10. Electroweak model and constraints on new physics iii

ELECTROWEAK MODEL AND CONSTRAINTS ON NEW PHYSICS To reduce the size of this section’s PostScript file, we have divided it into three PostScript files. We present the following index: PART 1 Page # Section name

1 10.1 Introduction 2 10.2 Renormalization and radiative corrections 6 10.3 Cross-section and asymmetry formulas

PART 2 Page # Section name

12 10.4 W and Z decays 13 10.5 Experimental results

PART 3 Page # Section name

23 10.6 Constraints on new physics 29 References

10. Electroweak model and constraints on new physics 23

10.6. Constraints on new physics

The Z pole, W mass, and neutral-current data can be used to search for and set limits on deviations from the Standard Model. In particular, the combination of these indirect data with the direct CDF and DØ value for mt allows stringent limits on new physics. We will mainly discuss the effects of exotic particles (with heavy masses Mnew ≫ MZ in an expansion in MZ/Mnew) on the gauge boson self-energies. (Brief remarks are made on new physics which is not of this type.) Most of the effects on precision measurements can be described by three gauge self-energy parameters S, T , and U. We will define these, as well as related parameters, such as ρ0, ϵi, and ^ϵi, to arise from new physics only. I.e., they are equal to zero (ρ0 = 1) exactly in the Standard Model, and do not include any contributions from mt or MH, which are treated seperately. Our treatment differs from most of the original papers. We also allow a Zbb vertex correction parameter γb.

Many extensions of the Standard Model are described by the ρ0 parameter: ρ0 ≡ M2W /(M2Z ^c 2Z ^ρ) , (10.42) which describes new sources of SU(2) breaking that cannot be accounted for by Higgs doublets or mt effects. In the presence of ρ0 ≠ 1, Eq. (10.42) generalizes Eq. (10.9b), while Eq. (10.9a) remains unchanged. Provided that the new physics which yields ρ0 ≠ 1 is a small perturbation which does not significantly affect the radiative corrections, ρ0 can be regarded as a phenomenological parameter which multiplies GF in Eqs. (10.12)–(10.14), (10.28), and ΓZ in Eq. (10.35). There is now enough data to determine ρ0, sin2 θW , mt, and αs simultaneously. In particular, the direct CDF and DØ events and Rb yield mt independent of ρ0, the asymmetries yield ^s 2Z, Rℓ gives αs, and MZ and the widths constrain ρ0. From the global fit,

ρ0 = 0.9998 ± 0.0008 (+0.0014) , (10.43) ^s 2Z = 0.23126 ± 0.00019 (+0.00010) , (10.44) αs = 0.1219 ± 0.0034 (−0.0009) , (10.45) mt = 174 ± 5 GeV , (10.46)

where the central values are for MH = MZ and in parentheses we show the effect of changing MH to 300 GeV. (As in the case ρ0 = 1, the best fit value for MH is below its direct lower limit.) The allowed regions in the ρ0 − ^s 2Z plane are shown in Fig. 10.2.

The result in Eq. (10.43) is in remarkable agreement with the Standard Model expectation, ρ0 = 1. It can be used to constrain higher-dimensional Higgs representations to have vacuum expectation values of less than a few percent of those of the doublets. Indeed, the relation between MW and MZ is modified if there are Higgs multiplets with weak isospin > 1/2 with significant vacuum expectation values. In order to calculate to higher orders in such theories one must define a set of four fundamental renormalized parameters which one may conveniently choose to be α, GF , MZ, and MW , since MW and MZ are directly measurable. Then ^s 2Z and ρ0 can be considered dependent parameters.

24 10. Electroweak model and constraints on new physics

Figure 10.2: The allowed regions in sin2 ^θW −ρ0 at 90% CL. mt is a free parameter and MH = MZ is assumed except for the dashed contour for all data which is for MH = 300 GeV. The horizontal (width) band uses the experimental value of MZ in Eq. (10.35).

Eq. (10.43) can also be used to constrain other types of new physics. For example, nondegenerate multiplets of heavy fermions or scalars break the vector part of weak SU(2) and lead to a decrease in the value of MZ/MW . A nondegenerate SU(2) doublet (f_1 f2 ) yields a positive contribution to ρt of [83] CGF 8 √ 2π2 Δm2 , (10.47)

where

Δm2 ≡ m21 + m2 − 4m21m2 m21 − m2 ln m1 m2 ≥ (m1 − m2)2 , (10.48)

and C = 1 (3) for color singlets (triplets). Thus, in the presence of such multiplets, one has 3GF 8 √ 2π2 ∑ i Ci 3 Δm2i = ρ0 − 1 , (10.49)

10. Electroweak model and constraints on new physics 25

where the sum includes fourth-family quark or lepton doublets, (t0_b 0^) or^{(E0}_E�^), and scalar

doublets such as (t̃ b̃ ) in supersymmetry (in the absence of L − R mixing). This implies ∑ i Ci 3 Δm2i < (49 GeV)2 and (83 GeV)2 (10.50)

for MH = MZ and 300 GeV, respectively, at 90% CL.

Nondegenerate multiplets usually imply ρ0 > 1. Similarly, heavy Z0 bosons decrease the prediction for MZ due to mixing and generally lead to ρ0 > 1 [84]. On the other hand, additional Higgs doublets which participate in spontaneous symmetry breaking [85], heavy lepton doublets involving Majorana neutrinos [86], and the vacuum expectation values of Higgs triplets or higher-dimensional representations can contribute to ρ0 with either sign. Allowing for the presence of heavy degenerate chiral multiplets (the S parameter, to be discussed below) affects the determination of ρ0 from the data, at present leading to a smaller value.

A number of authors [87–92] have considered the general effects on neutral current and Z and W pole observables of various types of heavy (i.e., Mnew ≫ MZ ) physics which contribute to the W and Z self-energies but which do not have any direct coupling to the ordinary fermions. In addition to nondegenerate multiplets, which break the vector part of weak SU(2), these include heavy degenerate multiplets of chiral fermions which break the axial generators. The effects of one degenerate chiral doublet are small, but in technicolor theories there may be many chiral doublets and therefore significant effects [87].

Such effects can be described by just three parameters, S, T , and U at the (electroweak) one loop level. (Three additional parameters are needed if the new physics scale is comparable to MZ [93].) T is proportional to the difference between the W and Z self-energies at Q2 = 0 (i.e., vector SU(2)-breaking), while S (S + U) is associated with the difference between the Z (W ) self-energy at Q2 = M2Z,W and Q2 = 0 (axial SU(2)-breaking). In the MS scheme [20]

α(MZ)T ≡ ΠnewW W (0) M2W − ΠnewZZ (0) M2Z , α(MZ ) 4^s 2Z^c2Z S ≡ ΠnewZZ (M2Z) − ΠnewZZ (0) M2Z , α(MZ ) 4^s 2Z (S + U) ≡ ΠnewW W (M2W ) − ΠnewW W (0) M2W , (10.51)

where ΠnewW W and ΠnewZZ are, respectively, the contributions of the new physics to the W and Z self-energies. S, T , and U are defined with a factor of α removed, so that they are expected to be of order unity in the presence of new physics. They are related to other

26 10. Electroweak model and constraints on new physics

parameters (^ϵi, hi, Si) defined in [20,88,89] by T = hV = ^ϵ1/α , S = hAZ = SZ = 4^s 2Z^ϵ3/α , U = hAW − hAZ = SW − SZ = −4^s 2Z^ϵ2/α . (10.52) A heavy nondegenerate multiplet of fermions or scalars contributes positively to T as

ρ0 = 1 1 − αT ≃ 1 + αT , (10.53)

where ρ0 is given in Eq. (10.49). The effects of nonstandard Higgs representations cannot be separated from heavy nondegenerate multiplets unless the new physics has other consequences, such as vertex corrections. Most of the original papers defined T to include the effects of loops only. However, we will redefine T to include all new sources of SU(2) breaking, including nonstandard Higgs, so that T and ρ0 are equivalent by Eq. (10.53).

A multiplet of heavy degenerate chiral fermions yields S = C ∑ i ( t3L(i) − t3R(i) )2 /3π , (10.54)

where t3L,R(i) is the third component of weak isospin of the left- (right-) handed component of fermion i and C is the number of colors. For example, a heavy degenerate ordinary or mirror family would contribute 2/3π to S. In technicolor models with QCD-like dynamics, one expects [87] S ∼ 0.45 for an isodoublet of technifermions, assuming NT C = 4 technicolors, while S ∼ 1.62 for a full technigeneration with NT C = 4; T is harder to estimate because it is model dependent. In these examples one has S ≥ 0. However, the QCD-like models are excluded on other grounds (flavor-changing neutral currents, and too-light quarks and pseudo-Goldstone bosons [94]). In particular, these estimates do not apply to models of walking technicolor [94], for which S can be smaller or even negative [95]. Other situations in which S < 0, such as loops involving scalars or Majorana particles, are also possible [96]. Supersymmetric extensions of the Standard Model generally give very small effects [97]. Most simple types of new physics yield U = 0, although there are counter-examples, such as the effects of anomalous triple-gauge vertices [89].

The Standard Model expressions for observables are replaced by M2Z = M2Z0 1 − αT 1 − GF M2Z0S/2 √ 2π , M2W = M2W 0 1 1 − GF M2W 0(S + U)/2 √ 2π , (10.55)

where MZ0 and MW 0 are the Standard Model expressions (as functions of mt and MH ) in the MS scheme. Furthermore,

ΓZ = 1 1 − αT M3ZβZ , ΓW = M3W βW , Ai = 1 1 − αT Ai0 , (10.56)

10. Electroweak model and constraints on new physics 27

where βZ and βW are the Standard Model expressions for the reduced widths ΓZ0/M3Z0 and ΓW 0/M3W 0, MZ and MW are the physical masses, and Ai (Ai0) is a neutral current amplitude (in the Standard Model).

The Z → bb vertex is sensitive to certain types of new physics which primarily couple to heavy families. It is useful to introduce an additional parameter γb by [98]

Γ(Z → bb) = Γ0(Z → bb)(1 + γb) , (10.57)

where Γ0 is the Standard Model expression (or the expression modified by S, T , and U). Experimentally, Rb is 1.3 σ above the Standard Model expectations, favoring a positive γb. Extended technicolor interactions generally yield negative values of γb of a few percent [99], although it is possible to obtain a positive γb in models for which the extended technicolor group does not commute with the electroweak gauge group [100] or for which diagonal interactions related to the extended technicolor dominate [101]. Topcolor and topcolor-assisted technicolor models do not generally give a significant contribution to γb because the extended technicolor contribution to mt is small [102]. Supersymmetry can yield (typically small) contributions of either sign [103,104].

The data allow a simultaneous determination of ^s 2Z (e.g., from the Z pole asymmetries), S (from MZ), U (from MW ), T (e.g., from the Z decay widths), αs (from Rℓ), mt (from CDF and DØ), and γb (from Rb) with little correlation among the Standard Model parameters:

S = −0.16 ± 0.14 (−0.10) , T = −0.21 ± 0.16 (+0.10) , U = 0.25 ± 0.24 (+0.01) , γb = 0.007 ± 0.005 , (10.58)

and ^s 2Z = 0.23118 ± 0.00023, αs = 0.1191 ± 0.0051, mt = 175 ± 5 GeV, where the uncertainties are from the inputs. The central values assume MH = MZ, and in parentheses we show the change for MH = 300 GeV. The parameters in Eq. (10.58) which by definition are due to new physics only, are all consistent with the Standard Model values of zero near the 1σ level, although at present there is a slight tendency for negative S and T , and positive U and γb. With the latest value of Rb, the extracted αs = 0.1191 ± 0.0051 is now in perfect agreement with other determinations, even in the presence of the large class of new physics allowed in this fit. Its error is slightly higher than in Eq. (10.38) for the Standard Model, but the central value is independent of MH. Using Eq. (10.53) the value of ρ0 corresponding to T is 0.9984 ± 0.0012 (+0.0008). The values of the ^ϵ parameters defined in Eq. (10.52) are

^ϵ3 = −0.0013 ± 0.0012 (−0.0009) , ^ϵ1 = −0.0016 ± 0.0012 (+0.0008) , ^ϵ2 = −0.0022 ± 0.0021 (−0.0001) . (10.59)

There is a strong correlation between γb and the predicted αs (the correlation coefficient is −0.69), just as in the model with S = T = U = 0 [17]. For γb = 0 one obtains

28 10. Electroweak model and constraints on new physics

αs = 0.1239 ± 0.0037, with little change in the other parameters. The largest correlation coefficient (+0.73) is between S and T . The allowed region in S − T is shown in Fig. 10.3. From Eq. (10.58) one obtains S < 0.03 (0.08) and T < 0.09 (0.15) at 90 (95)% CL for MH = MZ (S) and 300 GeV (T ). If one fixes MH = 600 GeV and requires the constraint S ≥ 0 (as is appropriate in QCD-like technicolor models) then S < 0.12 (0.15). Allowing arbitrary S, an extra generation of ordinary fermions is now excluded at the 99.2% CL. This is in agreement with a fit to the number of light neutrinos, Nν = 2.993 ± 0.011. The favored value of S is problematic for simple technicolor models with many techni-doublets and QCD-like dynamics, as is the value of γb. Although S is consistent with zero, the electroweak asymmetries, especially the SLD left-right asymmetry, favor S < 0. The simplest origin of S < 0 would probably be an additional heavy Z0 boson [84], which could mimic S < 0. Similarly, there is a slight indication of negative T , while, as discussed above, nondegenerate scalar or fermion multiplets generally predict T > 0.

Figure 10.3: 90% CL limits on S and T from various inputs. S and T represent the contributions of new physics only. (Uncertainties from mt are included in the errors.) The contours assume MH = MZ except for the dashed contour for all data which is for MH = 300 GeV. The fit to MW and MZ assumes U = 0, while U is arbitrary in the other fits.

There is no simple parametrization that is powerful enough to describe the effects of every type of new physics on every possible observable. The S, T , and U formalism

10. Electroweak model and constraints on new physics 29

describes many types of heavy physics which affect only the gauge self-energies, and it can be applied to all precision observables. However, new physics which couples directly to ordinary fermions, such as heavy Z0 bosons [84] or mixing with exotic fermions [105] cannot be fully parametrized in the S, T , and U framework. It is convenient to treat these types of new physics by parametrizations that are specialized to that particular class of theories (e.g., extra Z0 bosons), or to consider specific models (which might contain, e.g., Z0 bosons and exotic fermions with correlated parameters). Constraints on various types of new physics are reviewed in [17,106,107]. Fits to models with technicolor, extended technicolor, and supersymmetry are described, respectively, in [100], [108], and [109]. An alternate formalism [110] defines parameters, ϵ1, ϵ2, ϵ3, ϵb in terms of the specific observables MW /MZ , Γℓℓ, A(0,ℓ)F B , and Rb. The definitions coincide with those for ^ϵi in Eqs. (10.51) and (10.52) for physics which affects gauge self-energies only, but the ϵ’s now parametrize arbitrary types of new physics. However, the ϵ’s are not related to other observables unless additional model-dependent assumptions are made. Another approach [111–113] parametrizes new physics in terms of gauge-invariant sets of operators. It is especially powerful in studying the effects of new physics on nonabelian gauge vertices. The most general approach introduces deviation vectors [106]. Each type of new physics defines a deviation vector, the components of which are the deviations of each observable from its Standard Model prediction, normalized to the experimental uncertainty. The length (direction) of the vector represents the strength (type) of new physics.

References:

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

A. Salam, p. 367 of Elementary Particle Theory, ed. N. Svartholm (Almquist and Wiksells, Stockholm, 1969);

S.L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285 (1970). 2. For reviews, see G. Barbiellini and C. Santoni, Riv. Nuovo Cimento 9(2), 1 (1986);

E.D. Commins and P.H. Bucksbaum, Weak Interactions of Leptons and Quarks, (Cambridge Univ. Press, Cambridge, 1983); W. Fetscher and H.J. Gerber, p. 657 of Ref. 3; J. Deutsch and P. Quin, p. 706 of Ref. 3.

3. Precision Tests of the Standard Electroweak Model, ed. P. Langacker (World Scientific, Singapore, 1995).

4. CDF: S. Leone, presented at the High-Energy Physics International Euroconference on Quantum Chromodynamics (QCD 97), Montpellier (1997); CDF: F. Abe et al., Phys. Rev. Lett. 79, 1992 (1997).

5. DØ: S. Abachi et al., Phys. Rev. Lett. 79, 1197 (1997);

DØ: B. Abbott et al., FERMILAB–PUB–97–172–E.

6. For reviews, see J. Gunion, H.E. Haber, G.L. Kane, and S. Dawson, The Higgs Hunter’s Guide, (Addison-Wesley, Redwood City, 1990); M. Sher, Phys. Reports 179, 273 (1989).

30 10. Electroweak model and constraints on new physics

7. TOPAZ: I Levine et al., Phys. Rev. Lett. 78, 424 (1997).

8. S. Fanchiotti, B. Kniehl, and A. Sirlin, Phys. Rev. D48, 307 (1993) and references therein.

9. α(MZ)�1 = 128.878 ± 0.085, R. Alemany, M. Davier, and A. Höcker, LAL 97–02. 10. α(MZ)�1 = 128.896 ± 0.090, S. Eidelman and F. Jegerlehner, Z. Phys. C67, 585 (1995).

11. α(MZ)�1 = 128.99 ± 0.06, A.D. Martin and D. Zeppenfeld, Phys. Lett. B345, 558 (1995).

12. α(MZ)�1 = 128.89 ± 0.09, H. Burkhardt and B. Pietrzyk, Phys. Lett. B356, 398 (1995).

13. α(MZ)�1 = 128.96 ± 0.06, M.L. Swartz, Phys. Rev. D53, 5268 (1996). 14. α(MZ)�1 = 128.97 ± 0.13, N.V. Krasnikov, Mod. Phys. Lett. A9, 2825 (1994). 15. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988). 16. The results given here are updated from U. Amaldi et al., Phys. Rev. D36, 1385 (1987);

P. Langacker and M. Luo, Phys. Rev. D44, 817 (1991);

Very similar conclusions are reached in an analysis by G. Costa et al., Nucl. Phys. B297, 244 (1988);

Deep inelastic scattering is considered by G.L. Fogli and D. Haidt, Z. Phys. C40, 379 (1988);

For recent analyses, see Ref. 17. 17. P. Langacker, p. 883 of Ref. 3;

J. Erler and P. Langacker, Phys. Rev. D52, 441 (1995). 18. A. Sirlin, Phys. Rev. D22, 971 (1980);

A. Sirlin, Phys. Rev. D29, 89 (1984); W. Hollik, Fortsch. Phys. 38, 165 (1990);

D.C. Kennedy, B.W. Lynn, C.J.C. Im, and R.G. Stuart, Nucl. Phys. B321, 83 (1989);

D.C. Kennedy and B.W. Lynn, Nucl. Phys. B322, 1 (1989); D.Yu. Bardin et al., Z. Phys. C44, 493 (1989);

For recent reviews, see the articles by W. Hollik, pp. 37 and 117, and W. Marciano, p. 170 in Ref. 3. Extensive references to other papers are given in Ref. 16.

19. W. Hollik in Ref. 18 and references therein;

V.A. Novikov, L.B. Okun, and M.I. Vysotsky, Nucl. Phys. B397, 35 (1993). 20. W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1990). 21. G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys. B351, 49 (1991). 22. G. Degrassi and A. Sirlin, Nucl. Phys. B352, 342 (1991). 23. P. Gambino and A. Sirlin, Phys. Rev. D49, 1160 (1994);

10. Electroweak model and constraints on new physics 31

ZFITTER: D. Bardin et al., CERN–TH.6443/92 and references therein. 24. R. Barbieri et al., Phys. Lett. B288, 95 (1992);

R. Barbieri et al., Nucl. Phys. B409, 105 (1993).

25. J. Fleischer, O.V. Tarasov, and F. Jegerlehner, Phys. Lett. B319, 249 (1993). 26. G. Degrassi, P. Gambino, and A. Vicini, Phys. Lett. B383, 219 (1996);

G. Degrassi, P. Gambino, and A. Sirlin, Phys. Lett. B394, 188 (1997). 27. S. Bauberger and G. Weiglein, KA–TP–05–1997. 28. A. Djouadi and C. Verzegnassi, Phys. Lett. B195, 265 (1987);

A. Djouadi, Nuovo Cimento 100A, 357 (1988); B.A. Kniehl, Nucl. Phys. B347, 86 (1990);

A. Djouadi and P. Gambino, Phys. Rev. D49, 3499 (1994) and D53, 4111(E) (1996); A. Djouadi and P. Gambino, Phys. Rev. D49, 4705 (1994).

29. K.G. Chetyrkin, J.H. Kühn, and M. Steinhauser, Phys. Lett. B351, 331 (1995);

L. Avdeev, J. Fleischer, S. Mikhailov, and O. Tarasov, Phys. Lett. B336, 560 (1994) and B349, 597(E) (1995).

30. J. Fleischer, O.V. Tarasov, F. Jegerlehner, and P. Raczka, Phys. Lett. B293, 437 (1992);

K.G. Chetyrkin, A. Kwiatkowski, and M. Steinhauser, Mod. Phys. Lett. A8, 2785 (1993).

31. For a review, see F. Perrier, p. 385 of Ref. 3.

32. CDHS: H. Abramowicz et al., Phys. Rev. Lett. 57, 298 (1986);

CDHS: A. Blondel et al., Z. Phys. C45, 361 (1990). 33. CHARM: J.V. Allaby et al., Phys. Lett. B117, 446 (1986);

CHARM: J.V. Allaby et al., Z. Phys. C36, 611 (1987). 34. DBC-BEBC-HYB: D. Allasia et al., Nucl. Phys. B307, 1 (1988). 35. Previous Fermilab results are CCFR: P.G. Reutens et al., Z. Phys. C45, 539 (1990);

FMM: T.S. Mattison et al., Phys. Rev. D42, 1311 (1990). 36. CCFR: C.G. Arroyo et al., Phys. Rev. Lett. 72, 3452 (1994);

CCFR: K.S. McFarland et al., FNAL–Pub–97/001–E. 37. H. Georgi and H.D. Politzer, Phys. Rev. D14, 1829 (1976);

R.M. Barnett, Phys. Rev. D14, 70 (1976).

38. LAB-E: S.A. Rabinowitz et al., Phys. Rev. Lett. 70, 134 (1993). 39. CHARM: J. Dorenbosch et al., Z. Phys. C41, 567 (1989). 40. CALO: L.A. Ahrens et al., Phys. Rev. D41, 3297 (1990). 41. CHARM II: P. Vilain et al., Phys. Lett. B335, 246 (1994);

See also J. Panman, p. 504 of Ref. 3.

42. SSF: C.Y. Prescott et al., Phys. Lett. B84, 524 (1979).;

32 10. Electroweak model and constraints on new physics

For a review, see P. Souder, p. 599 of Ref. 3.

43. For reviews and references to earlier work, see B.P. Masterson and C.E. Wieman, p. 545 of Ref. 3;

M.A. Bouchiat and L. Pottier, Science 234, 1203 (1986). 44. Cesium (Boulder): C.S. Wood et al., Science 275, 1759 (1997). 45. Thallium (Oxford): N.H. Edwards et al., Phys. Rev. Lett. 74, 2654 (1995);

Thallium (Seattle): P.A. Vetter et al., Phys. Rev. Lett. 74, 2658 (1995). 46. Lead (Seattle): D.M. Meekhof et al., Phys. Rev. Lett. 71, 3442 (1993). 47. Bismuth (Oxford): M.J.D. MacPherson et al., Phys. Rev. Lett. 67, 2784 (1991). 48. V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, Phys. Lett. 141A, 147 (1989);

S.A. Blundell, W.R. Johnson, and J. Sapirstein, Phys. Rev. Lett. 65, 1411 (1990); V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, hep-ph/9709251; For a review, see S.A. Blundell, W.R. Johnson, and J. Sapirstein, p. 577 of Ref. 3.

49. V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, J. Phys. B20, 3297 (1987).

50. Ya.B. Zel’dovich, Sov. Phys. JETP 6, 1184 (1958);

For a recent discussion, see V.V. Flambaum and D.W. Murray, Phys. Rev. C56, 1641 (1997) and references therein.

51. J.L. Rosner, Phys. Rev. D53, 2724 (1996).

52. S.J. Pollock, E.N. Fortson, and L. Wilets, Phys. Rev. C46, 2587 (1992);

B.Q. Chen and P. Vogel, Phys. Rev. C48, 1392 (1993). 53. B.W. Lynn and R.G. Stuart, Nucl. Phys. B253, 216 (1985). 54. Physics at LEP, ed. J. Ellis and R. Peccei, CERN 86–02, Vol. 1. 55. C. Kiesling, Tests of the Standard Theory of Electroweak Interactions, (Springer- Verlag, New York, 1988);

R. Marshall, Z. Phys. C43, 607 (1989); Y. Mori et al., Phys. Lett. B218, 499 (1989); D. Haidt, p. 203 of Ref. 3.

56. For reviews, see D. Schaile, p. 215, and A. Blondel, p. 277 of Ref. 3. 57. The LEP Collaborations ALEPH, DELPHI, L3, OPAL, the LEP Electroweak Working Group and the SLD Heavy Flavour Group: D. Abbaneo et al., LEPEWWG/97–02.

58. DELPHI: P. Abreu et al., Z. Phys. C67, 1 (1995);

DELPHI: E. Boudinov et al., submitted to the International Europhysics Conference on High Energy Physics, Jerusalem (1997).

59. SLD: K. Abe et al., Phys. Rev. Lett. 78, 2075 (1997);

SLD: P. Rowson, presented at the 32nd Rencontres de Moriond: Electroweak Interactions and Unified Theories, Les Arcs (1997).

10. Electroweak model and constraints on new physics 33

60. SLD: K. Abe et al., Phys. Rev. Lett. 79, 804 (1997). 61. SLD: K. Abe et al., Phys. Rev. Lett. 78, 17 (1997).

62. A comprehensive report and further references can be found in K.G. Chetyrkin, J.H. Kühn, and A. Kwiatkowski, Phys. Reports 277, 189 (1996).

63. J. Schwinger, Particles, Sources and Fields, Vol. II, (Addison-Wesley, New York, 1973);

K.G. Chetyrkin, A.L. Kataev, and F.V. Tkachev, Phys. Lett. B85, 277 (1979); M. Dine and J. Sapirstein, Phys. Rev. Lett. 43, 668 (1979); W. Celmaster, R.J. Gonsalves, Phys. Rev. Lett. 44, 560 (1980); S.G. Gorishnii, A.L. Kataev, and S.A. Larin, Phys. Lett. B212, 238 (1988); S.G. Gorishnii, A.L. Kataev, and S.A. Larin, Phys. Lett. B259, 144 (1991); L.R. Surguladze and M.A. Samuel, Phys. Rev. Lett. 66, 560 (1991) and 2416(E); For a discussion of higher order estimates, see A.L. Kataev and V.V. Starshenko, Mod. Phys. Lett. A10, 235 (1995).

64. W. Bernreuther and W. Wetzel, Z. Phys. 11, 113 (1981);

W. Wetzel and W. Bernreuther, Phys. Rev. D24, 2724 (1982); B.A. Kniehl, Phys. Lett. B237, 127 (1990); K.G. Chetyrkin, Phys. Lett. B307, 169 (1993);

A.H. Hoang, M. Jezabek, J.H. Kühn, and T. Teubner, Phys. Lett. B338, 330 (1994); S.A. Larin, T. van Ritbergen, and J.A.M. Vermaseren, Nucl. Phys. B438, 278 (1995).

65. T.H. Chang, K.J.F. Gaemers, and W.L. van Neerven, Nucl. Phys. B202, 407 (1980);

J. Jersak, E. Laermann, and P.M. Zerwas, Phys. Lett. B98, 363 (1981); J. Jersak, E. Laermann, and P.M. Zerwas, Phys. Rev. D25, 1218 (1982); S.G. Gorishnii, A.L. Kataev, and S.A. Larin, Nuovo Cimento 92, 117 (1986); K.G. Chetyrkin and J.H. Kühn, Phys. Lett. B248, 359 (1990); K.G. Chetyrkin, J.H. Kühn, and A. Kwiatkowski, Phys. Lett. B282, 221 (1992); K.G. Chetyrkin and J.H. Kühn, Phys. Lett. B406, 102 (1997).

66. B.A. Kniehl and J.H. Kühn, Phys. Lett. B224, 229 (1990);

B.A. Kniehl and J.H. Kühn, Nucl. Phys. B329, 547 (1990); K.G. Chetyrkin and A. Kwiatkowski, Phys. Lett. B305, 285 (1993); K.G. Chetyrkin and A. Kwiatkowski, Phys. Lett. B319, 307 (1993); S.A. Larin, T. van Ritbergen, and J.A.M. Vermaseren, Phys. Lett. B320, 159 (1994); K.G. Chetyrkin and O.V. Tarasov, Phys. Lett. B327, 114 (1994).

67. A.L. Kataev, Phys. Lett. B287, 209 (1992).

68. A. Czarnecki and J.H. K”uhn, Phys. Rev. Lett. 77, 3955 (1996). 69. D. Albert, W.J. Marciano, D. Wyler, and Z. Parsa, Nucl. Phys. B166, 460 (1980);

F. Jegerlehner, Z. Phys. C32, 425 (1986);

34 10. Electroweak model and constraints on new physics

A. Djouadi, J.H. Kühn, and P.M. Zerwas, Z. Phys. C46, 411 (1990); A. Borrelli, M. Consoli, L. Maiani, and R. Sisto, Nucl. Phys. B333, 357 (1990).

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

W. Beenakker and W. Hollik, Z. Phys. C40, 141 (1988); B.W. Lynn and R.G. Stuart, Phys. Lett. B352, 676 (1990); J. Bernabeu, A. Pich, and A. Santamaria, Nucl. Phys. B363, 326 (1991).

71. CDF: F. Abe et al., Phys. Rev. Lett. 75, 11 (1995);

CDF: F. Abe et al., Phys. Rev. D52, 4784 (1995);

CDF: R.G. Wagner, presented at the 5th International Conference on Physics Beyond the Standard Model, Balholm (1997);

DØ: S. Abachi et al., Phys. Rev. Lett. 77, 3309 (1996);

DØ: B. Abbott et al., submitted to the XVIII International Symposium on Lepton Photon Interactions, Hamburg (1997);

UA2: S. Alitti et al., Phys. Lett. B276, 354 (1992). 72. DELPHI: P. Abreu et al., Z. Phys. C, 70 (1996);

DELPHI: P. Abreu et al., submitted to the International Europhysics Conference on High Energy Physics, Jerusalem (1997).

73. J. Erler, Phys. Rev. D52, 28 (1995);

J. Erler, J.L. Feng, and N. Polonsky, Phys. Rev. Lett. 78, 3063 (1997). 74. M. Schmelling, presented at the 28th International Conference on High Energy Physics (ICHEP 96), Warsaw (1996).

75. CCFR: W.G. Seligman et al., Phys. Rev. Lett. 79, 1213 (1997). 76. NRQCD: C.T.H. Davies et al., Phys. Rev. D56, 2755 (1997). 77. SCRI: A.X. El-Khadra et al., presented at the 31st Rencontres de Moriond:

Electroweak Interactions and Unified Theories, Les Arcs (1996).

78. The LEP Collaborations ALEPH, DELPHI, L3, OPAL: W. Murray, presented at the International Europhysics Conference on High Energy Physics, Jerusalem (1997).

79. A. Gurtu, Phys. Lett. B385, 415 (1996);

S. Dittmaier and D. Schildknecht, Phys. Lett. B391, 420 (1997); G. Degrassi, P. Gambino, M. Passera, and A. Sirlin, CERN–TH–97–197; M.S. Chanowitz, LBNL–40877.

80. S.J. Brodsky, G.P. Lepage, and P.B. Mackenzie, Phys. Rev. D28, 228 (1983). 81. N. Gray, D.J. Broadhurst, W. Grafe, and K. Schilcher, Z. Phys. C48, 673 (1990). 82. P. Langacker and N. Polonsky, Phys. Rev. D52, 3081 (1995) and references therein. 83. M. Veltman, Nucl. Phys. B123, 89 (1977);

M. Chanowitz, M.A. Furman, and I. Hinchliffe, Phys. Lett. B78, 285 (1978). 84. P. Langacker and M. Luo, Phys. Rev. D45, 278 (1992) and references therein.

10. Electroweak model and constraints on new physics 35

85. A. Denner, R.J. Guth, and J.H. Kühn, Phys. Lett. B240, 438 (1990). 86. S. Bertolini and A. Sirlin, Phys. Lett. B257, 179 (1991). 87. M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990);

M. Peskin and T. Takeuchi, Phys. Rev. D46, 381 (1992); M. Golden and L. Randall, Nucl. Phys. B361, 3 (1991).

88. D. Kennedy and P. Langacker, Phys. Rev. Lett. 65, 2967 (1990);

D. Kennedy and P. Langacker, Phys. Rev. D44, 1591 (1991). 89. G. Altarelli and R. Barbieri, Phys. Lett. B253, 161 (1990). 90. B. Holdom and J. Terning, Phys. Lett. B247, 88 (1990). 91. B.W. Lynn, M.E. Peskin, and R.G. Stuart, p. 90 of Ref. 54.

92. An alternative formulation is given by K. Hagiwara, S. Matsumoto, D. Haidt and C.S. Kim, Z. Phys. C64, 559 (1994) and C68, 352(E) (1995); K. Hagiwara, D. Haidt, and S. Matsumoto, KEK–TH–512.

93. I. Maksymyk, C.P. Burgess, and D. London, Phys. Rev. D50, 529 (1994);

C.P. Burgess et al., Phys. Lett. B326, 276 (1994).

94. K. Lane, presented at the 27th International Conference on High Energy Physics (ICHEP 94), Glasgow (1994).

95. R. Sundrum and S.D.H. Hsu, Nucl. Phys. B391, 127 (1993);

R. Sundrum, Nucl. Phys. B395, 60 (1993);

M. Luty and R. Sundrum, Phys. Rev. Lett. 70, 529 (1993); T. Appelquist and J. Terning, Phys. Lett. B315, 139 (1993); E. Gates and J. Terning, Phys. Rev. Lett. 67, 1840 (1991).

96. H. Georgi, Nucl. Phys. B363, 301 (1991);

M.J. Dugan and L. Randall, Phys. Lett. B264, 154 (1991).

97. R. Barbieri, M. Frigeni, F. Giuliani, and H.E. Haber, Nucl. Phys. B341, 309 (1990). 98. G. Altarelli, R. Barbieri, and F. Caravaglios, Nucl. Phys. B405, 3 (1993). 99. R.S. Chivukula, B. Selipsky, and E.H. Simmons, Phys. Rev. Lett. 69, 575 (1992);

R.S. Chivukula, E. Gates, E.H. Simmons, and J. Terning, Phys. Lett. B311, 157 (1993).

100. R.S. Chivukula, E.H. Simmons, and J. Terning, Phys. Lett. B331, 383 (1994). 101. N. Kitazawa, Phys. Lett. B313, 395 (1993);

H. Hagiwara and N. Kitazawa, Phys. Rev. D52, 5374 (1995). 102. C.T. Hill Phys. Lett. B345, 483 (1995);

K. Lane and E. Eichten, Phys. Lett. B352, 382 (1995) and references therein. 103. A. Djouadi et al., Nucl. Phys. B349, 48 (1991);

M. Boulware and D. Finnell, Phys. Rev. D44, 2054 (1991); G. Altarelli, R. Barbieri, and F. Caravaglios, Phys. Lett. B314, 357 (1993).

36 10. Electroweak model and constraints on new physics

104. G.L. Kane, C. Kolda, L. Roszkowski, and J.D. Wells, Phys. Rev. D49, 6173 (1994). 105. For a review, see D. London, p. 951 of Ref. 3.

106. P. Langacker, M. Luo, and A.K. Mann, Rev. Mod. Phys. 64, 87 (1992);

M. Luo, p. 977 of Ref. 3.

107. F.S. Merritt, H. Montgomery, A. Sirlin, and M. Swartz, p. 19 of Particle Physics:

Perspectives and Opportunities: Report of the DPF Committee on Long Term Planning, ed. R. Peccei et al. (World Scientific, Singapore, 1995).

108. J. Ellis, G.L. Fogli, and E. Lisi, Phys. Lett. B343, 282 (1995). 109. G.L. Kane, R.G. Stuart, and J.D. Wells, Phys. Lett. B354, 350 (1995);

X. Wang, J.L. Lopez, and D.V. Nanopoulos, Phys. Rev. D52, 4116 (1995); P.H. Chankowski and S. Pokorski, Phys. Lett. B366, 188 (1996); D.M. Pierce and J. Erler, presented at the 5th International Conference on Supersymmetries in Physics (SUSY 97), Philadelphia (1997).

110. G. Altarelli, R. Barbieri, and S. Jadach, Nucl. Phys. B369, 3 (1992) and B376, 444(E) (1992).

111. A. De Rújula, M.B. Gavela, P. Hernandez, and E. Massó, Nucl. Phys. B384, 3 (1992).

112. K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Phys. Rev. D48, 2182 (1993).

113. C.P. Burgess and D. London, Phys. Rev. D48, 4337 (1993).