errors are correlated among the four LEP experiments which has to be taken into account when averaging the results.

Results derived from the measurement of total cross sections

The LEP experiments measure the total cross sections of the four reactions

e^+e� → hadrons e^+e� → e^+e� e^+e� → μ^+μ� e^+e� → τ^+τ�

as a function of the center-of-mass energy around the Z resonance. In a common fit to this set of cross section measurements six quantities are derived:

• The peak position yields the mass m_Z

• The width of the resonance curve yields the total widths Γ_Z

• The peak cross sections determine the partial widths of the Z decaying into hadrons, electrons, muons and taus: σ^0_f (m^2_Z) =

12 π m^2_Z

Γ_e Γ_f Γ^2_Z

(lowest order) (2)

If lepton universality is assumed the leptonic cross sections are fitted to a common leptonic width and the number of fit parameters reduces to four.

Since about 90% of the observed Z’s decay into hadrons the hadronic cross sections dominate the results on the mass and the total width of the Z. As an example, fig. 2 shows the hadronic cross sections obtained by the L3 experiment. The solid line is the result of the Breit-Wigner fit to all cross sections and at the bottom the ratios of the measurements and the fit are shown.

The results obtained for the mass of the Z by the four LEP experiments are summarized in fig. 3^1. The errors given include the uncertainty from the LEP energy calibration. The χ^2 is estimated from the uncorrelated part of the errors.

Now the mass of the Z is known very precisely:

m_Z = 91 188.4 ± 2.2 MeV. (3)

The relative precision Δm_Z/m_Z = 2.4 · 10�^5 is about the same as for the Fermi constant G_F measured from the muon lifetime [13].

The next quantity extracted from the measured cross sections is the total width Γ_Z. In fig. 4 the results of the LEP experiments are summarized. The four experiments agree very well and the combined value is Γ_Z = 2 496.3 ± 3.2 MeV. (4)

Knowing m_Z the total width of the Z can be calculated in the SM framework. The width of the Z as a function of the top quark mass obtained from the ZFITTER [14] program is shown at the bottom of fig. 4. For the unknown Higgs mass a value of m_H = 300 GeV is assumed, and the hatched band shows the shift of the central value if m_H is varied between its experimental (60 GeV) and theoretical (1 000 GeV) limits [15, 16]. For the strong coupling constant α_s = 0.123 ± 0.006 [17] is used. Comparing the experimental result to the SM expectation one observes a very good agreement for top quark masses around 170 GeV.

The results for the leptonic widths, averaged over the four experiments, are:

Γ_e = 83.92 ± 0.17 MeV Γ_μ = 83.92 ± 0.23 MeV Γ_τ = 83.85 ± 0.29 MeV (5)

1The results presented here emerge from a fit to cross sections and forward-backward asymmetries [7]. However, the latter do not contribute significantly to the mass and widths measurements.

Figure 2: The cross section e^+e� → hadrons at the Z resonance measured by the L3 experiment. The lower plot shows the ratio of the measured cross sections and the fit result together with the statistical error.

Within the errors the partial widths are the same for all three lepton species.

Imposing lepton universality the lepton cross sections are fitted to a common partial width Γ_ℓ. From these fits one obtains the combined values for the leptonic and hadronic width of the Z:

Γ_ℓ = 83.93 ± 0.14 MeV Γ_{had} = 1 744.8 ± 3.0 MeV (6)

Both values are well compatible with the SM expectation.

From the total and partial decay widths into hadrons and leptons the decay width of the Z into invisible particles is derived:

Γ_{inv} = Γ_Z − Γ_{had} − 3 Γ_ℓ = 499.9 ± 2.5 MeV (7)

In the SM the Z decays invisibly into neutrino-antineutrino pairs. The experimental result for Γ_{inv} can be converted into a number of neutrino species:

N_ν = 2.991 ± 0.016 (8)

This result firmly proves the existence of three and only three light (m_ν ≤ m_Z/2) neutrino species. The small error does not leave much room for the Z to decay into other invisible particles. The

Figure 3: The mass of the Z as determined by the LEP experiments together with the combined result.

Figure 4: The total width of the Z determined by the LEP experiments together with the combined result and the SM calculation.

invisible width can be measured in an independent way from the study of e^+e� → νν̄γ events where only a photon radiated from an electron is observed in the detector. The result [18], even though not as precise as eq. 7, rules out the existence of a fourth light neutrino generation.

From the ratio of hadronic to leptonic width R_ℓ = Γ_{had}/Γ_ℓ a quite precise value for the strong coupling constant at the Z mass α_s = α_s(m_Z) can be derived. In this ratio many experimental and theoretical uncertainties cancel to large extend. Due to QCD corrections in the hadronic final state it depends on α_s [19] and from the LEP average R_ℓ = 20.788 ± 0.032 one obtains

α_s = 0.124 ± 0.005 ± 0.004 (9)

in very good agreement with other α_s measurements at LEP [20].

In the SM special vertex corrections from virtual top quark exchange modify the coupling of the Z to the b-quark [21]. Also, new physics with mass dependent couplings might change the partial width of the Z into b-quarks. Experimentally Z → bb̄ decays are best identified through the relatively long lifetime of B-hadrons. Clean samples are obtained from exploiting the silicon micro vertex detectors. For example, fig. 5 shows the distance of reconstructed primary and secondary vertices, divided by the estimated error, for hadronic Z decays in the OPAL detector. Clear enrichment of b-quarks is seen on the right hand side of the distribution.

In the ratio R_b = Γ_b/Γ_{had} the universal dependences on m_H and α_s cancel. The preliminary combined result of the LEP experiments

R_b = 0.2205 ± 0.0016 (10)

Figure 5: Distance of primary to secondary vertex in unit of the estimated error (decay length significance) for hadronic Z decays from OPAL.

is three standard deviations away from the SM prediction R^{SM}_b = 0.2157 (for m_t = 175 GeV). However, further experimental studies in particular on possible correlation of errors are necessary before definite conclusions can be drawn from this result [21].

Measurements of asymmetries

Information on electroweak parameters, in particular the coupling constants of leptons and the weak mixing angle, is derived from the measurements of various asymmetries at the Z pole. LEP experiments measure forward-backward asymmetry of leptons, b- and c-quarks and the tau polarization.

The forward-backward asymmetry A_{FB} is obtained from a fit to the measured polar angle distribution: dσ d cos θ

∝ 1 + cos^2 θ + 8 3 A_{FB} cos θ (11)

where θ is the angle of the incoming electron and the final state particle. As an example fig. 6 shows the differential cross section for e^+e� → μ^+μ� as measured at three different center-of-mass energies in 1993 by DELPHI.

The measured A_{FB} values contain QED radiative corrections which depend on the experimental cuts (angular acceptance, acolinearity and minimum momentum cuts) and hence cannot directly be compared among each other. The LEP experiments extract from a fit to the observed asymmetries and total cross sections pole asymmetries A^{0,f}_{FB} which are defined by the effective vector and axial-

Figure 6: Differential cross section e^+e� → μ^+μ� for the three center-of-mass energies in 1993 obtained by DELPHI.

vector couplings: A^{0,f}_{FB} ≡ 3 4 A_eA_f with A_f =

2 ḡ^f_Aḡ^f_V (ḡ^f_A)^2 + (ḡ^f_V)^2

(12)

The results for the three charged lepton species and for heavy (b and c) quarks are all in agreement with the SM (see below).

The tau polarization P_τ is defined as the difference of the production cross sections for right and left handed taus normalized to the total cross section. On the Z peak it can be written (apart from small radiative corrections) as: P_τ� ≡ σ^R_τ� − σ^L_τ� σ^R_τ� + σ^L_τ�

≈ −A_τ (13)

Experimentally the tau helicity states are interfered from the energy spectra of the tau decay products. All main tau decay channels are exploited: τ� → e�νν̄, μ�νν̄, π�ν, ρ�ν, a�_1 ν. The most sensitive final states are the decays into pions and rhos. Generally very good agreement is observed among the different channels. See references [22] for details of the analysis.

Additional information on electroweak couplings is contained in the angular dependence of the tau polarization: P_τ�(cos θ) = −

(1 + cos^2 θ) A_τ + 2 cos θ A_e (1 + cos^2 θ) + 2 cos θ A_τ A_e

(14) ḡ_A ḡ_V e^+e� −0.5011 ± 0.0005 −0.0368 ± 0.0018 μ^+μ� −0.5011 ± 0.0008 −0.0370 ± 0.0041 τ^+τ� −0.5015 ± 0.0009 −0.0371 ± 0.0018 ℓ^+ℓ� −0.5012 ± 0.0004 −0.0369 ± 0.0010

Table 2: The effective axial-vector and vector coupling constants ḡ_A and ḡ_V for charged leptons obtained from LEP total cross section and asymmetry measurements.

Since the electron and tau coupling constants can be obtained from one single measurement this provides an important test of lepton universality. The combined LEP results are:

A_e = 0.1390 ± 0.0089 A_τ = 0.1418 ± 0.0075 (15)

The effective weak mixing angle sin^2 ¯#_W and the coupling constants of charged leptons

A quantitative comparison of asymmetries can be made in terms of the weak mixing angle. LEP experiments use the effective weak mixing angle defined by the ratio of the effective couplings of the leptons: ḡ_V ḡ_A

≡ 1 − 4 sin^2ϑ̄_W (16)

The asymmetries described above, corrected only for QED effects, can be converted into sin^2ϑ̄_W independent of the validity of the SM. It should be noted that the b-quark asymmetry is not affected by the special vertex corrections at the Z → bb̄ vertex as is it mainly sensitive to the coupling of the electron [23].

The sin^2ϑ̄_W measurements from LEP are shown in fig. 7. The results obtained from very different processes are all in good agreement and one obtains an overall LEP average of 0.2318 ± 0.0004. Also shown in fig. 7 is the result of the SLD experiment derived from the measurement of the left-right asymmetry [24] which is the most precise single measurement of sin^2ϑ̄_W. It is compatible with the LEP results and the overall average yields sin^2ϑ̄_W = 0.2314 ± 0.0003. The comparison with the SM calculation shows that the asymmetries at the Z pole point to the same value for the top quark mass as the measurement of the total width.

The vector and axial vector coupling constants of electrons, muons and taus are determined from the asymmetries at the Z pole and the partial widths (eq. 5): Γ_ℓ ∝ (ḡ^ℓ_A)^2 + (ḡ^ℓ_V)^2. The results are listed in tab. 2 and fig. 8 shows the allowed in the ḡ_A-ḡ_V plane for electrons, muons and taus. The contours are compared to SM predictions for different top and Higgs masses and excellent agreement is found for the three channels.

In the calculation leading to tab. 2 the axial-vector coupling constant of the electron is constrained to negative values. The sign of ḡ^e_A has been experimentally determined by the combination of neutrino-electron scattering results and forward-backward asymmetries at lower energies [25]. All other signs are unambiguously resolved by LEP measurements. Hence, lepton universality is confirmed in size and sign of the coupling constants to high accuracy by the experiments at the Z.

The test of lepton universality can be quantified by calculating the ratios of muon and tau

Figure 7: The effective weak mixing angle sin^2ϑ̄_W determined from various asymmetries at LEP and from SLD.

coupling constants to those of the electron obeying their correlations:

ḡ^μ_A/ḡ^e_A = 1.0000 ± 0.0018 ḡ^μ_V/ḡ^e_V = 1.01 ± 0.14 ḡ^τ_A/ḡ^e_A = 1.0007 ± 0.0020 ḡ^τ_V/ḡ^e_V = 1.01 ± 0.07

(17)

The numbers are all well compatible with unity and hence prove the universality of lepton couplings. In particular, the experimental accuracy on the ratios of axial-vector couplings is ±0.2%.

Constraints on SM parameter

As it has been demonstrated in previous sections the precision measurements of electroweak parameters performed at LEP are in good agreement with the SM using a common value for the top quark mass. The experimental results can thus be used to determine m_t in the SM framework. The result obtained from a fit to all LEP measurements is

m_t = 170 ± 10^{+17}�_{19}(m_H) GeV (18)

Leaving out R_b which is the only measurement not compatible with the SM from the fit increases the central value by 4 GeV without changing the errors.

Using SM relations this result for m_t can be converted into other parameters. For instance, eq. 18 corresponds to a W� mass of

m_W = 80.295 ± 0.057^{+0.011}�_{0.019} GeV (19)

which is in excellent agreement with the direct measurement m_W = 80.26 ± 0.16 GeV at pp̄ colliders [13, 26].

Figure 8: The contours (68% C.L.) in the ḡ_A-ḡ_V plane for electrons, muons and taus from LEP experiments. The broken line is the combined contour for leptons and the star indicates the central value. The filled circles connected by dotted lines show the SM predictions for different m_t and m_H values.

The estimate of m_t in the SM can be improved if the result of SLD, the direct measurement of m_W and results from νN scattering are included in the fit [7]:

m_t = 178 ± 8^{+17}�_{20}(m_H) GeV (20)

With increasing precision the accurate measurements of weak radiative corrections at LEP and SLC have provided predictions for the mass of the top quark (fig. 1). Now the top quark has been observed at Fermilab just at the mass derived from SM relations [27]:

m_t = 176 ± 8 ± 10 GeV (CDF) m_t = 199^{+19}�_{21} ± 22 GeV (D0). (21)

This discovery is a triumph for the SM since it proves that the major part of the weak radiative corrections does indeed originate from the large mass difference in the top-bottom weak isospin doublet. Non-trivial higher order diagrams like the vacuum polarization of heavy gauge bosons are thus experimentally established [28].

Knowing now the top mass from direct measurement one can try to use the experiments at the Z pole to get an estimate for the last unknown SM parameter: the mass of the Higgs boson [7, 23]. However, Z observables are not very sensitive to the Higgs as weak radiative corrections depend only weakly on the logarithm of m_H. Even though the data seem to favour a low Higgs mass one cannot rule out m_H values close to the theoretical limit of 1 000 GeV.

Outlook

The results on electroweak parameters obtained so far at LEP are much more precise as it was anticipated before the startup [29]. Yet, further improvement can be expected from the final analysis of all LEP data. In particular, the scan of the Z resonance performed in 1995 which has very comparable off-peak luminosity as the scan of 1993 will improve even further the precision on m_Z and Γ_Z and lead to a significant reduction of the error in other observables.

In November 1995 after installation of more superconducting cavities the energy of LEP is increased to √ s = 130 − 140 GeV. This extends the kinematically accessible range for the search for new particles. The second phase of the LEP program will start in June 1996 with an energy close to the threshold of e^+e� → W^+W� production ( √ s = 161 GeV). From the cross section at the threshold the mass of the W� will be measured to approximately ±100 MeV. Then the center-of-mass energy will be increased in steps up to 193 GeV. The goal is to deliver 500 pb�^1 corresponding to 7 000 W� pairs to each experiment until 1999. At LEP the mass of the W will be determined to better than ±50 MeV [30] thus adding another precision measurement of an electroweak parameter. The observation of the triple boson coupling and the determination of the W couplings to a few percent will test the gauge structure of the SM. And very importantly, the search for the Higgs boson will be extended to about m_H ≈ 90 GeV.

Acknowledgements

I would like to thank the organisers of the IInd Rencontres du Vietnam for their hospitality. I am grateful to my colleagues at LEP, in particular A. Blondel, P. Wells and G. Wilkinson for their help and the LEP Electroweak Working Group for their efforts in collecting and averaging the LEP data. And I like to thank A. Böhm and S. Wynhoff for the careful reading of the manuscript.

References

[1] S.L. Glashow, Nucl. Phys. A 22 (1961) 579;

S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;

A. Salam, “Elementary Particle Theory”, Ed. N. Svartholm, Stockholm, “Almquist and Wiksell” (1968), 367.

[2] M. Bourquin et al., European Comittee for Future Accelerators, General meeting on LEP, Villars-sur- Ollon, ECFA 81-54, 1981.

[3] ALEPH Collab., D. Decamp et al., Z. Phys. C 53 (1992) 1;

ALEPH Collab., D. Buskulic et al., Z. Phys. C 60 (1993) 71; ALEPH Collab., D. Buskulic et al., Z. Phys. C 62 (1994) 539.

[4] DELPHI Collab., P. Abreu et al., Nucl. Phys. B 367 (1991) 511;

DELPHI Collab., P. Abreu et al., Nucl. Phys. B 417 (1994) 3; DELPHI Collab., P. Abreu et al., Nucl. Phys. B 418 (1994) 403.

[5] L3 Collab., B. Adeva et al., Z. Phys. C 51 (1991) 179;

L3 Collab., O. Adriani et al., Physics Reports 236 (1993) 1; L3 Collab., M.Acciarri et al., Z. Phys. C 62 (1994) 551.

[6] OPAL Collab, G. Alexander et al., Z. Phys. C 52 (1991) 175;

OPAL Collab, P.D. Acton et al., Z. Phys. C 58 (1993) 219; OPAL Collab, R. Akers et al., Z. Phys. C 61 (1994) 19.

[7] The LEP Electroweak Working Group, ”A Combination of Preliminary LEP Electroweak Results for the 1995 Summer Conferences”, ALEPH 95-093, DELPHI 95-137, L3 1814 and OPAL TN312, CERN PPE preprint in preparation.

[8] D. Bédérède et al., ”SICAL - a high precision silicon-tungsten luminosity calorimeter for ALEPH”, Preprint CERN-PPE/95-017, CERN, 1995, submitted to Nucl. Inst. Meth.

[9] S. Jadach et al., Phys. Lett. B 353 (1995) 349;

S. Jadach et al., Phys. Lett. B 353 (1995) 362.

[10] Particle Data Group, “Review of Particle Properties“, Phys. Lett. B 239 (1990) 1;

LEP Collaborations: ALEPH, DELPHI, L3 and OPAL, Phys. Lett. B 276 (1992) 247; L. Rolandi, Procs. of the XXVI International Conference on High Energy Physics, Dallas (1992), ed. J.R. Sanford;

The LEP Electroweak Working Group, ”Updated Parameters of the Z^0 resonance from Combined Preliminary Data of the LEP Experiments”, Preprint CERN-PPE/93-157, CERN, 1993; The LEP Electroweak Working Group, ”Combined Preliminary Data on Z Paramters from the LEP Experiments and Constraints on the Standard Model”, Preprint CERN-PPE/94-187, CERN, 1994.

[11] LEP Polarization Collaboration, L. Arnaudon et al., Phys. Lett. B 284 (1992) 431;

L. Arnaudon et al., Z. Phys. C 66 (1995) 45.

[12] Working Group on LEP Energy, R. Assmann et al., Z. Phys. C 66 (1995) 567. [13] Particle Data Group, “Review of Particle Properties“, Phys. Rev. D 50 (1994) 1173. [14] D. Bardin et al., FORTRAN package ZFITTER, Preprint CERN-TH 6443/92;

D. Bardin et al., Z. Phys. C 44 (1989) 493; D. Bardin et al., Nucl. Phys. B 351 (1991) 1; D. Bardin et al., Phys. Lett. B 255 (1991) 290.

[15] P. Giacomelli, “The Search for the Standard Model Higgs Boson: Results at LEP 100 and Prospects for LEP 200“, Preprint CERN-PPE/93-18;

J. Schwindling, Procs. of the International Europhysics Conference on High Energy Physics, Marseille (1993), eds. J. Carr and M. Perrottet;

A. Sopczak, Nucl. Phys. B, Proc. Suppl. 37 C (1995) 168. [16] M. Veltman, Acta Phys. Polon. B 8 (1977) 475;

B.W. Lee, C. Quigg, H.B. Thacker, Phys. Rev. D 16 (1977) 1519.

[17] S. Banerjee, “α_s Measurements from Event Shape Data using Z Data“, Procs. of the International Europhysics Conference on High Energy Physics, Marseille (1993), eds. J. Carr and M. Perrottet.

[18] G. Raven, “Measurement of the Reaction e^+ e� ! νν̄γ at LEP”, Talk given at the Lake Louise Winter Institute, February 1995, to appear in the proceedings, Preprint NIKHEF-H/95-010, NIKHEF, 1995.

[19] T. Hebbeker et al., Phys. Lett. B 331 (1994) 165.

[20] S. Bethke, ”Status of α_s measurements”, Preprint PITHA 95/14, RWTH Aachen, 1995. [21] E. Martin, Talk given at this conference.

[22] ALEPH Collab., D. Buskulic et al., Z. Phys. C 59 (1993) 369;

ALEPH Collab., D. Buskulic et al., ”Improved Tau Polarisation Measurement”, Preprint CERN- PPE/95-23, CERN, 1995, submitted to Z. Phys; DELPHI Collab., P. Abreu et al., Z. Phys. C 55 (1992) 555; DELPHI Collab., P. Abreu et al., Z. Phys. C 67 (1995) 183; L3 Collab., O. Adriani et al., Phys. Lett. B 294 (1992) 466; L3 Collab., M. Acciarri et al., Phys. Lett. B 341 (1994) 245;

OPAL Collab, G. Alexander et al., Phys. Lett. B 266 (1991) 201; OPAL Collab., R. Akers et al., Z. Phys. C 65 (1995) 1.

[23] J. Mnich, ”Experimental Tests of the Standard Model in e^+ e� ! ff̄ at the Z Resonance”, subm. to Phys. Rep.

[24] R. Kajikawa, ”Precision Tests at SLC”, Talk given at this conference.

[25] J. Panman and S.L. Wu, Procs. of the International Symposium on Lepton Photon Interactions at High Energies, Hamburg (1987), eds. W. Bartel and R. Rückl.

[26] C.K. Jung, Procs. of the XXVII International Conference on on High Energy Physics, Glasgow (1994), eds. P.J. Bussey and I.G. Knowles.

[27] CDF Collab., F. Abe et al., Phys. Rev. Lett. 74 (1995) 2626;

D0 Collab., S. Abachi et al., Phys. Rev. Lett. 74 (1995) 2632. [28] A. Sirlin, Phys. Rev. D 22 (1980) 971;

A. Sirlin, Phys. Rev. D 29 (1984) 89;

W.J. Marciano and A. Sirlin, Phys. Rev. D 29 (1984) 945.

[29] G. Altarelli in “Physics at LEP”, eds. J. Ellis and R. Peccei, CERN Report CERN 86-02 (1986), Vol.

1, p. 1.

[30] D. Treille in “Precision Tests of the Standard Model“, ed. P. Langacker, World Scientific (1993).